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Abstract

Filtration through the porous media of a granular bed is one of the oldest and most favourable particle sep-
aration techniques used universally for the treatment of water. In the case of filtration through a granular bed,
all physical factors are incorporated into a single collector contact efficiency. The latter is the ratio of the rate
at which particles strike the collector to the rate at which particles flow towards the collector. On the other
hand, collision or attachment efficiency represents the chemical interaction between the media used and
colloids, and is expressed as the ratio of the number of particles removed by the collector to the number of
particle collector collisions, or the possibility that a collision in an attachment. Textile media is emerging as a
substrate in deep bed filtration due to its superior performance in the removal of colloidal particles from wa-
ter under higher filtration velocities compared with granular media. Reported studies relating to the effect
of physicochemical factors on colloidal removal in textile fibrous media are mainly based on the experimen-
tal value of the concentration variation of colloidal particles in input and output water. Presented in this pa-
per is a way in which colloidal filtration theory can be extended to textile filter media in order to explain the
mechanism of attachment of colloids (primarily bacteria) on a textile fibrous media surface.

Keywords: textile filter, single collector contact efficiency, collision efficiency, hydrophobicity, pore size, sur-
face charge

Povzetek

Filtracija skozi porozni medij z zrnatim slojem je ena najstarejsih in najboljsih tehnik locevanja delcev, ki se uporablja-
Jjo za obdelavo vode. Pri filtraciji skozi zrati sloj so vsi fizikalni dejavniki vkljuceni v ucinkovitost stika z enojnim filtracij-
skim medijem. Ta pomeni razmerje med hitrostjo, s katero se delci nabirajo na filtraciiskem mediju, in hitrostjo, s kate-
ro se delci pomikajo proti filtracijskemu mediju. Po drugi strani pa je trk oziroma ucinek pritrditve kemicna interakcija
med uporabljenim medijem in koloidi, izrazena kot razmerje med Stevilom delcev, ki jih je medij odstranil, in stevilom
trkov ob filtracijski medij oziroma moznostjo za taksen trk. Tekstilni medij se manifestira kot nosilec filtracijskega glo-
v primerjavi z zrmatimi mediji. Studije, ki se nanasajo na ucinek fizikalno-kemijskih dejavnikov na odstranitev koloidnih
delcev v tekstilnih viaknatih medijih, temeljijo predvsem na eksperimentalni vrednosti variiranja koncentracije koloidnih
delcev v vstopni in izstopni vodi. V prispevku je predstavijen nacin, kako lahko teorijo koloidne filtracije razsirimo na tek-
stilne filtrne medije, da pojasnimo mehanizem pritrditve koloidov (predvsem bakterij) na tekstilno viaknato povrsino.
Kliu¢ne besede: tekstilni filter, ucinkovitost stika z enojnim filtracijskim medijem, ucinkovitost trka, hidrofobnost, ve-
likost por, povrsinski nabo

1 Introduction colloids (viruses, bacteria and protozoan parasites)

in surface water pose a risk to public health [2]. Nu-

Colloids are finely divided particles distributed in a
dispersion medium. The diameter of particles rang-
es from around 10 nm to 10um [1]. Many of these
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merous processes are available for the removal of
these colloids, which is achieved using an attach-
ment mechanism. Filtration through porous media
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is an effective process for the removal of colloids
from surface water using an attachment mechanism
[3]. Significant efforts have been made by a number
of researchers in the development of colloidal filtra-
tion theory (mainly sand, glass bed, etc., as men-
tioned in theory) based on the physicochemical in-
teraction between colloids and media [4-6]. The
main limitations in granular media are the capacity
to retain colloidal particles within the pore spaces
and a low filtration rate [7]. However, granular fil-
tration theory is well developed based on the physi-
cochemical interaction of the bed and colloidal par-
ticles. Textile materials have emerged in recent years
as a substrate that can be used as filter media for the
removal of colloidal particles from surface water us-
ing an attachment mechanism [8]. Superior per-
formance in the removal of colloidal particles from
water can be achieved by textile fibrous media un-
der filtration velocities that are ten times higher
than granular media [9].

