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ABSTRACT
Although filtration devices are already widely used for stormwater runoff treatment, there are much
to be improved to ensure the required performance. Additionally, the performance of a device
should be verified before on-site installation. In this context, an upflow filtration system using
novel high porosity floating fibrous media formed into spherical shape was proposed and
evaluated for solid capture and backwashing. At filtration velocities of 20–40 m/h, the maximum
head loss was about 2 cm even under a solid load of 30 kg/m2, and suspended solid (SS)
removal efficiency was >96% throughout 300 min. A considerable amount of SS was removed in
the pretreatment chamber, so the load on the media was reduced. Several models were tried to
describe the solid capture in the media. The coefficients of solid attachment/detachment
showed good correlations with filtration velocity. Other parameters indicated a variation of solid
capture and permeability, which is unique to the media in this study. The backwashing with air
and water for 1–2 min each showed good head loss recovery under the SS load up to 550–
600 kg/m2, and the SS discharge was more efficient when the stagnant water was drained
before water backwashing. The results in this study suggest the high potential of the
combination of fibrous media and upflow filtration system for the efficient control of the
nonpoint source pollutants in stormwater runoff.
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1. Introduction

The significance of the pollutants from nonpoint sources
should never be underestimated. In the USA, nonpoint
source pollutants from agriculture; atmospheric depo-
sition; hydromodification; unspecified nonpoint

sources; and urban-related runoff and stormwater
adversely affected 1.9–23.1%, <31.9%, 4.1–15.1%, 2.2–
10.3%, and 5.7–37.6%, respectively, to the water quality
of rivers, streams, lakes, reservoirs, ponds, bays, estuaries,
and coastal shorelines [1]. In Korea, the contribution of
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nonpoint source pollutants to biological oxygen demand
(BOD) and total phosphorus (TP) emission loads is 31.7%
and 58.9% as of 2012, and this is expected to increase
rapidly to 72.1% and 68.6%, respectively, in 2020 [2]. In
addition, the contribution of nonpoint sources to
CODMn and TP of Danjiangkou reservoir in China was
68.4% and 82.9%, respectively [3]. Unlike point sources,
nonpoint source pollution is irregularly generated from
many diffuse sources without a specific point of dis-
charge, therefore, it is also referred to ‘diffuse pollution’
[4], and it leads to the difficulty of efficient management.

Stormwater runoff is one of the most important non-
point pollutant sources, especially in urban areas. The
runoff collects and carries away natural and anthropo-
genic pollutants, finally depositing them into lakes,
rivers, wetlands, coastal waters, and ground waters.
Runoff is generated irregularly, which means that water
quantity and quality fluctuate widely. The fluctuation in
terms of quantity and quality makes it difficult to
manage using existing water or sewage treatment pro-
cesses [5]. According to U.S. Environmental Protection
Agency (USEPA), urban-related runoff and stormwater
significantly affected 8.4% of impaired miles of surveyed
rivers and streams; 5.7% of impaired area of surveyed
lakes, reservoirs, and ponds; 37.6% of impaired area of
surveyed bays and estuaries; and 9.5% of impaired
miles of surveyed coastal shorelines [1].

Nonpoint source pollution abatement facilities
include retention ponds, buffer strips, constructed wet-
lands, and filtration facilities. Stormwater filtration facili-
ties with granular media, such as sand [6], gravel [7],
and perlite [8], are the most widely used. Granular
media filtration is the most suitable method for sites of
high impermeability and is most often used in highly
urbanised areas and road areas [6]. The filtration type
nonpoint source pollution abatement facility is known
to exhibit excellent removal of suspended solids (SS),
total phosphorus, and heavy metals in the runoff by
filtration, adsorption, and microbial metabolism [9].

The pollutants reduction efficiency of filtration facili-
ties is excellent, but the development of hydraulic
head loss due to the clogging of the media layer limits
the use of filtration systems via reducing treatment
capacity. Clogging is the decrease in permeability of a
medium due to physical/mechanical, biological, and
chemical processes. Physical/mechanical clogging is
induced by the accumulation of solids, which migrate
into the media layer, in pores. Biofilm development can
also reduce the pore spaces, i.e. biological clogging
[10]. The deposition of chemical precipitates, such as
calcium carbonate, gypsum, and phosphate, may lead
to chemical clogging [11]. Various types of metal precipi-
tates can also be formed in the media beds treating the

