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Abstract

Nanoparticle Removal and Brownian Diffusion by
Virus Removal Filters: Theoretical and Experimental
Study
Olof Gustafsson

This study aims to examine the throughput of nanoparticles through a 
Cladophora cellulose based virus removal filter. The effect of 
Brownian motion and flow velocity on the retention of 5 nm gold 
nanoparticles, 12.8 nm dextran nanoparticles and 28 nm phiX174 
bacteriophages was examined through MATLAB simulations and filtration 
experiments. Modeling of Brownian motion at different flow velocities 
was performed in MATLAB by solving the Langevin equation for particle 
position and velocity for all three types of particles. The motion of 
all three particle types was shown to be constrained at local flow 
velocities of 1e-2 m/s or greater. The constraint was greatest for 
phiX174 bacteriophages, followed by dextran particles and then gold 
particles as a result of particle diameter. To verify the effect 
experimentally, virus removal filters were prepared with a peak pore 
width of 23 nm. Filtration experiments were performed at different 
flux values where gold and dextran particles did not exhibit any 
difference in retention between fluxes. However, a significant amount 
of gold and dextran particles were removed by the filter despite 
being smaller than the measured pore size. A decrease in retention 
with filtrated volume was observed for both particle types. 
Filtration of phiX174 bacteriophages exhibited a difference in 
retention at different fluxes, where all bacteriophages where removed 
at a higher flux. The results from both simulations and experiments 
suggest that the retentive mechanism in filtering is more complex 
than what can be described only by size exclusion sieving, Brownian 
diffusion and hydrodynamic constraint of particles.
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Populärvetenskaplig Sammanfattning 

Filtrering är ett viktigt sätt att avlägsna virus och ett avgörande steg vid framställningen av 

terapeutiska proteiner samt potentiellt en metod för rening av dricksvatten. Virus är en typ av 

mikroorganismer som är orsaken till en rad olika sjukdomar såsom hepatit, lunginflammation och 

vinterkräksjuka för att nämna några. Virus är väldigt små, där de minsta varianterna kan vara 18–20 

nanometer i diameter, vilket är ungefär 3000 gånger mindre än tjockleken av ett hårstrå. 

Terapeutiska proteiner är en typ av läkemedel som används vid behandling av sjukdomar som orsakas 

av felaktigheter, brister eller frånvaro av proteiner som annars förekommer naturligt i kroppen. Dessa 

proteiner kan vara livsviktiga för vissa funktioner i kroppen och orsaken till dessa sjukdomar kan 

ibland vara genetisk. Ett vanligt exempel på ett terapeutiskt protein är insulin som personer drabbade 

av diabetes inte kan producera själva och därför måste få som ett externt tillskott. Ett annat exempel 

är så kallade monoklonala antikroppar som används i kliniska studier för behandling av till exempel 

cancer och sjukdomar som påverkar immunförsvaret. Framställningsprocessen av terapeutiska 

proteiner gör att de alltid löper en viss risk att innehålla virus, vilket gör avlägsnandet av virus en 

viktig del av framställningen för att undvika spridning av virussjukdomar. Avlägsnandet av virus sker 

i många olika steg där filtrering ofta är det sista och oftast också det mest kostsamma steget. 

Förekomsten av virus i dricksvatten är ett globalt hälsoproblem och den främsta källan till denna 

förekomst är förorening av vattnet via avföring. Tillgången till dricksvatten som genomgått en 

reningsprocess är en viktig del i att minska spridandet av virusrelaterade sjukdomar och 

Världshälsoorganisationen (WHO) rapporterade år 2015 att uppskattningsvis 663 miljoner människor 

fick sitt dricksvatten från obehandlade källor. 

Behovet av storskalig och billig virusfiltrering ter sig därmed angeläget, men begränsas av den höga 

kostnaden hos de flesta kommersiellt tillgängliga filter på marknaden idag. Det filter som presenteras i 

denna studie är baserat på cellulosafiber från alger av typen Cladophora och framställs genom en enkel 

metod som påminner om den metod som används för att tillverka vanligt papper. Cellulosafibrerna 

dispergeras först i vatten och bildar en slags massa som sedan torkas till ett tunt ark. Det resulterande 

materialet är poröst med porer (hålrum) i storleksordningen 5–40 nanometer, där den största 

volymsandelen utgörs av porer med en diameter på 23 nanometer. Dessa porer är därmed tillräckligt 

små för att inte släppa igenom de flesta typer av virus.  

Användandet av alger som råmaterial gör denna typ av filter intressant ur både ett ekonomisk och 

hållbart perspektiv. Tillvaratagandet av alger skulle kunna påverka ekosystem i hav och sjöar positivt 

samtidigt som det är en källa till förnyelsebart material. Blomningen av alger är ett problem som 

uppstår i både hav och sjöar, där mänsklig övergödning är en bidragande faktor. Blomningen skapar 

problem i ekosystemen genom att hindra solljus från att nå ner till arter på djupet samt genom att 

skapa syrebrist då algerna bryts ner.  

Kraven på virusfilter är stora eftersom förekomsten av även små mängder virus kan skapa problem då 

virus kan replikera sig vid kontakt med exempelvis mänskliga celler eller bakterier. USA:s livsmedels- 

och läkemedelsmyndighet, FDA, har tillsammans med EU:s läkemedelsmyndighet, EMA, satt en 

rekommendation för virusfilter där den rekommenderade effektiviteten bör vara högre än 99,99%. 

Detta innebär att minst 99,99% av alla virus måste tas bort vid filtrering. Dessa krav gör det viktigt 

att kunna kontrollera tillverkade filter för att se att de kan möta dessa krav. Att använda sig av virus 

för att kvalitetssäkra filter är dock väldigt kostsamt och krångligt. Istället för att använda virus är det 

därför vanligt att använda sig av väldigt små partiklar, så kallade nanopartiklar, som är lika stora som 

de virus filtren ska kvalitetstestas mot. Två vanliga typer av nanopartiklar som används är antingen 

guldpartiklar eller dextranpartiklar, där dextran är en typ av socker.  



ii 

Tidigare studier har dock visat att både virus och nanopartiklar inte alltid beter sig som förväntat vid 

filtrering och att det finns fler faktorer än bara storlek som påverkar om virus och partiklar fastnar i 

filtret eller inte. Bland annat har hastigheten av flödet genom filtret visat sig haft en inverkan på hur 

virus och partiklar fastnar i ett filter vid filtrering. Syftet med denna studie har varit att undersöka 

hur nanopartiklar, i form av guld och dextran, beter sig i det pappersbaserade virusfiltret och om dessa 

kan användas för att kvalitetssäkra filtren.  

Resultaten från denna studie innehåller både datorsimuleringar samt experiment. Datorsimuleringarna 

visade att flödet genom filtret har en effekt på hur virus och partiklar kan röra sig, vilket har visat sig 

vara en faktor som kan påverka effektiviteten vid filtrering. Om virus och partiklar kan röra sig genom 

filtret så ökar möjligheten att de hittar vägar genom filtret där de kan smita igenom. Simuleringarna 

visade att rörelsen minskade desto högre flödet var och desto större virus eller partiklar var. 

Vid experiment där filtrering av 28 nanometer stora virus (ΦX174 bakteriofager) genomfördes vid olika 

flöden så syntes en tydlig skillnad i effektivitet. Vid ett högre flöde fångades samtliga virus upp av 

filtret medan virus smet igenom filtret vid lägre flöden. 

Vid filtrering av 5 nanometer stora guldpartiklar och 12,8 nanometer stora dextranpartiklar syntes 

ingen skillnad i effektivitet vid olika flöden. Vad som var intressant var att en stor del av partiklarna 

fastnade i filtret trots att en större del av dessa förväntades passera filtret på grund av sin storlek. 60–

75% av guldpartiklarna fastnade i filtret i början av filtreringen och motsvarande siffra var 98–99% för 

dextranpartiklarna. Detta tyder på att mekanismen vid filtrering är mer komplex än vad som enbart 

kan förklaras med storleken på porerna i ett filter samt storleken på partiklarna. Resultaten 

uppmuntrar till ytterligare studier kring mekanismerna vid filtrering och manar till försiktighet vid 

användning av nanopartiklar som metod för att kvalitetssäkra virusfilter.  
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1. Introduction 

1.1  Virus Removal in Therapeutic Protein Manufacturing 

Therapeutic proteins are used in the treatment of diseases that are caused by deficiency or absence of 

otherwise naturally occurring proteins in the human body. An example of a common therapeutic 

protein is recombinant human insulin, a peptide hormone which patients suffering from diabetes are 

lacking and are thus supplied externally.1 Other notable examples are monoclonal antibodies (mAbs), 

which made up 48% of sales of therapeutic proteins in the European Union and the USA in 2010, a 

market with sales of 108 billion USD in the same year.2 Therapeutic proteins are subject for clinical 

trials in areas such as cancer therapy, immune disorders and infections.2 

As therapeutic proteins are recovered from biological mass, such as mammalian cell cultures, there is 

always a risk of a possible viral contamination in the end product. Viral contamination can stem from 

the biological mass and its source from where it is retrieved.3,4 Therefore a number of steps are 

introduced in the manufacturing or purification process of these proteins to assure that the end 

product is sterile. Viruses can be dealt with either by inactivation of the virus or its infective function, 

or by physical removal of the virus. Inactivation is usually carried out e.g. with low or occasionally 

high pH solutions, the use of solvents or detergents, heat or UV or gamma radiation. Removal is done 

using chromatography, including processes such as affinity capturing, an- or cation exchange, 

hydrophobic interactions or mixed mode chromatography. Virus removal is also performed using virus 

removal filters, which often serves as the final step in the elimination of viruses.3,4 Of all these steps 

the greatest costs lie in the resins used in affinity capturing chromatography and the virus removal 

filters.5,6 

1.2  Virus Removal in Drinking Water 

The United Nations has stated that access to safe drinking-water is a basic human right and essential 

to health. The most common risk to human health contained in drinking-water comes from diseases 

caused by microbes such as bacteria, viruses and parasites. Fecal contamination of water is the main 

source of these microbes in drinking water. In 2015, 663 million people used sources of drinking-water 

that were unimproved. Some of the common viruses that are found in drinking-water are hepatitis A 

and E viruses, adenoviruses, which can cause pneumonia, and noroviruses, a cause of diarrhea, to 

mention a few. Thus, virus removal also serves as an important feature in purification and quality 

assurance of drinking water.7,8  

1.3  Virus Removal Filters 

The standards for efficiency of virus removal are high and therefore the quality assurance of virus 

removal filters is of importance. The U.S Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) have set a recommendation on the minimum efficiency of the removal of the 

smallest viruses for a virus removal filter. The recommended efficiency of removal is >99.99% of 

viruses during filtration. This recommendation is based on previous steps of virus inactivation or 

removal before virus filtration.9 This puts a lot of emphasis on quality assurance for any virus removal 

filter maker. Assessing the quality of filters with real viruses is important because of the high 

sensitivity using this method. Validation of virus removal filters can also be done in other ways, where 

the use of nanoparticles of the same size as viruses is a common method for integrity testing of filters. 