There are several varieties of textile fibre available on
the market that can be used as filter media. However,
the efficient removal of colloidal particles from sur-
face water using a textile filter relies heavily on the
type of fibres used as filtering media. Most textile fil-
tration research is based on the effect of the shape,
size, thickness, hydrophobicity and surface charge of
textile media on filtration efficiency [10]. These fac-
tors of textile fibrous media filters are similar to the
physicochemical factors of granular media that serve
as the basis of an attachment mechanism. A quantita-
tive analysis of textile fibrous media may be possible
by extending the physicochemical interaction con-
cept of granular media. The physicochemical factors
of textile materials, such as shape, size, surface charge,
the hydrophobicity of fibres, and media thickness
and colloidal properties, determine the strength of
colloidal-fibrous media physicochemical interactions
[11]. Presented in this paper is a potential way to ex-
tend colloidal filtration theory to textile fibrous me-
dia in order to explain the mechanism of attachment
of colloids (bacteria) on a textile media surface.

1.1 Filtration theory

Bacteria attachment in porous media as predicted by
colloid filtration theory provides a model for deter-
mining the physical and chemical factors of particle
retention in porous media. Physical controls over
bacteria attachment in porous media depend on the
geometry of the porous media, as well as bacteria.

Mechanism of Colloidal Attachment on Textile Fibrous Media

The number of potential contacts of particles with a
surface can be estimated based on a physical mecha-
nism. This, in turn, facilitates the determination of
the attachment of particles in porous media, which
depends on the chemical forces affecting adhesion
and repulsion [12].

Particle removal in a packed bed in a constant state
using an attachment mechanism can be described
using one-dimensional filtration equation 1 [13].

G =3 4ghne (M
where C is particle concentration (in number of bacte-
rial per unit volume), L is the thickness of the filter
bed, (1-f) is the solid fraction, # is the single collector
contact efficiency and d_ is the collector diameter. In-
tegration of the thickness of the packed bed yield is
given in basic filtration equation 2.

F,= Cgo = exp (LZId:Q Ln) (2)
Where F,, is fractional penetration and this is an in-
dicator of the balance between cell adsorption and
desorption.

Physical factors that account for particle collisions
with porous media are incorporated into the single
collector contact efficiency (). The single collector
contact efficiency of a single media particle or col-
lector (1) is a ratio, i.e. the rate at which particles
strike the collector to the rate at which particles flow
towards the collector.

Numerous analytical solutions have been used to
specify the single collector contact efficiency for fil-
tration through granular media. Primarily transport
mechanisms are used to develop the model for the
theoretical calculation of single collector contact ef-
ficiency.

The Yao model, represented by equations 3—5 de-
scribing deep bed filtration for liquid filtration, were
proposed by Logan et al. [14]. Single collector con-
tact efficiencies for this model are based on spheri-
cal collectors.

Ny = 4Pe?/3 (3)
_3p

= B R (4)

ng=G (5)

Here, 175, 7, and 7 represent theoretical values for
the single collector contact efficiency when the sole
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transport mechanisms are diffusion, interception,
or sedimentation, respectively. Single collector con-
tact efficiency calculated numerically can be ap-
proximated by the sum of analytical equation 6. In
other words:

No=Np+M+1g (6)

Single collector contact efficiencies are a dimension-
less number and are developed from correlations
using equations 7-9.

— UOdc

Pe D (7)
R= % (8)
G= %q 9

(=]

Where P, is the peclet number, R and G are inter-
ception and gravitational numbers, U, and U, are
filter super facial velocity (L/T) and particle settling
velocity (L/T), D is particle diffusivity (L?/T), dp is
the particles diameter and d. is the collector diame-
ter. The particle settling velocity is obtained using
equation 10.

_ 8, -ppd; 10
P 180p; (10)

p and 9, dynamic and kinematic viscosity (M L~ T-1)
of fluid g is the gravitational constant (L/T), where p,
and p; the particle and fluid density (M/L?). The par-
ticle diffusivity is obtained using the Stokes-Einstein
equation (equation 11).