runoffs with high metal concentrations from heavily
trafficked areas, such as highways, which requires fre-
quent monitoring of the content of the metals [12]. In
addition, the solids trapped in the surface and inside of
the media layer can be re-discharged, and SS concen-
tration of the effluent increases at a concentrated rainfall
event [13–15]. In general, physical clogging is dominant
in stormwater filtration [16]. Clogging is affected by filter
media, filter bed design, and operational conditions;
however, filter media are of greatest importance
because the ratio of pore size and solid is the critical
factor which determines straining processes [7,17]. Clog-
ging can lead to an increase in maintenance costs such
as cleaning and/or replacing the filter media. Therefore,
there is a growing need for media that are suitable for
long-term operation with minimum clogging. In this
context, various media, such as recycled glass, a
foamed polymer material, potting soil, coconut fibre,
compost, water sludge, mixture of pumice and wood-
chip, and so on, have been tried for stormwater filtration
[18,19,20,21]. Out of the media, fibrous media are a
potentially promising alternative in stormwater filtration
due to high porosity and high surface area which can
lead to high solids removal efficiency, less head loss,
high filtration velocity, deep bed filtration behaviour by
the migration of solids in the media layer [20,22].

Therefore, in this study, the suspended solid (SS)
removal of an upflow filtration system with floating
fibrous media was investigated with laboratory exper-
iments, the solid capture was described by several
models, and the backwashing efficiency was investi-
gated under various conditions to characterise perform-
ance and to establish the optimum condition. SS removal
is indicative of the removal of other pollutants in storm-
water runoff such as organic compounds, nutrients, and
metals because SS is the most important medium for the
accumulation and transport of various pollutants in
runoff [23]. For example, the transport of hydrophobic
organic pollutants, such as polycyclic aromatic hydrocar-
bons, polychlorinated biphenyls, and dichlorodiphenyl-
trichloroethane, and heavy metals is closely related to
the solids transport [24]. Moreover, road-deposited sedi-
ments, which is the major source of the SS in the runoff
from roads, are highly contaminated with organic matter,
nutrients, and heavy metals [25]. In this regards, SS
removal efficiency has been one of the standards of
stormwater filtration facilities in many states in the USA
[26] and Korea [27]. Also, the protocols for the evaluation
of SS removal of stormwater runoff filtration devices
have been established in several regions, such as New
Jersey [28], United Kingdom [29], Auckland [30], and
Korea [27]. Meanwhile, backwashing is recommended
within 48 h of the termination of a rainfall event by the
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guidelines of stormwater best management practices in
Korea [27] to ensure the long-term operation of a
filtration system. Therefore, the optimum conditions
have been studied [31], and also, backwashing systems
have been developed and adopted for downflow and/
or upflow stormwater filtration devices. They generally
consist of a pump and a blower, and the treated water,
which was temporarily stored, was used as the backwash
water [32]. It does not seem that backwashing in storm-
water filtration is a local issue in Korea because a
filtration device incorporating backwashing has been
developed and evaluated in the US [33].

2. Materials and methods

2.1. Filter media and laboratory scale equipment

Ourfiltrationequipment consistedofan influent tank, anSS
suspension tank, an inlet chamber, a pretreatment
chamber, a media chamber, and an air compressor for air
backwashing (Figure 1). Freshwater stored in the raw
water tank flowed into the pretreatment chamber
through the inlet chamber, where the high concentration
SS suspension from the SS suspension tank was mixed
with freshwater through a three-way valve using a peristal-
tic pump. The SS concentration of the twenty-seven (27)
influent samples, i.e. nine (9) samples per each three (3)

experiments at different filtration velocity, was 168.4 ±
4.4 mg/L, which showed the low variation of the concen-
tration, supporting that homogeneous high SS suspension
was supplied to the pretreatment chamber. In addition, no
sedimentation of solids was observed in the SS suspension
tank, where the suspension was agitated. The mixed
influent flowing into the pretreatment chamber flowed
upward into the media chamber. The length of the media
chamber was 90 cm, and the media depth was 60 cm. All
chambers were square, with 10 cm width. A piezometer
was installed every 10 cm on the media chamber to
enable hydraulic head measurement. The outlet chamber
was supplemented to keep a constant difference
between the hydraulic heads of the inlet and outlet.

The floating filter media used in this study was poly-
propylene fibres formed into spherical shape. The
media had an effective diameter of about 1.2 cm and a
porosity of 82.5%. It was expected that the pollutants
in the water could be precipitated/adsorbed in this
porous structure. It had a density of 0.934 kg/L, and a
bulk density of 0.16 kg/L, which made the media float.

