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Abstract: Point-of-use biosand water filters are widely distributed in undeveloped or developing
regions due to their water treatment success and low-cost design, but two gaps remain in the
basic technology: (1) the filter body is oversized relative to its contaminant removal performance,
and (2) the heavy design largely excludes difficult to reach locations in need of clean water solutions.
Here, we model design modifications to the v.10 Centre for Affordable Water and Sanitation
Technology biosand filter using a reduced filter height, increased biolayer area, and conserved
reservoir volume. We compare the hydraulic characteristics (dynamic velocity and head pressure)
and percent contaminant removal of bacteria Escherichia coli and virus MS2 of the modified designs to
the traditional control design using a finite element approximation of Darcy’s law with discrete time
steps and a slow-sand filtration model. We demonstrate that a reduced-height design has a greater
impact on contaminant removal compared to the traditional design (largely due to the increased
residence time from the decreased flow rate inside the filter). For example, our 70% reduced-height
filter design removed 99.5% and 73.93% of E. coli and MS2, respectively, where the traditional filter
design removed 62.81% and 27.6%, respectively. Reduced-height designs should be pursued as a
viable solution to improve filter performance while allowing for alternative construction techniques
with greater end-user accessibility compared to the traditional design.

Keywords: biosand; water filter; slow-sand filtration; water treatment; biolayer; contaminant
removal; modeling

1. Introduction

Nearly 10% of the world’s population (785 million people) still used an unprotected or untreated
water source in 2017, with the largest concentration of inadequate water supplies in undeveloped
areas [1]. A contributing factor to this global inadequacy is that many developing countries lack practical
water treatment solutions, with large populations having little or no access to proper water treatment
facilities. One popular household-scale water treatment (HWT) solution common in these impacted
areas is the biosand water filter (BSF); over 650,000 have been distributed since its introduction in the
early 1990s [2,3]. As one of the most effective and simplest water treatment options, biosand filtration
offers many advantages compared to other conventional HWT systems such as a high flow rate [4],
user-friendly operation [5], low material and production cost [2], successful performance (e.g., nearly
99% removal of harmful bacteria and 70% of viruses from the contaminated water; [6–8]), an active
biolayer that strengthens over time [9], and proven health benefits (e.g., reduced cases of diarrhea) [10].
However, there are two inherent gaps in the current BSF design: (1) the filter body is oversized relative
to its contaminant removal performance (i.e., the filter can be reduced in size with the same removal
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results) and (2) the heavy design (350 lbs per filter) largely excludes difficult to reach locations which
are often the most in need of a HWT solution.

Several other options for HWT systems have been explored to help overcome the BSF gaps [5,9] such
as solar disinfection [11], chlorination [12], ceramic filtration [13], and activated charcoal filtration [14],
but these methods also have their own inherent design and knowledge gaps. For example, solar
disinfection relies heavily on specific uncontrollable environmental factors and is at a greater disadvantage
than other HWT techniques [11], chlorination requires access to outside resources and may pose certain
long-term health effects [4,12], ceramic filtration has a very low flow rate, is ineffective after three years, has
uncharacterized viral removal capabilities, and has a high up-front cost [2,13,15], and activated charcoal
filtration has a short service life and is ineffective against certain types of viruses [14]. As a result, the BSF
remains a widely adopted solution for basic water treatment, despite its inherent gaps.

As for the size of the BSF, past studies have shown that nearly 99% of bacteria removal occurs in
just the top 5 cm of the filter media [16,17], yet the filter media in the traditional BSF design is packed
to a depth of 55 cm (i.e., 89% of the filter media may only contribute an additional 1% removal of
bacteria) [6]. This oversized filter contributes to its bulky weight [4] and, even when constructed on site,
heavy materials not available in remote areas (e.g., concrete mix) must be transported from populated
areas [9]. Because of the educational, accessibility, and operational issues, many communities have
refused to fully adopt these filters and instead revert to drinking contaminated water [18,19]. A modified,
reduced height and weight model of the BSF could help mitigate these issues, providing clean water
for populations still suffering from poor water quality.