= KT 11

3nud, (1)
where k (M L2 T-2 K1) is Boltzmann’s constant and
T (K) is the absolute temperature.
The quantitative assessment of bacterial attachment
to a collector surface is carried out by determining
the collision efficiency (attachment) factor (@), and
is often expressed as the ratio of experimental single
collector efficiency (7), calculated using equation 2,
to the predicted single collector efficiency (7,), cal-
culated using equation 6, or the possibility that a
collision in an attachment, which is obtained using
equation 12.

a=" (12)
Mo
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2 Physicochemical factors of textile
fibrous media affecting the
removal of colloidal particles

2.1 Fibre size/diameter

In textile porous media, the attachment of colloids
on the surface of a fibre is influenced by the fibre di-
ameter. It has been reported that a lower fibre diam-
eter will result in the higher removal efficiency of
colloids due to the high specific surface area and
good interconnectivity of pores [15]. The mean pore
size of a fibrous media is highly dependent on the
fibre diameter [16]. Eichhorn and Sampson used a
theoretical model to demonstrate that the fibre di-
ameter plays an important role in controlling the
pore size of an electrospun nanofibrous network
used for water filtration [17]. Zhou et al. [18] stud-
ied the removal of colloidal particles in cellulose ac-
etate nanofibers membranes at different fibre diam-
eters. They found that membranes with a lower fibre
diameter had a higher removal efficiency than
membranes with a higher fibre diameter. Desai et al.
[19] studied the bacteria removal efficiency of na-
nofibers filter media by varying the diameter of the
fibre. They reported that an increase in fibre diame-
ter resulted in a decrease in filtration efficiency. It
has been reported that the fibre diameter in textile
filter media plays an important role in improving
filtration efficiency.

2.2 Fibre shape/cross section

Many studies have been carried out on the effect of
the shape of the fibre in textile media on colloidal re-
moval in the filtration process. A higher projected
surface area resulting from a different cross-section
facilitates the probability of capturing colloids parti-
cles. Recently, hollow nanofiber membranes have
emerged as substrates for use in liquid filtration [20].
Wang et al. [21] found that hollow fibre membranes
have excellent intrinsic separation properties due to
their highly porous and narrow pore size distribu-
tion, which leads to high filtration efficiency. Fibre
cross-section could also be considered an important
factor in colloidal filtration in textile filter media.

2.3 Fibre media thickness

The thickness of the media also affects the removal
efficiency of a filter. Kaur et al. [22] suggested that
if a fibrous media is used to separate sub-microns
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particles, a thicker fibrous layer is required to re-
duce the overall average pore size of the media. A
higher media thickness is associated with increased
colloidal removal due to the overlapping of the fi-
bres in the media, resulting in fine sized pores,
which facilitates the trapping of particles [18]. It
has also been reported that the removal of clay par-
ticles increases with an increase in the thickness of
the polypropylene fibrous barrier. It was claimed
that a thicker barrier should provide more chances
for the interception of clay particles [23-25].

2.4 Fibre hydrophobicity

The hydrophobicity of textile fibres is considered an
important chemical factor that affects colloidal re-
moval in textile fibrous media. Most colloidal parti-
cles are hydrophobic in nature. Hydrophobic inter-
action plays an important role in the efficient
removal of colloidal particles [26]. The kinetics of
the capture of colloidal particles is also determined
by the magnitude of the hydrophobic interaction
between particles and collectors. Hydrophobic in-
teraction increases with an increase in the hydro-
phobicity of the filter media. The hydrophobicity of
the media is characterised in terms of contact angle
value [11]. Arnold et al. [27] reported that hydro-
phobicity is directly proportional to the contact an-
gle of water with its surface and inversely propor-
tional to the work of adhesion. Fletcher et al. [28]
found a strong positive correlation between the
number of bacteria attached to the surface and the
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Figure 1: Relationship between bacteria attachment
and the water contact angle on materials [28]
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hydrophobic nature of polymers, as determined by
the contact angle. It is evident in Figure 1 that an in-
crease in the contact angle results in increased bac-
teria attachment. Pringle et al. [29] calculated a low-
er work of adhesion for nylon (98 m]J/m?) than for
glass (146 mJ/m?). In an experiment with two pseu-
domonas species, it was observed that the attach-
ment of these cells was higher to the nylon fibres
than to the borosilicate glass surface because of the
higher hydrophobicity of the nylon fibre.