2.2. Influent characteristics

In this study, road sediment collected by road-sweeping
vehicles was used to simulate the actual pollutants that

Figure 1. Schematic of filtration system (Insets are the SS suspension tank (left), media (middle) and a picture of the apparatus (right)).

ENVIRONMENTAL TECHNOLOGY 3



could enter the filtration facility. The road sediment was
collected by the Korea Expressway Corporation, and sedi-
ments of less than 200 μm were separated by sieve and
used as samples. Nine (9) samples of the influent
(200 mL) were collected during the filtration experiment
of 300 min at a filtration velocity of 20 m/h, mixed
together, and then the solids were separated by centrifu-
gation and dried for particle size analysis (LS I3 320,
Beckman Counter, USA). The value of d10, d50, d60, and
d90, was 12.0, 111.2, 134.3, and 224.3 μm, respectively.
The average particle size of the sediments was
125.6 μm, and the effective particle size (d10) was
13.2 μm.

2.3. Filtration experiments

Head loss of the filter media itself was obtained by
using only fresh water in different filtration velocities,
20, 30, and 40 m/h. Head loss in each condition was
monitored more than three times, and then the arith-
metic mean value was taken as the head loss of the
filter media. The filtration system was operated at
filtration velocities of 20, 30, and 40 m/h for 300 min,
following the same and harder conditions, rec-
ommended in the protocols for the filtration devices
evaluation by Korea Ministry of Environment [27]. It is
recommended by the protocols that a single run of
filtration until the cumulative solid load reaches 9 kg/
m2 when the influent SS concentration is in a range
of 150–350 mg/L at the filtration velocity of 20 m/h or
less, which corresponds to 80 (350 mg/L) to 180
(150 mg/L) minutes, to evaluate the long-term perform-
ance. Meanwhile, many authorities provide relevant pro-
tocols which differ from one another. At least ten (10)
experiments with a minimum duration of 0.5 h are rec-
ommended by the New Jersey Department of Environ-
mental Protection [28]; British Water [29] recommends
to perform the tests until a minimum of ten (10)
volume exchanges are reached, at 5, 10, 15, and
31.5 L/sec/ha; Auckland Council [30] recommends
three (3) replicate experiments under each flowrate,
i.e. 25%, 50%, 75%, 100%, and 125% of the capacity
of the tested unit. A high concentration SS suspension
was prepared using road sediment, and it was intro-
duced into the inlet column together with fresh water
so that the SS concentration of the influent was 166.4
± 4.4 mg/L. The filtration velocity and the influent SS
concentration were determined based on the guidelines
for the design and stormwater filtration devices, pro-
vided by the Korean Ministry of Environment [27].

The water head of the media layer was continuously
monitored, and the influent and effluent samples were
collected to analyse SS concentration according to

standard methods [34]. The SS removal rate was calcu-
lated by the following equation (1):

Rt = 100× C0 − Ct
C0

, (1)

where, Rt is the SS removal rate (%) at filtration time t, C0
is the mean influent SS concentration (mg/L) during the
filtration time, and Ct is the effluent SS concentration
(mg/L) at filtration time t. The cumulative influent SS
load per unit filtration area (Ls, kg/m

2) to the system
with the filtration time was calculated by the following
equation (2):

LS = Q× C0 × t
A

, (2)

where, Q is the influent flow rate (m3/h), and A is the area
of the media layer (m2).

Backwashing efficiency was examined under various
conditions to set optimal conditions that did not
affect overall treatment efficiency. Four (4) backwashing
conditions, with different backwashing durations, air/
water flow velocity, and the drainage of stagnant
water between air backwashing and water backwashing
were investigated. Backwashing proceeded in the order
of air wash, stagnant water discharge, and water wash.
The recovery of head loss after backwashing and SS dis-
charge after backwashing were examined to evaluate
overall backwashing efficiency. In order to induce
early clogging of the filtration system, the SS concen-
tration of the influent was about 40 times higher than
that of normal operation, i.e. 6,553.9 ± 232.2 mg/L.
When the head loss reached around 10 cm, backwash
was conducted. After backwashing, the filtration
system was re-operated with normal SS concentration
to investigate SS removal efficiency during early-stage
operation.