Commonly used surrogate nanoparticles for quality assurance are gold and dextran particles.4,10  
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The basic approach to the mechanism of filtering is based on size exclusion, where particles larger than 

the pores in the filter material will be removed by the filter. However, there are indications that the 

mechanism of particle removal in filtering is more complex than this and might be affected by other 

parameters, such as particle concentration, filtration flux, adsorptive effects between particles and 

filter surface and ion concentration, to mention a few.11 

In a study published by Yamamoto et al. the influence of the flow velocity through the filter was 

investigated, featuring aspects like the Brownian motion of viruses and how this had an effect on virus 

retention.12 

1.4  Virus Removal Filter Paper 

In previous publications by Metreveli et al.,13 Asper et al.,14 Quellmalz and Mihranyan,15 Gustafsson et 

al.16 and Gustafsson and Mihranyan,17 the characteristics of a nanocellulose-based filter paper for virus 

removal purposes have been presented. Using a fabrication process that is similar to ordinary paper 

making, a filter paper with pore sizes in the range of 5-40 nm has been produced. The filter paper has 

been shown capable of removing one of the smallest known viruses, the minute virus of mice (MVM), 

with a diameter of 18-20 nm, at a very high efficiency (>99.999%).16 The use of Cladophora cellulose 

as a raw material in combination with a simple manufacturing process makes the filter paper especially 

interesting in an area where most filters used today are expensive. 

1.5  Aim 

The aim of this study is to examine the effect of Brownian diffusion and flow velocity on the retention 

of nanoparticles of various size in the filter paper. This will be done by theoretical simulations based 

on the Langevin equation for particle motion in a fluid. Simulations will be carried out for 

nanoparticles and additionally, experimental verification will be done by filtration of nanoparticles. 

The study will add to the work carried out by Yamamoto et al.12 by examining additional types of 

particles and further investigate the hydrodynamic theory on nanoparticle and virus capturing in 

filtration.  
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2. Theory 

2.1  Virus Removal Filter Paper 

2.1.1 Virus Removal Filters 

Today, most commercial virus removal filters are based on synthetic polymers and produced through 

phase inversion, a process where removal of the solvent from a polymer solution results in a porous 

membrane structure. Virus removal filters can be sorted into three different categories based on their 

structure; symmetric, asymmetric and composite filters. Symmetric filters have a uniform structure 

and a relatively constant pore size distribution throughout the thickness of the filter. Asymmetric 

filters have a varying structure and pore size distribution throughout the filter thickness. Composite 

filters feature different structures, combined throughout the filter depth. The filters are often shaped as 

flat sheets, but hollow fibers are also utilized. Some commonly used polymers are polyethersulfone 

(PES), polyvinylidene fluoride (PVDF) and regenerated cellulose, where PES and PVDF are mainly 

found as flat sheet filters and regenerated cellulose as hollow fibers.18,19 The main drawback of 

commercial virus removal filters based on regenerated cellulose is the lower operating flow rate during 

filtration, as compared to other polymer based filters.20 

2.1.2 Cladophora Cellulose 

Cladophora algae can be found blooming on rocks and stones in lakes and oceans across the world. 

Algae blooming is linked to increased levels of nitrogen and phosphorus in the water, mainly caused by 

human activity, and the excessive blooming can cause problems for ecosystems. When the algae die 

they can be released into the water and form dense layers, reducing the amount of sunlight that 

reaches deeper water. As the dead algae eventually sediment to the bottom they are decomposed by 

bacteria, a process demanding oxygen, which can lead to hypoxia in the local ecosystem.21 

Cellulose from the Cladophora algae is a glucose polymer built from D-glucose monomers.22,23 The 

cellulose forms microfibrils with a thickness of 30 nm,24 as compared to a microfibril thickness of 5 

nm25 for wooden cellulose. The high degree of crystallinity observed in Cladophora cellulose is 

supposedly associated to the presence of these thicker microfibrils.26–28 XRD measurements have shown 

a degree of crystallinity of up to 95%.21 This can be compared to a crystallinity of around 70% in 

cellulose retrieved from wood. 

2.1.3 Nanocellulose-based Filter Paper 

The structure of the Cladophora cellulose filter consists of individual sheets of assembled nanofibers 

that are stacked together and the estimated thickness of the individual sheets is 50-100 nm.17 The 

structure is a result of assembling of the microfibrils when dried from the wet state. By altering the 

drying conditions the pore size has been showed to be controlled where a higher drying temperature 

will result in a shift in the pore size distribution towards larger pores.16,17 The wet strength of the filter 

paper was shown to be increased by cross-linking the cellulose nanofibers with citric acid to allow for 

higher filtration pressure gradients.15 The virus removal capacity of the filter paper has been reported 

for various model viruses, e.g. parvoviruses,16 retroviruses14 and influenza viruses,13 with removal 

efficiencies >99.999% for all three virus types. A high recovery and inertness of proteins, of importance 

for manufacturing of e.g. therapeutic proteins, was reported for the filter paper. High throughput was 

observed for bovine serum albumin (BSA; molecular weight 66 kDa) and lysozyme (molecular weight 

14 kDa), whereas γ-globulin (molecular weight >175 kDa) did not pass through the filter paper due to 

its large size.29 
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2.2  Particle Retention Mechanisms in Filtering 

2.2.1 Size-exclusion Mechanism 

The idea of removing particles suspended in a liquid through filtering is based on a size-exclusion 

mechanism as the liquid is passed through the pores of the filter material. Particles larger than the 

pores, will be retained by the pores in the filter structure, while particles smaller than the pores will 

pass through the structure. This mechanism is also known as sieve retention, due to its similarity to 

the function of a sieve.  

When explaining the retentive mechanisms in filtering, particles are often approximated as hard 

spheres and pore geometries are often approximated with a cylindrical shape.11 In most cases, both 

particle and pore geometries are unknown or more complex than in this assumption. In a simple sieve 

retentive mechanism, the retention of particles should ideally not be affected by parameters such as 

the pressure guiding the liquid flow or the chemical composition and interactions of the filter and the 

particles. The only thing that controls the retention should be the relation between particle size and 

pore size. In reality, the size of particles and pores is characterized by a size distribution rather than a 

definite size. As a result, the retention will be determined by the overlap between the two 

distributions.11 

In a study carried out by Grant and Liu,30 filtration of particles through a membrane exhibited a 

behavior where the retention of particles initially was high. After further filtration, the retention of 

particles decreased until a point where the retention of particles in the membrane started to recover. 

This is a feature that has been attributed to the sieve retention mechanism. The behavior is explained 

by an initial filling of pores sufficiently small enough to retain particles. When smaller pores are filled 

up, the flow will direct particles towards larger pores where they are able to pass, and thus decreasing 

the overall retention in the membrane. The flow in larger pores will be substantially greater as the 

flow scales against the pore radius to the fourth power.  

Assuming a cylindrical pore geometry, the flow can be calculated using the Hagen-Poiseuille equation, 

which relates the flow in a cylindrical capillary to the pressure drop across the capillary. The Hagen-

Poiseuille equation is shown in equation 1.31 

𝑄 =
∆𝑃𝜋𝑅4

8휂𝐿
(1) 

 

Q is the volumetric flow, ΔP is the pressure difference across the capillary, R is the radius of the 

capillary, η is the dynamic viscosity of the fluid and L is the length of the capillary. The equation has 

its limitations and is not valid at the entrances of the cylinder or when the flow is turbulent.  

Despite the higher flow in larger pores, the initial retention in smaller pores is attributed to the smaller 

pores being more numerous than the large pores, for filter materials with a range of pore sizes. When 

pore blocking and bridging start to occur throughout the filter structure, the larger pores will 

eventually decrease in effective size and the retention will start to increase.11 

2.2.2 Hydrodynamic Captivating Mechanism 

A difference in throughput of bioparticles during ultrafiltration and dialysis have been observed as 

early as in the beginning of the 20th century.32,33 Ultrafiltration is a process where filtration occurs due 

to an applied pressure gradient across the filter media, whereas dialysis is a purely diffusion-driven 

process. In 1905, Levy33 performed studies on ultrafiltration and dialysis for different enzymes, e.g. 

ptyalin, renin and pepsin. During dialysis, the enzymes could pass through a nitrocellulose filter, 

however when the same enzymes were filtered through the same filter under applied pressure, no 
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enzyme passed. Later, in 1936, Elford and Ferry32 studied the throughput of isoelectric serum albumin 

during applied pressure filtration and pure diffusive filtration. When filtered through a membrane of 45 

nm porosity at a pressure of 3 atm, the protein did not pass, though at diffusive filtration through a 

membrane of 15 nm porosity, the protein passed. In more recent findings, Asper34 reported an increase 

in virus breakthrough during filtration when pressure was released. These results were further 

confirmed by Zydney’s group in their studies of the retention of the ΦX174 bacteriophage during 

pressure release in various industrial membranes. The retention of the ΦX174 bacteriophage was 

reported to decrease in some membranes after pressure release. The observation was assigned to 

migration of the previously captured bacteriophage, which was illustrated with confocal imaging of the 

fluorescently tagged bacteriophages.35,36 

Attempts of modeling the underlying physical mechanisms for the observed pressure dependent 

retention of particles in virus filters have been carried out. Trilisky and Lenhoff37 studied the flow-

dependent entrapment of bioparticles in a porous bead chromatography medium and suggested a 

mechanism for particle retention by introducing the concept of the Péclet number (Pe). The Péclet 

number is expressed in equation 237 

𝑃𝑒 =
𝑢𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝐷
(2) 

 

where u is the flow velocity, dparticle is the diameter of the particle and D is the diffusion constant. The 

proposed mechanism thus relates convective and diffusive forces on the motion of particles throughout 

the porous structure of the medium. The authors envisioned particle entrapment to occur at pore 

constrictions smaller than the diameter of the particle, where the particle was only able to escape 

entrapment if diffusive forces could overcome convective forces. As a result, at low flow velocities, 

particles were expected to avoid entrapment by diffusion and thus, higher throughput of particles was 

expected as confirmed in constant flow filtrations of Ad5 virus.37  

Yamamoto et al.12 studied the effect of applied pressure on the retention of viruses, based on the 

theory proposed by Trilisky and Lenhoff,37 i.e. a hydrodynamic theory for virus capturing in filtration. 