2.5 Fibre surface charge

The removal of colloidal particles using relatively wide
pore size fibrous media can be influenced not only by
sieving parameters (pore size and pore size distribu-
tion) but also by the chemical interaction taking place
between the colloidal particles and fibrous media [30,
31]. Cookson et al. [32] reported that attachment is
brought about by the colloid-media chemical interac-
tion controlled by the surface properties of the respec-
tive materials. Surface charge is one of the most im-
portant surface properties controlling the effective
attachment of colloids on the fibre surface in textile fi-
brous media. It was reported that a possible mecha-
nism for the removal of smaller-sized colloidal parti-
cles could be the electrostatic attraction between the
opposite charges of the fibres and the particles, which
causes the deposition of particles on the fibre surface
[33-35]. The fibre surface charge is characterised in
terms of zeta potential. It is measured using a stream-
ing potential method on the surface of the fibres. The
surface charges of fibres are the result of the disassoci-
ation of fibre surface groups in an aqueous medium.
The isoelectric point (IEP) is the pH value corre-
sponding to zero zeta potential and is different from
fibre to fibre, depending on the surface properties
[36]. Kang et al. [33] studied the adsorption of nega-
tively charged nanoparticles on cationic, surfactant-
treated microporous polypropylene filters. They re-
ported that filtration efficiency can be increased from
10% to 90% through this surface modification. This
can be attributed to the lowering energy barrier be-
tween the particles and filter media. Druet et al. [37]
investigated the removal efficiency of heavy metal us-
ing positively charged, chitosan-treated polyethylene
terephthalate geotextiles. They claimed that the higher
positive charge of the media at an acidic pH will result
in higher metal removal efficiency. In the desalination
process based on textile nanofibers membranes, most
membranes are characterised by a negative surface
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Figure 4: Effect of fibre orientation on single collector
contact efficiency and approach velocity [42]

To quantitatively compare removal efficiency with
different fibre orientations under identical solution
conditions, the value of collision (attachment) effi-
ciency (a) is calculated using equation no. 12, which
is used in colloidal filtration theory. It has been re-
ported that a high fibre orientation angle may lead to
the exposure of a greater surface area for the striking
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Figure 5: Collision efficiency as a function of the ori-
entation angle [42]
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of bacteria, resulting in high collision efficiency. A
higher collision efficiency means higher bacteria at-
tachment, where its maximum value is 1. It is evi-
dent from Figure 5 that an increase in fibre orienta-
tion results in an increase in collision efficiency.

3.2 Effect of fibre mass on bacteria removal
efficiency

In another study conducted by Roy et al [43] on the

effect of fibre mass on bacterial attachment, it was

determined that removal efficiency increases with

an increase in media mass up to a certain level (Fig-

ure 6). This is due to the change in single collector
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Figure 6: Removal efficiency as a function of media
mass [43]
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Figure 7: Collision efficiency as a function of media
mass [43]
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charge to enhance the removal of dissolved salts [38,
39]. Berg et al. [40] found that the electrostatic repul-
sion force of negatively charged pesticides on the sur-
face of a negatively charged membrane is expected to
enhance the overall removal efficiency.

Based on the above literature, it can be concluded that
the physicochemical factors of textile fibrous media
are identified on the basis of filtration efficiency, which
is expressed in terms of the concentration variation of
colloidal particles in input and output water. The ef-
fect of physicochemical factors on the mechanism of
attachment of colloidal particles, primarily bacteria
on textile fibrous media, may also be systematically
investigated by using colloidal filtration theory.

3 Selected approaches to the
application of colloidal filtration
theory for textile material

An attempt has been made by a few researchers to
use colloidal filtration theory to explain colloidal re-
moval by an attachment mechanism in textile porous
media. Dagaonkar et al. [41] used DLVO theory to
explore the effect of solution chemistry on colloidal
removal in nonwoven polyester filter fabric.