3. Results and discussion

3.1. SS removal

The average SS concentrations of the influent and
effluent, as well as SS removal, are summarised in
Table 1. Figure 2 displays the SS removal efficiency and
cumulative SS load with respect to time. The average
SS concentration of the effluent was 2.3, 2.8, and
5.1 mg/L at filtration velocities of 20, 30, and 40 m/h,
respectively. As the filtration velocity increased, the
effluent SS concentration increased slightly. When con-
verted into removal efficiency, treatment efficiency was
higher than 95.0% in all cases.

In this study, particular attention was paid to the role
of the pretreatment chamber. As shown in Figure 2, a
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significant amount of the incoming solids were removed
in the pretreatment chamber. It is thought that the
decrease of the treatment efficiency as the inflow
linear velocity increases is due to the relationship
between the settling velocity and the fluid movement
velocity. In all cases, the treatment efficiency of the pre-
treatment chamber itself was more than 70%. Mean-
while, the average SS removal efficiency of the media
column, which was calculated based on the SS concen-
tration of the influent and the effluent of the media
column, was 94.0%, 93.7%, and 88.78%, respectively, at
filtration velocities of 20, 30, and 40 m/h.

3.2. Head loss development in the media column

Figure 3(a) displays the total head loss with respect to
cumulative SS load captured in the media, and Figure 3
(b) shows the total head loss of the media column with
respect to time at each operation time. The initial head
loss was measured as 0.2, 0.8, and 1.4 cm, respectively,
when the filtration velocities were 20, 30, and 40 m/h.
Head loss gradually increased, and it reached 0.4, 1.0,
and 2.0 cm at 20, 30, and 40 m/h, respectively, after
300 min. Head loss increased as filtration velocity
increased at the same captured SS load (Figure 3(a)),
and almost linear relationships were displayed between
the head loss at each operation time and the filtration
velocity, except for the time of 20–90 min, when the

head losses at 40 m/h were lower than those at 30 m/h
(Figure 3(b)). The variation of head loss at 20–90 min at
40 m/h is attributed to the re-suspension and/or reloca-
tion of the captured solids due to turbulence at high
filtration velocity [35].

The maximum head loss obtained from these exper-
iments was measured as 2.0 cm when the cumulative
SS load was 30.7 kg/m2 at a filtration velocity of 40 m/h
(Figure 3(b)). The head loss of the filtration system in
this study was more than satisfactory, considering the
design criterion for nonpoint pollution treatment

Table 1. Suspended solid concentration and removal efficiency at each filtration velocity (average ± standard deviation).

Filtration velocity
(m/h)

SS (mg/L) Removal (%)

Influent Pretreatment chamber effluent Media chamber effluent Pretreatment chamber Media chamber Total

20 165.8 ± 2.8 38.0 ± 4.0 2.3 ± 0.3 77.1 ± 2.2 94.0 ± 1.0 98.6 ± 0.2
30 171.6 ± 5.1 43.9 ± 5.8 2.8 ± 1.6 74.5 ± 3.0 93.7 ± 3.3 98.4 ± 0.9
40 161.8 ± 4.6 45.8 ± 6.0 5.13 ± 2.6 71.6 ± 4.0 88.7 ± 5.8 96.8 ± 1.5

Figure 2. Cumulative SS load and SS removal with respect to
time.

Figure 3. (a) Head loss during operation with respect to cumu-
lative SS load captured in media, and (b) head loss with
respect to filtration velocity at each operation time.
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facilities of Korea that limits the total head loss to less
than 10 cm at 9 kg/m2 and 20 m/h [27]. Head loss in
this study was significantly lower than that observed
with granular media filters. Wang et al. [36] reported
that the head loss of a sand filter was increased to
around seven times the initial head loss at a solid load
of around 1.8 kg/m2. Johir et al. [37] studied the perform-
ance of an 800 mm depth filter bed filled with 1.0–
1.1 mm anthracite and 0.55–0.65 mm sand with an
influent of 24–35 mg/L SS. The head loss developed at
5 h of operation at 10 m/h was 10 cm. The low head
loss is thought to be due to the high porosity of the
fibrous media. Nakamura et al. [38] could not observe
the increase of pressure drop during the filtration of
40–200 mg/L suspension of 1–50 μm kaolin and loam
using a filter bed of polypropylene fibre media 2 m in
depth.

Figure 4 shows the hydraulic head of the media
column at different depths with respect to time. The
decrease of the head was less than 0.5 cm during oper-
ation at 20 m/h. Head decreased within the bed of 30–
80 cm at 30 m/h, indicating deep bed filtration. At
40 m/h, the head decreased more at 50–80 cm rather
than at 0–50 cm by 90 min, indicating that solids were
carried deep into the bed due to high filtration velocity
and were deposited dominantly in the deeper part of
the bed. Afterward, the head decreased rather uniformly
throughout the media bed.