The retention of viruses in a specific filter was examined experimentally and in simulations, where the 

approach was to consider the motion of small particles, known as Brownian motion, and relate this 

motion to the hydrodynamic forces, attributed to the flow velocity of the fluid. Simulations were based 

on modeling the motion of viruses using the Langevin equation, as proposed by Satoh,38 which relates 

convective forces from the flow with diffusive forces, i.e. Brownian motion. 

Yamamoto et al.12 found that the virus retention was affected by the flow velocity through the filter, 

which was controlled by the overhead pressure during filtration. At higher flow, the retention of 

viruses was greater compared to lower flow and this effect was attributed to the ability of the 

hydrodynamic forces to limit the movement of viruses throughout the filter. This would suggest that 

hydrodynamic mechanisms also can contribute to the overall retention mechanism in filtration. A virus 

was considered as captured when its diffusion was limited in the direction opposite to the direction of 

flow, which is a result of the flow velocity and the pore geometry of the studied filter type. When the 

movement was limited, the virus was unable to escape the pore and thus it was perceived as captured. 

Figure 1 illustrates the pore geometry and the mechanism of virus captivating at high flow velocities.12 

As seen in figure 1, the pore geometry was illustrated as spherical with capillary connections leading to 

other pores. When encountering a capillary smaller than the virus, the virus was retained in the pore 

until encountering a larger capillary. The critical flow velocity, ucr, was defined as the flow velocity 

where convective forces are large enough to limit the motion of the virus so that it cannot escape 

through larger capillaries, as illustrated in figure 1a. At flow velocities below ucr, Brownian motion is 

significant enough for the virus to escape capturing through larger capillaries, as seen in figure 1b. 



8 

 

Figure 1. Illustration of virus (blue circle) captivating mechanism due to hydrodynamic constraint in a pore. a) 
Illustrates a flow velocity high enough to constrain the motion of the virus so that it remains captured in the pore. 

b) Illustrates the case where flow velocity is low and thus, the virus can escape capturing due to Brownian 
motion. 

The concept of critical flow velocity can be further quantified by evaluating the Péclet number, thus 

relating ucr to the particle diameter and the diffusion constant. At high Péclet numbers, i.e. Pe >> 1, 

convective forces are dominant on the motion of particles. At low Péclet numbers, i.e. Pe << 1, 

particle motion is dominated by diffusive forces. Yamamoto et al.12 defined ucr as the flow velocity 

where Pe = 1, i.e. the flow velocity where convective forces and diffusive forces are in balance.  

2.3  Particle Behavior at the Nanometer Scale 

2.3.1 Brownian Motion 

Small particles suspended in a liquid will be subject to motion caused by collisions with the molecules 

in the liquid. This phenomenon is called Brownian motion and was mathematically described by 

Albert Einstein in 1905.39 Brownian motion is a random process and the magnitude of the motion is 

dependent on particle size, viscosity of the liquid, temperature and time. The mathematical expression 

for Brownian motion is shown in equation 3.40  

〈𝑥2〉1 2⁄ = (2𝐷𝑡)1 2⁄ (3) 

 

⟨x2⟩1/2 is the root mean square distance, which describes the average distance traveled by a particle at 

time t. D is the diffusion constant, further expressed in equation 4.39 

𝐷 =
𝑘𝐵𝑇

6𝜋휂𝑎
(4) 

 

kB is the Boltzmann constant, T is the temperature, η is the dynamic viscosity of the liquid and a is 

the particle radius. Figure 2 shows the root mean square distance for 5 nm particles suspended in 

water. 

u ≥ ucr u < ucr 

a) b) 
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Figure 2. Root mean square distance traveled as a function of time for particles with a diameter of 5 nm in 
aqueous solution. 

Movement through Brownian motion is a slow process on the macroscopic scale, but as seen in figure 2 

the movement due to Brownian motion at nanometer scale is a much faster process. With virus 

filtration involving interactions between viruses and pores on the scale of nanometers, the influence of 

Brownian motion on virus behavior in filtration cannot be neglected. A particle with a diameter of 5 

nm, placed at the center of a 100 nm wide pore could encounter the pore wall through Brownian 

motion in 1∙10-5 s at zero-flow conditions, as calculated from equation 3. 

Since the nature of Brownian motion is random, the distance traveled by a specific particle can be 

both greater and smaller than the root mean square distance, as it is merely the average derived from 

a great number of particles. The root mean square distance is also independent of direction and only 

states the distance traveled in absolute numbers. Figure 3 illustrates Brownian motion in two 

dimensions, its random nature and how motion can differ between three individual particles. Each line 

represents the trajectory of an individual particle and all three particles start at (0,0). 

 

Figure 3. Brownian motion in two dimensions of three individual particles. Each line represents the trajectory of 
an individual particle and all particles start at (0,0). 

As seen in figure 3 the motion of the particles differs in space, but the distance traveled from the 

starting point is on the same scale. 
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2.3.2 Brownian Motion in a Flowing Fluid 

The Brownian motion of particles in a flowing fluid can be described by the Langevin equation, which 

was formulated by Paul Langevin in 1908. The equation relates Brownian forces to viscous forces on a 

particle moving in a liquid and is shown below in equation 5.12,38,41 

𝑑𝑣

𝑑𝑡
= −휁′(𝑣 − 𝑣𝑠𝑜𝑙𝑣𝑒𝑛𝑡) +

1

𝑚′
𝐹𝐵 (5) 

 

The first part of equation 5 represents the contribution from viscous forces on the movement of the 

particle and is derived from Stokes’ law which was proposed by George Gabriel Stokes in 1851.42 v is 

the particle velocity, vsolvent is the velocity of the fluid and ζ’ is a term further expressed in equation 6  

휁′ =
3𝜋휂𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑚′
(6) 

 

where η is the dynamic viscosity of the fluid, dparticle is the particle diameter and m' is the apparent 

mass of the particle, which is described in equation 7. 

𝑚′ = 𝑚 +
𝜋(𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)3𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡

12
(7) 

 

m is the mass of the particle and ρsolvent is the density of the fluid. The second part of equation 5 

represents the contribution of random forces due to Brownian motion and these are expressed in the 

term FB. 

If equation 5 is integrated, expressions for particle velocity, v, and particle position, r, are given as 

shown in equations 8 and 9.12,38 

𝑣(𝑡 + ∆𝑡) − 𝑣(𝑡) = −(𝑣(𝑡) − 𝑣𝑠𝑜𝑙𝑣𝑒𝑛𝑡)(1 − 𝑒−𝜁′∆𝑡) + 𝛿𝑣𝐵 (8) 

 

𝑟(𝑡 + ∆𝑡) − 𝑟(𝑡) =
1

휁′
(𝑣(𝑡) − 𝑣𝑠𝑜𝑙𝑣𝑒𝑛𝑡)(1 − 𝑒−𝜁′∆𝑡) + 𝑣𝑠𝑜𝑙𝑣𝑒𝑛𝑡∆𝑡 + 𝛿𝑟𝐵 (9) 

 

Velocity and position at a certain time t are expressed as v(t) and r(t) and the subsequent expressions 

at a time (t+Δt) are v(t+Δt) and r(t+Δt). The two terms δvB and δrB represent the contribution 

from Brownian motion and can be determined stochastically. If movement in two dimensions is 

considered, δvB and δrB can be written as δvB(v1,v2) and δrB(r1,r2), where vi and ri are random 

numbers sampled from the probability density function stated in equation 10.12,38 

𝜌(𝑟𝑖 , 𝑣𝑖) =
1

2𝜋𝜎𝑟𝜎𝑣(1 − 𝑐𝑟𝑣
2 )1 2⁄

∙ 𝑒𝑥𝑝 [−
1

2(1 − 𝑐𝑟𝑣
2 )

{(
𝑟𝑖

𝜎𝑟

)
2

− 2𝑐𝑟𝑣

𝑟𝑖

𝜎𝑟

𝑣𝑖 − �̅�𝑖

𝜎𝑣

+ (
𝑣𝑖 − �̅�𝑖

𝜎𝑣

)
2

}] (10) 

 

The terms σr
2, σv

2 and crv are expressed in equations 11-13 

𝜎𝑟
2 =

𝑘𝐵𝑇

𝑚′휁′2 (2휁′∆𝑡 − 3 + 4𝑒−𝜁′∆𝑡 − 𝑒−2𝜁′∆𝑡) (11) 

 

𝜎𝑣
2 =

𝑘𝐵𝑇

𝑚′
(1 − 𝑒−2𝜁′∆𝑡) (12) 
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𝑐𝑟𝑣 =
1

𝜎𝑟𝜎𝑣

𝑘𝐵𝑇

𝑚′휁′
(1 − 𝑒−𝜁′∆𝑡)

2
(13) 

 

where kB is the Boltzmann constant and T is the temperature. Using inverse transform sampling on 

equation 6, the expressions for vi and ri condense to equation 14 and 15.38 

𝑣𝑖 = (−2𝜎𝑣
2𝑙𝑛𝑅𝑖,1)

1 2⁄
𝑐𝑜𝑠2𝜋𝑅𝑖,2 (14) 

 

𝑟𝑖 = 𝑐𝑟𝑣

𝜎𝑟

𝜎𝑣

𝑣𝑖 + (1 − 𝑐𝑟𝑣
2 )1 2⁄ (−2𝜎𝑣

2𝑙𝑛𝑅𝑖,3)
1 2⁄

𝑐𝑜𝑠2𝜋𝑅𝑖,4 (15) 

 

Ri,1, Ri,2, Ri,3 and Ri,4 are random numbers from the uniform stochastic distribution (0,1). 

2.4  Gas Sorption for Characterization of Porous Materials 

2.4.1 The BET Isotherm 

Materials exhibiting a mesoporous capillary pore structure are typically attributed to an isotherm of 

type IV, as defined by IUPAC.43 A typical isotherm of type IV is illustrated in figure 4a. The part of 

the isotherm leading up to point B illustrates the adsorption of the first monolayer of gas molecules. 

The subsequent region illustrates the succeeding multilayer adsorption. The isotherm in figure 4a 

exhibits a hysteresis, which is a typical feature of a pore structure where capillary condensation occurs. 

IUPAC has classified different hysteresis types, amongst these are types H1 and H2, illustrated in 

figure 4b.43 

 

Figure 4. a) Typical isotherm (type IV) for capillary condensation adsorption and desorption in a mesoporous 
material. b) Two different types of hysteresis, type H1 and type H2, commonly occurring in mesoporous materials. 