They reported that under unfavourable attachment
conditions using bivalent salt (CaCl,), removal effi-
ciency increased from 35% to 62% compared to
monovalent salt (NaCl), while the removal efficien-
cy remain constant at around 38% for the ionic
strength range of 0 to 100 mM (Figure 2).
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Figure 2: Microsphere removal as a function of ionic
strength using different types of salts [41]
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3.1 Effect of fibre orientation on bacteria
filtration

Roy et al [42] investigated the attachment of bac-
teria to fibrous material as a function of fibre ori-
entation to the direction of the liquid flow. Re-
moval trends were explained on the basis of
colloidal filtration theory. They reported that by
changing fibre orientation from 0° to 90°, bacte-
ria removal efficiency increased from 30% to
54.54%, suggesting that the attachment of bacte-
ria on the media surface depends on fibre orien-
tation (Figure 3)
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Figure 3: Removal efficiency as a function of the fibre
orientation angle [42]

It is evident from Figure 4 that single collector effi-
ciency increases from 1.33x102 to 1.39x10-2 by
changing fibre orientation from 0° to 90". This is due
to a decrement in the approach velocity of the filtra-
tion system from 3.09x10-3 to 2.01x10-* m/s. En-
hanced single collector contact efficiency by in-
creasing fibre orientation has therefore been
attributed to a change in the approach velocity of
water in the filtration system. A potential explana-
tion is that a high fibre orientation angle may lead
to the exposure of a greater surface area for the
striking of bacteria, resulting in high collector con-
tact efficiency.
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contact efficiency and attachment/collision efficien-
cy, as observed from experimental data regarding
removal efficiency.

It is evident from Figure 7 that changing the media
mass increases and then decreases collision effi-
ciency ().

3.3 Effect of different fibrous material on
bacterial attachment

Many researches have studied the effect of different
media material on bacterial attachment in textile
fibrous media. Roy et al. [44] reported that nylon
90 -
80 A
70 -
60 -
50
40
30 -
20 -
10 4

0 T v v )
0 50 100 150 200

lonic strength (mV)

Bacteria removal efficiency (%)

—&=— Nylon Fibrous media
=== Polyester fibrous media

Figure 8: Effect of ionic strength on bacteria removal
in different fibrous media [44]

0,5
0,45
0,4
0,35
0,3
0,25
0,2
0,15
0,1

Collision efficiency, a

0,05 -

0 r r . s
0 50 100 150 200

lonic strength (mM)

== Nylon media ==8==Polyester media

Figure 9: Collision efficiency as a function of ionic
strength for different media material [44]
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fibrous media demonstrates a higher removal effi-
ciency than polyester fibrous media for the same
solution chemistry (Figure 8). The bacteria remov-
al efficiency of nylon and polyester fibrous filter
media are explained based on colloidal filtration
theory.

The removal and attachment of bacteria on a fibrous
surface thus increases with an increase in ionic
strength, which can be attributed to a change in col-
lision efficiency. It is evident from Figure 9 that the
change in collision efficiency is higher for nylon
than for polyester, resulting in a higher removal effi-
ciency by nylon fibrous media.

4 Conclusion

The reported study demonstrated that the fibre
orientation of the filter media may play an impor-
tant role in bacterial attachment. Bacteria attach-
ment and removal efficiency increase with an in-
crease in the fibre orientation angle. According to
colloidal filtration theory, this is possible due to a
change in the collision (attachment) efficiency of
the fibrous media. Bacteria attachment and re-
moval efficiency increase with an increase in me-
dia mass up to a certain level. It is also evident
from reported studies that media materials play
an important role in bacterial attachment in a fi-
brous packed bed.

The higher bacteria removal efficiency of nylon fi-
brous media than polyester fibrous media is due to
the higher collision efliciency of nylon fibre (0.24 to
0.46) than polyester fibre (0.23 to 0.42) at the ionic
strength range of ImM to 150 mM.

Hence, the concept of dimensionless a (attachment
efficiency) or 1 (single collector contact efficiency)
of a granular media filter can be extended to textile
filter media for the purpose of explaining the mech-
anism of attachment of colloids (bacteria) on textile
fibrous media.
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