3.3. Modelling study of solid capture of the media

3.3.1. Kinetic model
The specific solid deposit (σ, kg/m3) was described with a
kinetic model [35]. It was assumed that when σ reaches a
critical level, the local fluid velocity and shear stress
increase due to the decrease in pore size. It causes the
breakage of the deposited solid agglomerates and con-
sequently increases the solid concentration in the
liquid phase, then part of the broken solids was recap-
tured in the media [39]. This resulted in the decrease in
overall solid capture rate due to the increase in SS in
the liquid phase in pores and the discharge of captured
solid out of the filter bed. The decrease in solid capture
efficiency with increasing solid load was also observed
in this study. The SS concentration of the effluents of
the media chamber fluctuated, but it increased as the
filtration continued when the filtration velocity was 30
and 40 m/h, and the increase was more significant at
40 m/h than at 30 m/h (Figure 5(a)). In addition, the
total solid load carried to the media was 4.0, 6.7, and
8.4 kg/m3; however, the reduction of it was 94.2%,
92.2%, and 85.4%, respectively, for 20, 30, and 40 m/h.
Therefore, a model considering both solid attachment

to the media and the detachment from the media was
used as in Eq. (3):

∂st

∂t
= kauC0(smax − st)− kdst , (3)

Figure 4. Hydraulic head in media column during operation at
filtration velocities of (a) 20, (b) 30, and (c) 40 m/h.
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where σt is the specific solid deposit (kg/m3) at time t (h),
C0 is the concentration of SS in influent (kg/m3), u is the
filtration velocity (m/h), σmax is the maximum specific
solid deposit (kg/m3), ka (m

2/kg) is the attachment con-
stant, and kd (h

−1) is the detachment constant.
Results showed that the model was a good fit to the

experimental results with the correlation coefficient (r2)
of >0.96, and the parameters established good corre-
lations with filtration velocity (Figure 5). It was found
that ka increased due to the increase of inlet SS load as
filtration velocity increased. At the same time, kd
increased, but more significantly than the increase of
ka, probably due to the increase of shear stress and
hydraulic gradient via accumulated solids [35]. The
σmax decreased as filtration velocity increased because
the increase of detachment (kd) was much more signifi-
cant than that of attachment (ka). This indicates that
the solid captured in the media layer would be re-

suspended and carried out from the filter bed at high
filtration velocity.

3.3.2. The k-C* model
A simple conceptual model, a k-C* model, based on the
first-order kinetic decay under steady-state conditions
[40], was also tried to describe the overall performance
of the media bed in this study. The k-C* model has
been used for the general description of the time-
course of pollutant concentration of stormwater treat-
ment devices including swales, wetlands, and gravel
filters [41], and was applied to an infiltration system [7],
successfully describing the performance before clogging.
It is generally expressed as Eq. (4):

Ct − C∗

C0 − C∗ = e−kL/u, (4)

where, Ct is the effluent SS concentration (mg/L) at time
t, C0 is the influent SS concentration (mg/L), u is the
hydraulic loading (m/h), L is the filter media depth (m),
C* is the background SS concentration (mg/L), and k is
the decay rate constant (1/h). Eq. (4) can be expressed
as Eq. (5), replacing C*with A, when C* is constant or neg-
ligible [7]:

Ct
C0

= Ae−kL/u, (5)

where, k and A represent the combined effects of many
solid removal mechanisms including diffusion, intercep-
tion, and sedimentation, varying with pollutant concen-
tration and hydraulic conditions [41]. However, the
time-course of SS concentration at each filtration velocity
in this study could not be described by Eq. (5) due to the
detachment of solids (Figure 5). Instead, Ct/C0 was at the
same operation time at each filtration velocity was corre-
lated with filtration velocity with the linear form of Eq. (5)
(Eq. (6)) to investigate the overall characteristics of the
media in this study:

ln
Ct
C0

( )
= ln (A)− k

L
u
. (6)

Only the values of C/C0 at 120, 180, and 300 min showed
correlations with filtration velocity (Figure 6(a)), indicat-
ing that the overall rate of solid capture, including
attachment and detachment, was under a steady state
after 120 min. The irregular performance at 0–120 min
is shown in Figure 5(a), where Ct/C0 fluctuates signifi-
cantly and does not depend on filtration velocity or oper-
ation time. This can be attributed to the media property
and high filtration velocity. The media in this study were
not rigid nor stable in shape, but compressible with
aggregated fibres, which is apt for irregular changes in
shape, pore structure, and solid deposition. In addition,