(Figure courtesy of IUPAC (© 1985 IUPAC)) 43 

A hysteresis of type H1 is common for a porous structure where the pores are close to cylindrical and 

the pore size distribution is narrow. Type H2 is the commonly found hysteresis in structures that are 

more complex with features such as ink bottle pores or pores with a wide size distribution.44 

2.4.2 Barrett-Joyner Halenda Method for Determination of Pore Size 

Distribution 

The Barrett-Joyner-Halenda (BJH) method for characterization of porous materials was first proposed 

in 1951 as a technique for determining the distribution of pores of different sizes in a porous material 

using nitrogen gas.45 The method utilizes the Brunauer-Emmett-Teller (BET) theory to describe the 

a) b) 
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adsorption of nitrogen molecules onto the surface of the material. The BET theory is an extension of 

the Langmuir isotherm for monolayer adsorption to multilayer adsorption. In both the BET theory 

and Langmuir isotherm the adsorption of gas molecules onto a surface is related to the partial pressure 

of the adsorbed gas, where a larger pressure will result in adsorption of a greater volume of gas 

molecules. The relation, as described in the BET theory, is shown in equation 16.46,47  

𝑉 =
𝑉𝑚𝑐𝑃

(𝑃0 − 𝑃) ∙ [1 + (𝑐 − 1) (
𝑃
𝑃0

)]
(16) 

 

V is the adsorbed volume of gas molecules, Vm is the volume of adsorbed gas necessary to form a 

complete monolayer on the adsorbent surface, P is the equilibrium pressure, P0 is the saturation 

pressure and c is the BET constant, described by equation 17. 

𝑐 = 𝑒
𝐸1−𝐸𝐿

𝑅𝑇 (17) 

 

E1 is the heat of adsorption for forming the first monolayer, EL is the heat of adsorption for forming 

the following layers (i.e. the heat of liquefaction), R is the gas constant and T is the temperature. 

In the BJH method the pore geometry is approximated as open-ended cylinders where all pores of the 

same radius respond in the same way to pressure changes. An increase in relative pressure (P/P0)i will 

result in physical adsorption of gas molecules onto the surface of the pores, followed by condensation of 

gas molecules in the inner capillary volume, forming a layer of thickness ti. Each change in relative 

pressure (P/P0)i will correspond to the formation of a new layer of thickness ti. Smaller pores will fill 

up first as the pressure is increased, followed by larger pores as pressure is further increased and 

eventually the entire pore structure will be filled with liquid. In very small pores, i.e. micropores (pore 

width <2 nm), pore filling is possible without condensation of gas to liquid.48 When the relative 

pressure (P/P0)j is decreased, a measurable volume of gas will desorb as a result of emptying of the 

pore of its capillary condensate and a thinning of the physically adsorbed layer with the amount Δtj. 

The largest pores will begin to empty first, followed by emptying of the smaller pores.45 

Imagine a relative pressure (P/P0)1 where a thinning of the adsorbed gas layer by the amount Δt1 

occurs in the largest pores with a radius of rp,1 and an inner capillary diameter of rk,1. When the 

pressure is decreased further to (P/P0)2 there is an additional thinning of the layer in the largest pores 

by the amount Δt2, but there will also be desorption of molecules in smaller pores of radius rp,2 and an 

inner capillary diameter of rk,2. See figure 5 for an illustration of the desorption mechanism.45  

 

Figure 5. Illustration of the desorption mechanism in the BJH method for two pores of different radius rp. Figure 
illustrates the first and second thinning of the adsorbed layer of gas molecules of thickness t1 and t2. 
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Since the desorbed volume of gas is a result of both thinning of the adsorbed layer and emptying of 

pore condensate, both mechanisms need to be evaluated when relating the measured volume of 

desorbed gas to the pore radius. The contribution from emptying of the capillary condensate in a pore 

is related to the inner pore radius, rk, which is also known as the Kelvin radius. rk can be calculated 

from the Kelvin equation shown below in equation 18.45 

𝑟𝑘 =
−2𝜎𝑉

𝑅𝑇𝑙𝑛(𝑃 𝑃0⁄ )
(18) 

 

σ is the surface tension of liquid nitrogen, V is the molar volume of liquid nitrogen, R is the gas 

constant and T is the temperature. The contribution from thinning of the physically adsorbed layer is 

related to the thickness, t, of the layer. The pore radius, rp, is the sum of the Kelvin radius and the 

thickness of the adsorbed layer, see equation 19.45 

𝑟𝑝 = 𝑟𝑘 + 𝑡 (19) 

 

The thickness t can be calculated with the Frenkel-Halsey-Hill equation, expressed in equation 20, 

given the assumption in equation 21.49 

ln(𝑃 𝑃0⁄ ) = −𝛼𝑡−𝑚 (20) 

 

𝑡 =
𝑉𝑙𝑖𝑞

𝑆
(21) 

 

α is an empiric term which is characteristic for the interaction between the nitrogen gas and the solid 

and m is the Frenkel-Halsey-Hill exponent, theoretically equal to 3, but usually smaller when 

determined experimentally. Vliq is the liquid volume of adsorbed nitrogen and S is the total surface 

area of the material. Using equations 18 and 20, the pore radius can be calculated with equation 19 for 

each relative pressure during desorption of nitrogen gas.49 

Since the length of the pores in the BJH method is unknown, the number distribution of different pore 

sizes cannot be determined through this method. The pore size distribution is rather expressed in 

terms of dV/dw (or dV/dlog10w), often with the unit cm3/g. dV is the change in pore volume and dw 

is the change in pore width. dV/dw can be determined from the BET isotherm and the idea of 

expressing the pore size distribution in this way is that a change in adsorbed volume at a certain 

relative pressure will correspond to desorption from pores of a certain width. A greater slope in the 

BET isotherm means that a greater volume of gas is desorbed at the corresponding pore radius. In this 

way, the total pore volume of pores of a specific radius can be determined.45 

2.5  Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a common method of examining the surface structure of 

materials down to the micro- and nanometer scale. Images in SEM are retrieved by scanning the 

surface of a material with a focused electron beam and detecting the scattered electrons. The electrons 

in the beam are generated from an electron gun, usually of either thermoionic type or field emission 

gun type. The generated electrons are focused into an electron beam using an acceleration voltage of 1-

40 kV and a set of electromagnetic lenses.50 
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When electrons from the electron beam interact with the material, scattered electrons are generated as 

backscattered electrons and secondary electrons. Backscattered electrons are a result of elastic 

scattering where the incident electrons are scattered by the atoms in the material. Secondary electrons 

are generated through inelastic scattering where the incident electrons knock out electrons from the 

atoms in the material. The image intensity of a scanned area is given by the number of scattered 

electrons that reaches the detector.50 For SEM images obtained in this work, secondary electron 

detection mode was used. 

Contrast in SEM using secondary electron detection is attributed to topography of the studied 

material. Topographic contrast is a result of two different effects, the trajectory effect and the electron 

number effect. The trajectory effect arises when surfaces are oriented differently with respect to the 

position of the detector. Electrons scattered from a surface faced away from the detector will have a 

harder time reaching it and as a result such surfaces will appear darker in the image. Electrons 

scattered from surfaces oriented towards the detector will reach the detector to a greater extent, and 

these surfaces will appear brighter. The electron number effect arises when the incident electron beam 

hits a surface at an angle. This will lead to a greater number of electrons scattering compared to a flat 

surface. The electron number effect is the reason why e.g. edges of spherical particles, raised areas and 

cavities appear brighter in SEM.50 

When examining electrically nonconductive samples in SEM, surface charging can be a problem. 

Surface charges arise when the electron beam causes an accumulation of electrons on the studied 

surface. These electrons will distort the image and create artifacts in the image. To prevent surface 

charging, the surface is usually sputter coated with a thin layer of any sort of conducting material, 

usually gold.50 

2.6  Spectrophotometry 

2.6.1 Absorbance 

Absorbance is derived from the transmittance of electromagnetic radiation through a sample. The 

transmittance, T, is defined as shown in equation 22, 

𝑇 =
𝐼

𝐼0

(22) 

 

where I is the intensity of the transmitted radiation and I0 is the intensity of the incident light. The 

absorbance, A, is subsequently defined as shown in equation 23. 

𝐴 = 𝑙𝑜𝑔10

𝐼0

𝐼
(23) 

 

From the absorbance, the concentration, c, of the sample can be derived from the Beer-Lambert law, 

stated in equation 24. 

𝐴 = 휀𝑐𝐿 (24) 

 

ε is the molar absorption coefficient and L is the length of the sample. From the Beer-Lambert law 

follows that absorbance is proportional to the concentration, given that ε and L are constant.40 
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2.6.2 Fluorescence 

Fluorescence occurs when an atom or molecule absorbs a photon and during relaxation, re-emits a 

photon, typically of less energy (longer wavelength) than the absorbed photon. The difference in 

wavelength between these two wavelengths, commonly referred to as the excitation and emission 

wavelengths, is called the Stokes shift. Absorbance of photons follows the Beer-Lambert law, but not 

all absorbed photons are re-emitted. The quote between emitted and absorbed photons is called the 

quantum yield (Φ) and is different for different compounds. The resulting modified Beer-Lambert law 

for fluorescence is shown below in equation 25.51 

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∝ 𝐴 ∙ 𝛷 = 휀𝑐𝐿 ∙ 𝛷 (25) 

 

The quantum yield can be affected by so called quenching effects that reduce the quantum yield. 

There are various types of quenching mechanisms, for instance self-quenching, where the interaction 

between two species of the same compound causes an excited compound to return to its ground state.51 

The effect of self-quenching is increased with concentration and as a result the quantum yield will 

decrease at high concentrations. Thus, the linearity of the modified Beer-Lambert law for fluorescence 

intensity, equation 25, is challenged at higher concentrations.52,53 
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3. Materials and Methods 

3.1  Materials 

Cladophora algae cellulose was obtained from FMC BioPolymer (batch G3828-112). 5 nm gold 

particles in 0.1 mM phosphate buffered saline (PBS) aqueous solution (752568-25ML, lot numbers 

MKBW8968V and MKBV6029V), phosphate buffered saline (P4417) and sodium chloride (S5886) 

were obtained from Sigma-Aldrich. Fluorescent 70 000 MW rhodamine B tagged dextran particles were 

obtained from Thermo Fisher (D1841, lot number 1778037). Escherichia coli bacteriophage ΦX174 

(ATCC® 13706™) and Escherichia coli (Migula) Castellani and Chalmers (E. coli) (ATCC® 13706-

B1™) were obtained from ATCC. Yeast extract (212750), tryptone (211699) and agar (214530) were 

obtained from BD. 

3.1.1 ΦX174 Bacteriophage 

The ΦX174 bacteriophage consist of a single-stranded DNA surrounded by a protein capsid, and has a 

total weight of 6.2∙106 daltons (Da) and a diameter of 28 nm.54,55 As with all bacteriophages, the 

ΦX174 bacteriophage targets bacteria, and more specifically the E. coli bacteria.56 Since bacteriophages 

target bacteria, the use of this type of viruses as surrogates for mammalian viruses in filter validation 

is of interest due to being non-harmful, e.g. towards humans.57 In virus filtration, removal is based on 

size-exclusion and thus, the use of bacteriophages of similar size as mammalian viruses has been 

proposed as a surrogate model.57,58 In this work, the ΦX174 bacteriophage was used as a surrogate 

model due to its small size, close to the size of one of the smallest viruses, the minute virus of mice 

(MVM; 18-20 nm), which is often seen as the worst-case model for small sized viruses in virus 

filtration.59 

3.2  Theoretical Modeling of Hydrodynamic Velocity and Brownian 

Motion   

The effect of different flow velocities on the Brownian motion of 5 nm gold particles, 70 000 MW 

dextran particles and ΦX174 bacteriophages was examined through simulations in MATLAB 

(R2016b), using the same approach as described by Yamamoto et al. and Satoh.12,38 Code was 

developed in MATLAB to solve equations 8 and 9 for particle velocity and position. The total time in 

the simulations was set to 1∙10-4 s and each particle could take 300 steps during this time. All particles 

were approximated as hard spheres and the physical characteristics of the particles used in the 

simulations can be found in table 1. The dextran particle diameter was taken from the literature as 

two times the hydrodynamic (Stokes-Einstein) radius.60 

Table 1. Physical characteristics of particles used in Brownian hydrodynamic particle behavior simulations. 

Particle Diameter 
(nm) 

Particle mass 
(kDa) 

Particle mass (kg) 

Au 5 - 1.27∙10-21 

Dextran 12.8 60 70 1.16∙10-22 

ΦX174 28 54 6 200 55 1.03∙10-20 

 

The remaining physical parameters used in the simulations are summed up in table 2. 
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Table 2. Physical parameters used in Brownian hydrodynamic particle behavior simulations. 

Parameter Value 

t 1∙10-4 s 

Δt (1∙10-4/300) s 

ρsolvent, water 1.0∙103 kg/m3 

η, water 1.002∙10-3 Pa∙s 

T 293 K 

kB 1.38∙10-23 J/K 

 

The flow in all simulations was constant and directed in the negative y-direction. Flow velocities were 

varied from 1∙10-5 m/s to 5∙10-2 m/s and simulations with flow velocity of 0 m/s was used as a 

reference. An artificial wall was set up at y = 0 nm to simulate a filter surface where particles are 

retained by pores of smaller size than the particles. Particles where unable to pass through the wall, 

but the flow was held constant and unaffected by the wall. All simulations began with placing the 

particles in contact with the wall at (0,0). No interaction between particles was considered and the 

interaction between particle and wall was assumed to be of inelastic character. 

3.3  Virus Removal Filter Paper 

3.3.1 Preparation of Filter Paper 

A 0.1 wt-% dispersion of Cladophora cellulose was prepared by adding 1 g of cellulose in 1 L of 

deionized water under stirring. The dispersion was then run twice in succession through a 200 µm and 

a 100 µm hole sized chamber at 1800 bar, using an LM20 Microfluidizer. 50 mL of the dispersed 

solution was then further diluted in 200 mL of deionized water and then drained over a nylon filter 

membrane (Durapore, 0.65 µm DVPP, Merck Millipore) fitted in a funnel using vacuum. The resulting 

wet cellulose mass was then dried at 170 ⁰C using a hot-press (Rheinstern, Germany).  

3.3.2 Nitrogen Sorption Measurements 

The pore size distribution of the cellulose filters was evaluated with the Barret-Joyner-Halenda (BJH) 

method using the desorption branch of the isotherm. This was done using an ASAP 2020 

(Micrometrics, USA) instrument. The filter sample was degassed at 90 ⁰C in vacuum for four hours 

and the following analysis of nitrogen sorption was then carried out at 77 K using liquid nitrogen as a 

coolant. Pore radius was calculated using equation 19, the Frenkel-Halsey-Hill equation (equation 20) 

and equation 21. 

3.3.3 Thickness Evaluation 

The thickness of the manufactured filters was evaluated using a Mitutoyo Absolute digital caliper (ID-

C150XB) with a precision of 1µm. The thickness was measured on five different filters at five different 

positions on each filter.  

3.4  Filtration experiments 

3.4.1 Filtration of ΦX174 Bacteriophages 

A Luria-Bertani (LB) buffer was prepared by adding 10 g bactotryptone, 5 g bacto yeast extraction 

and 10 g NaCl in 1.0 L of deionized water. The pH of the buffer was adjusted to pH 7.5 by adding 2.5 
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mL of 0.1 M NaOH. The buffer was then autoclaved in 121 ⁰C for 20 minutes. 

A dispersion of E. coli was prepared by adding bacteria to LB buffer and then incubating in 37 ⁰C at 

220 rpm for 3.5 hours to allow for bacterial growth. 

Filtration of ΦX174 bacteriophages was carried out using an Advantech KST 47 filter holder, see 

figure 6. The cellulose filters were fitted in the cell using a Munktell General Purpose Filter Paper as 

mechanical support. The filters were wetted with LB buffer prior to filtration. 

A feed dispersion of ΦX174 bacteriophages was prepared by adding ΦX174 stock solution to LB buffer 

to a resulting concentration in the order of 106 phages/mL. Filtrations were carried out at two 

different overhead pressures, i.e. 1 bar and 3 bar. For each pressure two different volumes were passed 

through the filters, i.e. 20 mL and 60 mL. The permeate solutions were collected and for filtrations of 

the larger volume the permeate was collected in two fractions of 30 mL each. The time for each 

filtration was monitored to determine the average flux during filtration. 

 

Figure 6. Experimental setup used for filtration of ΦX174 bacteriophages. The Cladophora cellulose filter was 
placed in a filter holder, indicated by the arrow. Air pressure inlet can be seen in the top of the picture. 

Dilutions of feed and permeate solutions were performed where the feed solutions were diluted in three 

steps, resulting in dilutions of 10-3, 10-4 and 10-5 times the initial concentration. Permeate solutions 

where diluted in two steps resulting in dilutions of 100, 10-1 and 10-2 times the initial concentration. 

The diluted feed and permeate solutions where then introduced to bacteria by adding 100 µL of 

solution to 200 µL E. coli solution and 1 mL soft agar (42 ⁰C), which was then placed on hard agar 

plates. The plates were then incubated at 37 ⁰C for 7 hours. After incubation, the number of visible 

plaques on the plates was observed, where one plaque corresponds to the occurrence of one 

bacteriophage, further on referred to as plaque forming unit (PFU). The bacteriophage concentration 

is hereby expressed as the number of PFU/mL and is calculated using equation 26. 

𝑙𝑜𝑔10 (
𝑃𝐹𝑈

𝑚𝐿
) = 𝑙𝑜𝑔10 (

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠

0.100 ∙ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
) (26) 
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The value 0.100 corresponds to the volume of bacteriophage solution on each plate. Bacteriophage 

removal rate is described in terms of LRV and is subsequently calculated using equation 27. 

𝐿𝑅𝑉 = 𝑙𝑜𝑔10 (
𝑃𝐹𝑈

𝑚𝐿
)

𝑓𝑒𝑒𝑑
− 𝑙𝑜𝑔10 (

𝑃𝐹𝑈

𝑚𝐿
)

𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

(27) 

 

The occurrence of any bacteriophage in the remaining permeate solution was controlled through the 

so-called large volume plating (LVP). 5 mL of E. coli solution was added to permeate solutions before 

incubating at 37⁰C at 120 rpm for 7 hours. E. coli added to LB medium and incubated at the same 

conditions was used as a bacteriophage-free reference. After incubation, the optical density was 

measured at 600 nm for permeates and references. Occurrence of bacteriophage will destroy the E. coli, 

thus decreasing the optical density of the solution.  

3.4.2 Filtration of Nanoparticles 

Filtration of 5 nm gold particles and 12.8 nm rhodamine B tagged dextran particles through 

Cladophora cellulose filters was carried out in constant flow mode using a NE-1010 syringe pump (New 

Era Pump Systems, USA). The cellulose filters were placed in a stainless-steel syringe filter holder (13 

mm, Millipore) with a Munktell General Purpose Filter Paper as mechanical support, see figure 7. The 

filters were wetted with either 0.1 mM PBS solution (filtration of gold particles) or deionized water 

(filtration of dextran particles) prior to filtration for 5 minutes. Before the particle filtration, 0.8 mL of 

the buffer was pre-filtrated to ensure that the entire filter structure was wetted. 

 

Figure 7. Experimental setup used for filtration of nanoparticles. Placement of filter in the filter holder is seen to 
the left. Filter holder attached to syringe with feed solution is seen to the right. 

A feed solution of 5 nm gold particles was prepared by diluting 1.25 mL of stock solution (5.5∙1013 

particles/mL) with 0.1 mM PBS aqueous solution up to a total volume of 25 mL, resulting in a 

concentration of 2.8∙1012 particles/mL. 

A stock solution of dextran particles was prepared by dissolving 0.88 mg of 70 000 MW rhodamine B 

tagged dextran in 50 mL deionized water (1.5∙1014 particles/mL). A feed solution of dextran particles 

was then prepared by diluting 1.00 mL of the stock solution with deionized water up to a total volume 

of 50 mL, resulting in a concentration of 3.0∙1012 particles/mL. 

Filtrations of gold and dextran particles were then carried out at two different flux settings; 0.1 

mL/min and 0.5 mL/min. Flux settings where chosen to obtain flux values on the same order of 

magnitude as for the filtration of the ϕX174 bacteriophages, though limited at high fluxes by the 
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instrumentation used. The permeate solution was collected in fractions during the experiment and the 

real flux was monitored using a scale (Mettler Toledo, MS1602TS) registering the change in weight of 

the collected permeate solution over time. The collected fractions were analyzed using a TECAN M200 

spectrophotometer.  

For gold particles, the absorbance was measured between 460-600 nm and background absorption of 

the PBS solution was subtracted from the measurements. The area under the curve (AUC) was 

calculated for the absorption peak by integration over the measured wavelengths using MATLAB. For 

dextran particles, the fluorescence was measured between 570-630 nm, using an excitation wavelength 

of 536 nm. The AUC was calculated for the fluorescence peak, after subtraction of background 

emission from water, by integration over the measured wavelengths. 