Figure 5. (a) The variation of Ct/C0 of the media column at
different filtration velocities, and (b) the correlation between
filtration velocity and the parameters of kinetic model.
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the high filtration velocity would induce irregular detach-
ment of deposited solids. Sikorska et al. [35] reported
that the macroscopic simulation of the solid deposit on
a fibrous filter bed was difficult to predict because the
breakage and re-suspension of the deposited solids
occurred periodically, while the solids were supplied con-
tinuously by influent. They also suggested that the
change of pore structure is due to the solid deposit on
the intersections of the fibres where the momentum
was reduced.

Figure 6(a) also shows that Ct/C0 decreased, that is, SS
removal was enhanced, as filtration velocity decreased,
which is in agreement with the experimental results
given in Figure 5(a). Both values of k and A increased
from 120 to 300 min (Figure 6(b)). This indicates that
the solid removal rate increased as solid deposit
increased and porosity decreased. It also indicates that
the dependency of Ct/C0 to filtration velocity, that is, A,
increased as solid deposit increased, which can also be
shown in Figure 5(a). Though the model provides no

insight into the inter-relationship between pollutant
properties, hydraulic behaviour, and key treatment pro-
cesses [7], it seems that the overall solids removal of
fibrous media can be well described by this model
when a filtration medium is stable in terms of its shape
and pore structure.

3.3.3. Deep bed filtration model
The results in Figure 4 indicate the behaviour of deep
bed filtration, showing the decrease of hydraulic heads
as the media depth increased. Therefore, a deep bed
filtration model based on solid mass balance was tried
to describe solid capture in this study. The general
form of mass balance of one-dimensional solid transport
in a z-direction under steady-state can be expressed by
Eq. (7):

∂s

∂t
+ ∂1C

∂t
+ ∂uC

∂z
− ∂

∂z
D
∂C
∂z

( )
= 0, (7)

where ε is the porosity, C is the SS concentration (kg/m3),
D is the dispersion coefficient (m2/h). Eq. (7) can be sim-
plified to Eq. (8), assuming that the temporary changes in
SS concentration in pores are negligible compared to the
solid deposit and that the dispersion of solids through a
fibrous filter medium is negligible [35]:

u
∂C
∂z

= − ∂s

∂t
, (8)

Eq. (8) was combined with the Iwasaki equation (Eq. (9))
to provide a relationship between the rate of change of σ
and solid concentration, as in Eq. (10) [38]:

∂C
∂z

= −l, (9)

∂s

∂t
= ulC, (10)

where, λ is the filtration coefficient at time t or at bed
depth z, which increased as solid capture efficiency
increased. Meanwhile, λ0 is the λ of clean filter media,
obtained using initial values of SS concentrations in
influent and effluent. It is generally known that λ is
dependent on specific deposit (σ) (Eq. (11)) [42]:

l = l0 1− s

sS

( )a

. (11)

Results showed that the value of λ0 was similar for the
filtration velocity of 20–40 m/h, of which the average
was 0.679 with a standard deviation of 0.038, indicating
that λ0 is not affected by filtration velocity and influent SS
concentration, as reported by Nakamura et al. [38].
However, no correlation of Eq. (11) was established
between λ and σ (Figure 7). The value of λ increased
until σ reached 0.494, and then decreased afterward

Figure 6. (a) The correlation between ln(C/C0) and filtration vel-
ocity, and (b) the variation of the parameters of k-C model.

8 Y. HWANG ET AL.



for 20 m/h, while it increased until 0.572 kg/m3 and
decreased afterward at 30 m/h. At 40 m/h, λ fluctuated
with a couple of maxima when σ was 0.816 and
4.016 kg/m3. This might be attributed to the irregular
attachment and detachment of solids, as can be seen
in Figure 5(a), resulting in the variations of solid
capture efficiency.