The particle removal rate is described by the logarithmic reduction value (LRV) and is calculated 

using equation 28. 

𝐿𝑅𝑉 = 𝑙𝑜𝑔10

𝐴𝑈𝐶𝑓𝑒𝑒𝑑

𝐴𝑈𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒

(28) 

 

AUCfeed is the area under the curve for the feed solution and AUCpermeate is the area under the curve 

for the permeate solution. 

3.5  Scanning Electron Microscopy 

After filtration of nanoparticles and bacteriophages the filters were studied in a scanning electron 

microscopy (LEO1550, Zeiss, Germany). The filters were sputtered prior to SEM analysis with Au/Pt 

at 2 kV, 25 mA for 35 seconds to avoid charging of the material. SEM pictures were retrieved at an 

acceleration voltage of 1.50 kV. 
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4. Results and Discussion 

4.1  Filter Paper Characterization 

The prepared Cladophora cellulose filter papers showed slight variations in thickness across the surface 

with a measured mean value of the thickness of 9 µm (σ = 1 µm). Figure 8 shows a filter paper, 

prepared as described above. 

 

Figure 8. Cladophora cellulose filter, prepared by drying of cellulose wet mass at 170⁰C. 

A SEM picture of the Cladophora cellulose filter taken at 59∙103 times magnification is shown in figure 

9. Individual microfibrils of Cladophora cellulose are visible. Porous spaces are assumed to be formed 

between assembled microfibrils. 

 

Figure 9. SEM picture of Cladophora cellulose filter at 59∙103 times magnification. 

The resulting BET isotherm from the nitrogen sorption analysis of the Cladophora cellulose filter is 

shown in figure 10. The isotherm follows the appearance of a type IV isotherm as shown in figure 4a. 

This would suggest a mesoporous pore structure in the material as discussed previously in section 

2.4.1. 
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Figure 10. N2 gas sorption BET isotherm of Cladophora cellulose filter. 

Figure 11 shows the resulting BJH pore size distribution calculated from the desorption branch of the 

nitrogen gas isotherm. As seen in figure 11, the distribution is centered around a pore width of 23 nm, 

with some pores in the >40 nm and <10 nm regions.  

 

Figure 11. BJH N2 gas desorption pore size distribution of Cladophora cellulose filter. 

As mentioned previously, the BJH pore size distribution does not show a number distribution of pores. 

Instead the total pore volume occupied by pores of a certain width is presented, since the length of the 

pores is unknown in the method. To illustrate the difference between a BJH pore size distribution and 

a number distribution of pores, the number distribution was calculated from the BJH data assuming 

the pore length to be of equal length L for all pores. By normalizing the number of pores, the 

numerical value of L is not needed. The resulting number distribution of pore sizes is shown in figure 

12. The number distribution put a larger emphasis on smaller pores compared to the BJH pore size 

distribution. Even though the small pores make up a relatively small volume, they can still be 

numerous due to the smaller size of each pore. The pore size distribution presented in figure 12 should 

not be seen as quantitative but rather indicative of how the BJH plot can be interpreted when talking 

in terms of number distribution of pores rather than total pore volume. 
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Figure 12. Number distribution of pore sizes assuming equal pore length L for all pores. Calculated from the BJH 
pore size distribution in figure 11. 

4.2  Theoretical Modeling of Hydrodynamic Velocity and Brownian 

Motion 

The results from the simulations of flow velocity effect on the Brownian motion of gold particles, 

dextran particles and ΦX174 bacteriophages are shown below in figures 13-15. The flow velocity, u, in 

each simulation is indicated in the figures. Each plotted line indicates the trajectory of an individual 

particle during the time set in the simulations.  

The magnitude of Brownian motion at zero flow in the simulations decreases with increased particle 

size, as predicted by equation 3. Brownian motion is greatest for gold particles followed by dextran 

particles, with ΦX174 bacteriophages having the shortest net distance traveled from the starting point 

of the simulation. 

The effect of hydrodynamic forces on motion in the y-direction can be seen for all particles as flow 

velocity is increased. The constraint is largest for the bacteriophages, followed by dextran particles and 

then gold particles, at an equal given flow velocity. The movement in the x-direction remains 

unhindered throughout the simulations, which can be expected as there is no x-component of the flow. 

At flow velocities of 1∙10-2 m/s or higher, hydrodynamic constraint is noticeable in the simulations for 

all three particle types, whereas flow velocities of 1∙10-3 m/s or lower, the Brownian motion becomes 

prevalent.  

 

a)

 

b)

 

c)
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d)

 

e)

 

f)

 
Figure 13a-f. Simulated particle trajectories for 5 nm gold particles in aqueous solution at different flow velocities 

u. Each line (blue, black, dotted) represents one particle trajectory. 

a)

 

b)

 

c)

 
d)

 

e) 

 

f)

 
Figure 14a-f. Simulated particle trajectories for 12.8 nm dextran particles in aqueous solution at different flow 

velocities u. Each line (blue, black, dotted) represents one particle trajectory. 
 

a)

 

b)

 

c)
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d)

 

e)

 

f)

 
Figure 15a-f. Simulated particle trajectories for ΦX174 bacteriophages in aqueous solution at different flow 

velocities u. Each line (blue, black, dotted) represents one particle trajectory. 

4.3  Evaluation of the Péclet Number and Critical Flow Velocity for 

Particle Constraint 

To evaluate the observed hydrodynamic constraint in the theoretical simulations for the three particle 

types at flow velocities of 1∙10-2 m/s or higher, the concept of a critical flow velocity, ucr, for particle 

constraint, as described in section 2.2.2, can be introduced. From the results in figure 13-15, ucr 

appears to be in the region of 1∙10-2 m/s, as there is a noticeable effect of hydrodynamic constraint on 

all three particle types at this flow velocity. Further quantification of ucr can be done by investigating 

the Péclet number, Pe, expressed previously in equation 2. In combination with the expression for the 

diffusion constant D in equation 4, equation 2 can be rewritten as equation 29. 

𝑃𝑒 =
3𝜋휂𝑢𝑑𝑝

2

𝑘𝐵𝑇
(29) 

 

In figure 16 the Péclet number is presented as a function of flow velocity, u, for all three particle types. 

With the definition of ucr as the flow velocity where Pe = 1, as proposed by Yamamoto et al.,12 ucr can 

be found from figure 16 as the interception of the constructed curves for each particle type with the 

dashed line indicating Pe = 1. 

 

Figure 16. Péclet number (Pe) as a function of the flow velocity (u) for 5 nm gold particles, 12.8 nm dextran 
particles and 28 nm ΦX174 bacteriophages. Figure constructed from equation 29. 

As seen in figure 29, the required flow velocity for convection dominated motion of particles, i.e. Pe > 

1, is lowest for the ΦX174 bacteriophages, followed by the dextran particles and then the gold 

particles. This result is expected from equation 29 where the flow velocity at a given Péclet number is 
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inversely proportional to the square of the particle diameter. From figure 29 ucr is given as 5.2∙10-4 m/s 

for the ΦX174 bacteriophages, 2.6∙10-3 m/s for the 12.8 nm dextran particles and 1.7∙10-2 m/s for the 5 

nm gold particles. Thus, hydrodynamic constraint of particles is possible at flow velocities above these 

critical values, respectively. At a flow velocity of 1∙10-2 m/s, the Péclet number for gold particles is 

close to 1 and for dextran particles the Péclet number is close to 4, indicating a greater contribution on 

particle motion from Brownian motion, as compared to the ΦX174 bacteriophages at the same flow 

velocity, where Pe >> 1. This result is expected from equation 29, where a smaller particle diameter 

will result in a smaller Péclet number. This is also reflected in the simulations in figure 13-15 where 

the hydrodynamic constraint for the gold and dextran particles is not as significant as for the ΦX174 

bacteriophages at a flow velocity of 1∙10-2 m/s. 

4.4  Modeling of Local Flow Velocities 

By assuming a capillary pore geometry, the local flow velocity in a pore can be modeled with the 

Hagen-Poiseuille equation (equation 1), as previously described in section 2.2.1. A basis for the validity 

of the Hagen-Poiseuille equation is that the flow is laminar, i.e. a Reynolds number smaller than 

230061. Reynolds number (Re) is further expressed in equation 30.61 

𝑅𝑒 =
𝑢𝐷

휂
(30) 

 

Where u is the flow velocity, D is the diffusion constant and η is the dynamic viscosity of the fluid. 

For flow through capillary pores of a width equal to the peak pore width of the Cladophora cellulose 

filter, i.e. 23 nm, the critical flow velocity for turbulent flow of water, i.e. Re = 2300, is 1∙108 m/s as 

calculated from equation 30. Thus, the flow is further on considered as being laminar. 

Assuming a filter with an interconnected continuous pore structure and a constant thickness, the concept 

of an effective pore length, Leff, can be introduced. Leff is the length of a straight, capillary pore 

corresponding to a tortuous pore of length L stretching throughout the filter structure. As seen in figure 

17, a higher degree of tortuosity will result in pores with a greater effective length.  

 

Figure 17. Illustration of the concept of effective pore length (Leff) relating it to the filter thickness (t) for different 
degrees of tortuosity. 

Using the concept of an effective pore length, the flow velocity in a pore of given length L and width d 

can be calculated from the Hagen-Poiseuille equation at a given pressure ∆P, i.e. liquid flow through 

the filter is modeled as flow through intact pores of length L. In figure 18 the local flow velocity in 

capillary pores of ranging widths, i.e. 10, 20, 30 and 40 nm, was plotted as a function of pore length L 

at two different ∆P, i.e. 1 and 3 bar. 
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Figure 18. Local flow velocity, log u, as a function of pore length L at four different pore widths, i.e. 10, 20, 30 
and 40 nm, and pressures a) 1 bar and b) 3 bar. Dashed lines indicate Pe = 1, i.e. u = ucr, for 5 nm gold particles, 

12.8 nm dextran particles and 28 nm ΦX174 bacteriophages. Figure constructed using the Hagen-Poiseuille 
equation (equation 1). 