3.3.4. Steady-state, porous media capture equation
A steady-state equation was tried to describe the solid
capture in this study [43]:

ln
Ct
C0

( )
= − 3

2
(1− 1)
DC

aShL, (12)

where αs is the sticking coefficient, Dc is the collector par-
ticle diameter, and η is the single collector collision
efficiency. Eq. (12) describes the solid concentration of
effluent decreasing as the porosity of the media
decreased, and the media depth increased. For simpli-
city, αs, Dc, and η were merged into a single coefficient
X, as in Eq. (13) [19]. The increase of X indicates the
decrease of permittivity and the solid concentration of
effluent.

ln
Ct
C0

( )
= − 3

2
X(1− 1)L. (13)

The value of X fluctuated between 16.1 and 19.4 m−1 at
20 m/h. It was 30.7 m−1 at 10 min and decreased rapidly
to 19.4 m−1 at 20 min, and further decreased slowly to
12.9 m−1 at 300 min at 30 m/h. It was 16.6 m−1 at
10 min and decreased to 14.9 m−1 at 40 min, increased
to 16.9 m−1 at 90 min, and then decreased continuously
to 9.1 m−1 at 300 min (Figure 8(a)). The fluctuation of X
indicates the fluctuation of permissibility, as well as the
solid capture efficiency, which is also shown by the

irregular variation of λ in Figure 7. After 120 min of oper-
ation, the value of X decreased; in other words, permissi-
bility increased [19] as filtration velocity increased at the
same operation time (Figure 8(b)). It is thought that this is
attributed to the carryout of the deposited solids at high
filtration velocity, as also indicated by the increase of
detachment constant within increasing filtration velocity
(Figure 5(b)).

Meanwhile, after 120 min, ln(Ct/C0) showed stable
decrease (20 m/h) or increase (30 and 40 m/h), the par-
ameters of k-C* model, ln(Ct/C0) showed linear relation-
ships with filtration velocity (Figure 6), the value of X
showed stable increase (20 m/h) or decrease (30 and
40 m/h) (Figure 8(a)), and the value of X and filtration vel-
ocity were linearly correlated (Figure 8(b)). These would
indicate that overall solid capture reached a stable
phase with steady capture rate and re-suspension/
detachment rate. The solid load at 120 min was 1.34,
2.39, and 3.11 kg/m2, at 20, 30, and 40 m/h, respectively.

Figure 7. The value of λ at different filtration velocities.

Figure 8. (a) The variation of the coefficient X of kinetic model at
different filtration velocities, and (b) the correlation between
filtration velocity and the coefficient X of kinetic model.

ENVIRONMENTAL TECHNOLOGY 9



3.4. Optimisation of backwash conditions

The recovery of head loss is the most important objec-
tive of backwashing. Backwashing efficiency can be
regarded as 100% when the head loss is recovered to
that of initial operation. The initial head loss was
0.4 cm, and it was increased to >10 cm to simulate
filter clogging. Under backwashing condition 1, head
recovery was 100% with a head loss of 0.4 cm. Under
condition 2, in which the water washing time was
halved, head recovery was reduced to 88.5% as the
head loss was 1.5 cm. When the stagnant water was dis-
charged under condition 2, (condition 3), the recovery
rate was restored at 100%. Under condition 4, in
which the flow rate of air and water was reduced by
half, the head loss was 0.8 cm, and the head recovery
rate was 95.8% (Figure 9, Table 2).

These results indicate that the media was sufficiently
back-washed by 2 min of 50 m/h air and 2 min of 40 m/
h water, without stagnant water discharge (condition 1).
Head loss recovery was adversely affected when the
water backwashing time was reduced (condition 2).
However, this was compensated by the drainage of stag-
nant water between air washing and water washing (con-
dition 3). The significance of drainage was better verified
by the results under condition 4, where head loss recov-
ery was almost as condition 1 when the flow velocity of
air and water was reduced to 50% of condition 1.

SS captured in a medium should be sufficiently
removed during backwashing, otherwise, the SS in the
effluent would increase to an even higher concentration
than influent SS by the carryout of the residual solids,
especially in operation right after backwashing. In order
to examine the degree of SS washout during backwash-
ing under the four (4) conditions, the SS concentration
over 20 min of initial operation after backwashing was
investigated (Figure 10). After backwashing under con-
dition 1, the initial, maximum, and final SS concentrations
were 37.0, 123.8 at 1 min, and 18.3 mg/L, respectively. It
was 65.5, 180.8 at 1 min, and 35.2 mg/L, respectively,
under condition 2. Under condition 3, SS concentration
was initially 44.4 mg/L and then rapidly decreased to
0.1 mg/L at 20 min. Under condition 4, it was initially
262.0 mg/L, then decreased to 2 mg/L at 20 min. The
average SS concentration during the initial 20 min after
backwashing under the conditions of 1, 2, 3, and 4 was
56.2, 118.5, 10.5, and 87.5 mg/L, respectively.

These results indicate that SS washout during back-
washing was enhanced when the air/water backwashing
time was increased (conditions 1 and 2), and that it was
improved when the stagnant water was drained before
water backwashing (conditions 2 and 3). The improve-
ment of solid washout during backwashing was
enhanced at higher air/water flow velocity when the
stagnant water was drained (conditions 3 and 4).

Figure 9. Recovery of head loss by different backwashing strat-
egies (20 m/h).

Figure 10. Effluent SS concentration in initial phase of operation
after different backwashing strategies.

Table 2. Backwashing characteristics under different conditions.

Condition

Air backwashing

Drainage

Water backwashing

Recovery of
head loss (%)

Average effluent SS in
initial 20 min operation (mg/L)

Duration
(min)

Flow velocity
(m/h)

Duration
(min)

Flow velocity
(m/h)

1 2 50 No 2 40 100 56.2
2 2 50 No 1 40 88.5 118.5
3 2 50 Yes 1 40 100 10.5
4 2 25 Yes 1 20 95.8 87.5
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In order to verify that the floating filter media can be
used in repetitive operation without significant clogging
by applying backwashing, as suggested in this study,
head loss during three times of repetitive operation/
backwashing was investigated. Backwash condition 4
was used in this repetitive operation. When three repeti-
tive operations/backwashing were performed, it was
confirmed that the head loss after backwashing was
reduced to almost the same value as the initial value
(Figure 11). The cumulative SS load, which can be oper-
ated up to one occlusion, did not show any significant
change at about 500–600 kg/m2, suggesting that long-
term operation using the optimal backwashing process
is possible.

Meanwhile, it should be noted that more efforts are
necessary to apply the results in this study to field
scale backwashing. It has always been questionable,
even though the scale-up of laboratory-scale results
has been elaborated for a long period of time for the
microscopic aspects of the role of backwashing air [44]
and the prediction of bed expansion [45]. Therefore, it
is thought that a field backwashing test is recommended
during the commissioning to optimise the hydraulic par-
ameters. However, It is believed that the result in this
study would provide valuable information for the field
backwashing optimisation, certifying the positive role
of air and stagnant water discharge.

4. Conclusions

Through this study, the efficiency of treatment of non-
point source pollution in an upflow filtration system
using floating filter media was evaluated, and the
optimal operating conditions were investigated. The
upflow filtration system consisted of a bottom

sedimentation tank and an upper filtration system.
When it was operated at a filtration velocity of 20–
40 m/h, maximum head loss was only about 2 cm,
even under a total solid load of 30 kg/m2. In the same
experiment, more than 96% of the suspended solids
were removed through the filtration system, and the
removed solids per unit filtration area were 16.5, 25.2,
and 29.6 kg/m2 when the filtration velocity was 20, 30,
and 40 m/h, respectively. Notably, it was confirmed
that about 75% of SS was removed from the bottom
sedimentation tank, so that suspended solids having a
large particle size can be effectively removed without
applying a load to the media layer.

The amount of solid matter trapped in the media layer
and the head loss of the media layer were suitably rep-
resented by a series model, and the model constants
showed a high linear correlation with linear velocity. In
addition, the relationship between the porosity and the
head loss of the filter media was also highly correlated,
and future performance and life expectancy of the
filtration system can, therefore, be predicted.

A kineticmodel, k-C*model, deep bed filtrationmodel,
and a steady-state equation were tried to describe the
solid capture in themedia. The coefficients of attachment
anddetachment of the solids of the kineticmodel showed
good correlations with filtration velocity. However, the
parameters of the other models representing solid
capture and permissibility varied significantly and did
not show a correlationwith solid load or filtration velocity,
indicating an irregular change of pore structures of the
media layer. However, the parameters of the k-C* model
and steady-state equation over 120–300 min of operation
correlated well with filtration velocity.

In order to establish optimal backwashing conditions,
the effects of air and water washing time, flow rate, and
stagnant water discharge process were investigated.
Under all of the experimental conditions, satisfactory
recovery of head loss (>88%) and suspended solids
removal efficiency (>94%) were obtained. However, in
order to minimise the leaching of suspended solids
immediately after backwashing, it was found that the
introduction of the stagnant water discharge process
between air washing and water washing processes was
effective. It is confirmed that it is possible to perform a
repetitive operation using the backwashing condition
tested in this study, and that suspended solids load of
about 550–600 kg/m2 could be treated within one cycle.
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