According to the Bernoulli principle,62 the flow velocity profile through a pore of uniform radius will be 

the same throughout the pore in the case of laminar flow, i.e. Re < 2300. Thus, figure 18 suggests that 

for pores of equal width and equal pressure gradient, the flow velocity will be lower for pores of greater 

length L. The effective pore length could increase either by increasing filter thickness or tortuosity of the 

pore network if the thickness of the filter remains unchanged. In figure 18, flow velocities corresponding 

to Pe = 1 (u = ucr) for all three particle types are highlighted by the dashed lines. Thus, at a given ∆P 

and pore width d, a critical pore length Lcr can be defined as the length L where u = ucr. Lcr is given by 

figure 18 as the intercept between the plotted curves and the dashed lines indicating Pe = 1, e.g. at 1 

bar, u > ucr for the ΦX174 bacteriophages at pore lengths <0.68 µm and <10.8 µm for pore widths 10 

and 40 nm respectively. For pore lengths where u < ucr, Brownian forces will dominate the motion of 

particles and thus limiting the possibility of hydrodynamic constraint of the particles. In figure 19, the 

critical pore length Lcr for 5 nm gold particles (figure 19a), 12.8 nm dextran particles (figure 19b) and 

28 nm ΦX174 bacteriophages (figure 19c) is presented across pore widths 3-46 nm for pressures 1 and 3 

bar. 
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Figure 19. Critical pore length L as a function of pore width d, i.e. u = ucr, for a) 5 nm gold particles, b) 12.8 nm 
dextran particles and c) ΦX174 bacteriophages at pressures 1, and 3 bar. Dashed lines at Lcr = 9 µm in b) and c) 

indicate filter thickness, and dashed line at d = 28 nm in c) indicate diameter of the ΦX174 bacteriophage 
respectively. The highlighted area in c) indicate pore lengths and widths where hydrodynamic constraint is 

possible. Figure constructed using the Hagen-Poiseuille equation (equation 19). 

For all pore lengths shorter than the critical length (L < Lcr), the flow velocity is larger than the critical 

flow velocity (u > ucr) at the given pressure and pore width. As pore width decreases so does Lcr, as 

expected from the Hagen-Poiseuille equation. Lcr also decreases with ΔP. Figure 19 suggests that if the 

effective pore length increases, e.g. through an increase in the tortuosity or the thickness of the filter, to 

a length L > Lcr, the flow velocity u < ucr and Brownian forces will dominate particle motion. As a 

result, at pore lengths L > Lcr, hydrodynamic constraint of particles is not expected to occur. 

For the gold and dextran nanoparticles, at none of the reported pressures is Lcr greater than the filter 

thickness, i.e. 9 µm, which can be considered as the minimum pore length for intact pores throughout 

the filter structure. Thus, hydrodynamic constraint is not expected for gold particles at pressures 1 and 

3 bar according to this model. 

For the ΦX174 bacteriophages, Lcr is greater than the filter thickness at a pressure of 3 bar for pores of 

width ≤28 nm, i.e. pores of a width equal to or smaller than the diameter of the ΦX174 bacteriophage. 

From a size-exclusion perspective, pores of width larger than the diameter of the ΦX174 bacteriophage 

are not expected to contribute to capturing and removal of the ΦX174 bacteriophages. Thus, 

hydrodynamic constraint is possible at 3 bar for pore lengths and widths indicated by the highlighted 

areas in figure 19c, but not at 1 bar. 

According to the hydrodynamic theory of virus capture, free Brownian motion favors virus 

breakthrough. There is however no experimental evidence that more virus breakthrough is observed 

when the thickness of the filter or the pore tortuosity is increased. In a previous study by Gustafsson 

et al.,16 virus breakthrough was shown to occur when the filter thickness was decreased and this result 

highlights the limitations of the hydrodynamic theory of virus capture and its ability to predict virus 

breakthrough. 

A different approach to estimate the local flow velocities in pores of different width was described by 

Trilisky and Lenhoff.37 Assuming the flow velocity, u, in a pore being proportional to the square of the 

pore width,62 u can be approximately related to the superficial linear velocity, us, through a porous 

material according to equation 31.37 

𝑢 ≈
𝑢𝑠

휀
(

𝑑

𝑑𝑚

)
2

(31) 
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Where ε is the porosity of the material, d is the width of the pore and dm is the mean pore width. In 

figure 20, the local flow velocity in pores of widths 3-46 nm with dm = 23 nm is presented for different 

superficial linear velocities (fluxes); i.e. 50, 100, 200, 300, 400 and 500 L h-1 m-2. The porosity (ε) was 

set to 40%, as reported in a previous publication on the Cladophora cellulose filter.17 

 

Figure 20. Local flow velocity u in pores of width 3-46 nm and dm = 23 nm, at fluxes 50-500 L h-1 m-2. Figure 

constructed using equation 31. Dashed lines indicate Pe = 1, i.e. u = ucr, for 5 nm gold particles, 12.8 nm dextran 
particles and ΦX174 bacteriophages respectively. Figure b) is an enhanced version of figure a) at Pe = 1 for the 

ΦX174 bacteriophages. 

As seen in figure 20a, u < ucr for fluxes 50-500 L h-1 m-2 in pores of width 3-46 nm for the gold and 

dextran particles. Thus, hydrodynamic constraint of gold and dextran particles is not expected at 

these fluxes. In figure 20b, d = 28 nm is highlighted as a dashed line. u < ucr for fluxes 50-500 L h-1 m-

2 in pores of width d ≤ 28 nm and thus, hydrodynamic constraint of the ΦX174 bacteriophage is not 

expected at these fluxes. 

4.5  Experimental Verification of Theoretical Modeling 

In order to challenge the results from the theoretical modeling of hydrodynamic constraint and local 

flow velocities, filtration experiments of ΦX174 bacteriophages, 5 nm gold particles and 12.8 nm 

dextran particles were carried out. Filtrations were performed at overhead pressures and fluxes 

corresponding to values investigated in the theoretical modeling. 

4.5.1 Filtration of ΦX174 Bacteriophages 

The LRVs from filtration of ΦX174 bacteriophages are presented in figure 21 below. The results show 

a clear difference in LRV for the two different pressures, where breakthrough of bacteriophages 

occurred for filtration at 1 bar. The retention of bacteriophage was also seen to decrease with filtrated 

volume for filtration at 1 bar. This could possibly be an effect from the sieve retention mechanism, 

where increasing load on the filter and blocking of pores will redirect the flow, and thus 

bacteriophages, to larger pores where breakthrough is possible. As seen in the BJH pore size 

distribution, a smaller volume fraction of pores larger than the ΦX174 bacteriophage are present in the 

Cladophora cellulose filter. Pore blocking and redirection of flow to larger pores could therefore 

possibly cause breakthrough of bacteriophages at 1 bar. 

For filtration at 3 bar, no bacteriophage passed, and the two lower LRVs are due to a lower 

concentration of bacteriophage in the feed solution in the duplicate filtration of 60 ml bacteriophage 

solution. Both analysis of PFU and LVP confirmed the absence of bacteriophage in permeate solutions. 
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Since no bacteriophage passed, the reported LRVs in figure 21 for 3 bar are below the limit of 

detection (LOD). 

 

Figure 21. Log reduction values (LRV) for filtration of ΦX174 bacteriophages at overhead pressures of 1 and 3 
bar. 

The LRVs in figure 21 are summed up in table 3 below together with the results of LVP. For the 

results from LVP, ‘+’ indicates observed occurrence of bacteriophage and ‘-’ indicates observed 

absence of bacteriophages. 

Table 3. Numerical log reduction values (LRV) for filtration of ΦX174 bacteriophages at overhead pressures of a) 
1 bar and b) 3 bar. 

a) Filtration LRV LVP  b) Filtration LRV LVP 

 1 bar, 20 mL, 1st run 3.4 +   3 bar, 20 mL, 1st run ≥ 5.4 - 

 1 bar, 20 mL, 2nd run 3.4 +   3 bar, 20 mL, 2nd run ≥ 5.4 - 

 1 bar, 30 mL, 1st run 3.6 +   3 bar, 30 mL, 1st run ≥ 5.0 - 

 1 bar, 30 mL, 2nd run 3.1 +   3 bar, 30 mL, 2nd run ≥ 5.4 - 

 1 bar, 60 mL, 1st run 2.5 +   3 bar, 60 mL, 1st run ≥ 5.0 - 

 1 bar, 60 mL, 2nd run 2.5 +   3 bar, 60 mL, 2nd run ≥ 5.4 - 

 

The measured average flux of the filtrations is summed up in table 4 below. The average flux is lower 

for filtrations of the larger volume, 60 mL. This is caused by a noticed drop in the flux at a filtrated 

volume of 45-50 mL. This could in turn be caused by the pore blocking explained earlier. Pore blocking 

would decrease the number of pores available for liquid flow and thus decreasing the overall flux 

through the filter. 

Table 4. Average flux values during filtrations of ΦX174 bacteriophages. 

Filtration Flux (L h-1 m-2) 

1 bar, 20 mL 200 

1 bar, 60 mL 170 

3 bar, 20 mL 470 

3 bar, 60 mL 380 

 

The retention of ΦX174 bacteriophages in the filter paper is illustrated in the post-filtration SEM 

picture in figure 22. The figure shows the occurrence of bacteriophages as a) clusters and b) individual 

particles. It is unclear whether aggregation of seen particles occurred during filtration or during drying 

prior to SEM. Figure 22b depicts individual ΦX174 bacteriophage particles on the filter surface. 
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Figure 22. SEM pictures of Cladophora cellulose filter post filtration of ΦX174 bacteriophages. The bacteriophages 

appear as individual species and clusters trapped on the surface of the filter. Pictures taken at a) 44.2∙103 and b) 

120∙103 times magnification. 

4.5.2 Filtration of Nanoparticles 

In figures 23 and 24 the results from filtration of gold and dextran particles at fluxes 80 and 350 L h-1 

m-2 are shown, where 80 L h-1 m-2 corresponds to the lower flux setting of 0.1 mL/min and 350 L h-1 

m-2 corresponds to a flux setting of 0.5 mL/min. Also, 80 L h-1 m-2 corresponds to a pressure of <2 bar 

while 350 L h-1 m-2 corresponds to a pressure of around 3-4 bar.16 

The results do not indicate any influence of flux on the retention of particles as seen in filtration of the 

bacteriophages. However, the local flow velocities in the pores remain unknown and the fluxes 

investigated in this study may not be sufficiently high enough to allow for local flow velocities where 

hydrodynamic constraint of particles is possible. 

Both gold and dextran particles where visibly trapped in the filter, as shown in figure 25, gold particles 

exhibiting a red color and dextran particles exhibiting a pink color. Filters where studied in SEM after 

filtration of both gold and dextran particles. No particles could be observed in SEM imaging, possibly 

because of the particles being either too small to be detected or hidden within the filter structure. 

Most of the particles were assumed to pass through the filter but the retention was high for both 

particle species, especially in the beginning of filtration. An LRV of 0.5 for gold particles corresponds 

a) 

b) 
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to a removal of 68% of all particles in the beginning of filtration. For dextran particles, the LRV of 2 

corresponds to a removal of 99% of particles in the beginning of filtration. 

 

Figure 23. Log reduction values (LRV) for filtration of 5 nm gold particles at fluxes 80 and 350 L h-1 m-2. 

 

 

Figure 24. Log reduction values (LRV) for filtration of 70 000 MW dextran particles at fluxes 80 and  
350 L h-1 m-2. 

 

Figure 25. Cladophora cellulose filters after filtration of a) dextran particles and b) gold particles. In c) a plain 
Cladophora cellulose filter is shown as reference. 

a) b) 

c) 
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4.6  Final Remarks on the Hydrodynamic Theory of Nanoparticle 

and Virus Capturing in Filtration 

Since the pore geometry is unknown, the influence of hydrodynamic constraint as the dominating 

mechanism for particle retention in the virus removal filter paper remains unknown from the results in 

this study. Results from the filtering of ΦX174 bacteriophages suggest that there is an effect of flow 

velocity on particle retention. If this effect is a result of hydrodynamic constraint is a subject for 

further investigation. To apply the same approach of particle captivating as described in figure 1 it is 

necessary for the pore geometry or filter surface structure to physically hinder particle movement in 

the direction perpendicular to the flow.  

The idea of retaining particles in a model that includes the Brownian motion of particles is based on 

limiting the particles movement throughout the filter structure. Increasing the hydrodynamic 

constraint reduces the possibility of particles encountering larger pores where the particles can pass. 

Only limiting particle movement in one direction does not guarantee the retention of a particle, as 

they are free to move in other directions where pore encounters are possible. Since the pore structure 

of the virus removal filter paper appears to be complex, it is hard to define a characteristic pore 

geometry for the material and thus also to define a captivating mechanism explained through 

hydrodynamic constraint.  

The results from the simulations of hydrodynamic constraint shows that particle motion on the 

nanometer scale can be noticeably different between particles of different size and mass. This adds to 

the previous study carried out by Yamamoto et al.12 and visualizes the differences in the magnitude of 

the hydrodynamic constraint mechanism for different particles. Further, the simulations relate the 

magnitude of Brownian motion to the dimensions of the filter structure, such as pore width and 

microfibril width, and show that these are both on the nanometer scale. 

A challenge in the application of the hydrodynamic theory on particle retention lies in how to correctly 

model the local flow velocities in the pores of the studied filter. Yamamoto et al.12 modeled the 

structure of the Planova™ filter as an electrical circuit, with voids as nodes and capillaries as 

resistances in order to find the local flow velocities. Kirchhoff’s law for electric circuits was applied, 

and solved for, to obtain the electrical currents corresponding to flow velocities in the capillaries. 

However, for more complex pore structures, e.g. the Cladophora cellulose filter paper, modeling of local 

flow velocities can be more difficult.  

In this study, local flow velocities were modeled by solving the Hagen-Poiseuille equation (equation 1) 

using a concept of intact capillary pores with different degrees of tortuosity, i.e. effective length, 

throughout the filter. The Hagen-Poiseuille equation shows that as pressure increases, local flow 

velocities will increase. As seen in figure 19a and 19b, hydrodynamic constraint was not expected for 

gold and dextran particles at pressures 1 and 3 bar using this model, which agrees with the 

experimental results. As seen in figure 19c, the model predicts that hydrodynamic constraint is not 

expected for the ΦX174 bacteriophages at a pressure of 1 bar. At a pressure of 3 bar, hydrodynamic 

constraint of phages is possible, yet for a limited range of pore lengths and widths according to the 

model. 

A second approach to modeling local flow velocities was explored by using Bernoulli’s principle and 

the superficial linear flow velocity through the filter (equation 31), as proposed by Trilisky and 

Lenhoff.37 At fluxes 50-500 L h-1 m-2, relevant to operational fluxes of industrial virus removal filters, 

this model did not predict flow velocities high enough for hydrodynamic constraint of either gold 

particles, dextran particles or the ΦX174 bacteriophages. 

The results from filtration of nanoparticles indicate that the processes involved in filtering are more 

complex than can be explained with the sieve mechanism, Brownian diffusion and hydrodynamic 
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constraint. Examining the Hagen-Poiseuille equation (equation 1), the flow velocity in the larger pores 

should be significantly greater since the flux scales with the pore radius to the fourth power. Therefore, 

it can be expected that most particles will move through the larger pores. This raises the question of 

why the particles are retained in the filter in such large numbers at the beginning of filtration when 

they should be small enough to pass the larger pores. 

An important observation with respect to the applicability of the hydrodynamic theory of capture was 

observed with respect to the filter thickness and pore tortuosity. As the velocity of the particles is 

decreased for increasing lengths of the pore channel (at otherwise equal conditions), it is expected that 

the Brownian motion will become progressively prevalent as the effective pore length is increased, 

thereby increasing the probability of virus breakthrough. The experimental evidence using filters of 

varying thickness suggests the opposite, i.e. when the thickness of the filter is increased the probability 

of virus breakthrough is decreased too.16 

In general, the following limitations of the hydrodynamic theory of virus capture need to be 

highlighted: 

- the model does not account for attraction and repulsion between particles as well as between 

the particles and the pore walls; 

- the model does not account for number of “active” pores during filtration as a function of 

cumulative virus load. Experimental evidence suggests flow redistribution and even greater 

virus breakthrough as the cumulative virus load is increased; and 

- the model fails to predict virus capture as the thickness of the filter or the tortuosity of the 

pore network are increased. Contrary to experimental observations, it predicts increased 

tendency for virus breakthrough due to dominating Brownian motion. 

In this study, no electrostatic or chemical interactions between particles and cellulose were considered. 

Aspects of colloidal chemistry, such as DLVO-theory, have not been examined and might be of interest 

for investigating any effects of interparticle dynamics. Further studies are needed to fully understand 

the interactions between particles and filter. 
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5. Conclusions 

Cladophora cellulose based filter papers for virus removal applications have been prepared and 

analyzed using nitrogen gas sorption and SEM. SEM revealed a complex structure of assembled 

microfibrils that forms a porous structure. Nitrogen sorption analysis showed a narrow BJH pore size 

distribution centered around a pore width of 23 nm.  

The effect of hydrodynamic forces on the Brownian motion of particles was investigated in MATLAB 

using the Langevin equation. Three different particles were investigated; 5 nm gold particles, 12.8 nm 

dextran particles and 28 nm ΦX174 bacteriophages. The motion of the particles was found to be 

constrained at flow velocities ≥1∙10-2 m/s, where the constriction was greatest for ΦX174 

bacteriophages, followed by dextran particles and then gold particles. 

The results from simulations were further confirmed by modelling of the Péclet number, indicating 

greater contribution from convective forces, in contrast to Brownian forces, on particle motion for 

larger particles. Local flow velocities in pores have been modelled using two different approaches; 

solving of the Hagen-Poiseuille equation and evaluation of the superficial linear velocity. 

Filtrations of ΦX174 bacteriophages were performed at two different overhead pressures; 1 and 3 bar, 

corresponding to fluxes of 200 and 470 L h-1 m-2. At 3 bar, all bacteriophages were removed by the 

filter with a LRV of ≥5.0, corresponding to a particle removal efficiency of ≥99.999%. At 1 bar, 

bacteriophage throughput was observed with a LRV of 3.4 (99.96%) at the beginning of filtration, with 

a decline in LRV to 2.45 (99.65%) after a filtrated volume of 45 L m-2. The observed difference in 

retentive behavior at different pressures for filtration of the ΦX174 bacteriophages was somewhat 

predicted by the Hagen-Poiseuille equation with regard to local flow velocities and hydrodynamic 

constraint. Local flow velocity modelling through superficial linear velocity did not predict any 

difference in retention for filtration at 1 and 3 bar. 

Filtrations of 5 nm gold particles and 12.8 nm rhodamine B tagged dextran particles were performed 

at two different fluxes; 80 and 350 L h-1 m-2. No difference in particle retention was found for filtration 

of both gold and dextran particles at different fluxes. This observation was predicted by both models 

for the local flow velocity, with regards to hydrodynamic constraint of particles. Both gold and dextran 

particles filtrations showed a decline in particle retention with filtrated volume.  

Filtration of gold particles exhibited a LRV of 0.4-0.6 (60-75%) at a filtrated volume of 15 L m-2 and a 

LRV of 0.1 (21%) at filtrated volume 100 L m-2. 

Filtration of dextran particles exhibited a LRV of around 1.7-2.0 (98-99%) at a filtrated volume of 15 

L m-2 and a LRV of 0.9 (87%) at filtrated volume 100 L m-2. 

The observed effect of increased retention of ΦX174 bacteriophages at a higher pressure (flux) was not 

found in the filtration of gold and dextran particles. This observation in combination with observations 

of general high particle retention would suggest that the mechanisms of retention of nanoparticles are 

more complex than what can be described only by a sieve mechanism, Brownian diffusion and 

hydrodynamic constraint of particles.  

The use of surrogate nanoparticles as validation of retention in virus removal filters should therefore 

be considered carefully and further studies on the mechanisms of retention are encouraged. Chemical 

and electrostatic interactions, e.g. DLVO-theory, has not been explored in this study and might pose a 

subject for further studies of these types of systems. 
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Appendix 

Calibration Curve for Gold Particles 

Below is a typical absorption peak for 5 nm gold particles and the constructed calibration curve for 

area under the curve as a function of concentration. The linear fit was done using the backslash 

operator (\) in MATLAB. 

 

Typical absorption peak for 5 nm gold particles. 

 

Calibration curve correlating area under the curve with concentration for 5 nm gold particles. 

Calibration Curve for Dextran Particles 

Below is a typical fluorescence peak for 70 000 MW rhodamine B tagged dextran particles and the 

constructed calibration curve for area under the curve as a function of concentration. The linear fit 

was done using the backslash operator (\) in MATLAB. 
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Typical fluorescence peak for 70 000 MW rhodamine B tagged dextran particles. 

 

Calibration curve correlating area under the curve with concentration for 70 000 MW rhodamine B tagged 
dextran particles. 

The constructed calibration curves for absorbance and fluorescence dependence of gold and dextran 

particles both exhibited a linear dependence against concentration, thus validating the use of AUC as 

a measure of concentration. The linearity is expected for gold particles as absorbance should follow the 

linear Beer-Lambert law. The linearity exhibited by the fluorescent dextran particles can be explained 

by the relatively low particle concentration. The quantum yield for rhodamine B has been reported in 

the literature to be approximately constant at concentrations in the order of 10-4 or lower.63 The 

concentration of rhodamine B species in the feed solution of rhodamine B tagged dextran particles is in 

the order of 10-8. A constant quantum yield would result in a linear dependence on concentration for 

the measured fluorescence. 