However, knowledge gaps have prevented filter modifications from becoming a practical
consideration, despite the expected benefits of a modified design and its impact on a global society.
For example, (1) there is still limited understanding of the exact relationship between the removal
efficiency of microorganisms of the BSF and parameters such as fluid velocity, grain size, sand bed
depth, temperature, and the age of the biolayer (also referred to as the Schmutzdecke; [20]), and (2) there
are few mathematical models relevant to the BSF to develop an accurate relationship between the
removal of harmful contaminants and its operating conditions. Previous studies have observed a lower
removal efficiency as grain size and velocity have increased [7,21,22], and others have shown a positive
correlation between removal efficiency and the temperature of the water [20], age of the biolayer [8],
and sand bed depth [23,24]. Yet, these trends are still uncharacterized for alternative BSF designs.
Here, we apply colloid filtration theory [25,26], with an incorporated biolayer (Schmutzdecke) term
first introduced by Schijven et al. (2013) and later developed by Vissink (2016), to model alternative
BSF parameters (e.g., filter size, grain size, velocity, sand bed depth, and biolayer age) to evaluate the
impacts of BSF design modifications [20,27].

In this study, we model the hydraulic and contaminant removal dynamics within (1) the traditional
BSF design, (2) a 40% reduced-height design, and (3) a 70% reduced-height design to identify the
performance of design modifications focused on maximizing the biolayer area (where nearly all
contaminant removal is documented to occur; [9,17]) and reducing inefficient (i.e., limited contaminant
removal) regions within the traditional BSF. We first used a finite element approximation of Darcy’s
law with discrete time steps to establish the flow rates throughout each filter. We then used a
slow-sand filtration model to characterize and estimate the contaminant removal within each BSF
design. Contaminant removal results are specifically modeled for the Escherichia coli (E. coli) bacteria
and MS2 virus. Specifically, results from this study can be used to improve the BSF design for future
applications, while laying a groundwork for advances in construction and distribution, which ultimately
can improve unsuitable water supplies for many communities in remote regions of the world.

2. Materials and Methods

2.1. Biosand Filter Overview

The traditional BSF design can be divided into four main components: (1) the filter body, (2) sand
and gravel inside the filter (referred to here as the effective area), (3) the active biolayer that occupies the
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standing water surface above the effective area and may penetrate slightly into the uppermost portion of
the effective area, and (4) the reservoir area above the biolayer which serves as storage for contaminated
water and establishes head pressure when occupied with water. In sequence, contaminated water
is first poured into the top of the filter and fills the reservoir area. This water then passes through a
diffuser plate and mixes with the biolayer where microbial activity removes contaminants from the
soiled water. Water then infiltrates due to gravity into the effective area and moves downward through
the filter. As water continues through the effective area (i.e., sand), particles are further removed
by screening, adsorption, and natural death among other processes [28]. Ultimately, clean water is
discharged through an outlet pipe and collected by the user. Flow through the traditional BSF can
be characterized as anisotropic, with a heterogeneous media bed (medium to fine sand top layer,
coarse sand middle layer, and gravel bottom layer) [6].

Most notable to the filter is the biolayer which accumulates along the surface of the top sand layer
and matures over time as contaminated influent provides new sources of microbes and nutrients. As the
microbial ecosystem develops, influent bacteria and viruses undergo a series of chemical and biological
degradations while passing through the biolayer including physical straining [28–31]; this process is
the driving contaminant removal mechanism for the BSF. The biolayer exists because the filter outlet
height is slightly above the surface of the effective area to prevent the microbial community from
drying out. This is particularly important given that the BSF is inherently an intermittent system as
users typically charge the filter one time to a few times per day. Lastly, the BSF is recognized for its easy
cleaning, as the surface of the effective layer can be scraped, stirred, or raked as pore spaces become
too clogged and the flow rates too slow; the filter can also be emptied and repacked, which further
prevents against channeling or preferential flow path issues that may otherwise develop over time.

2.2. Design Simplification

There are three media layers in the traditional filter design (from top to bottom): fine to medium
sand, coarse sand, and gravel. Since the BSF is gravity driven, the flow rate is then controlled by
the media layer with the lowest hydraulic conductivity (i.e., the top layer of fine to medium sand).
This renders the other two layers (coarse sand and gravel) negligible in their flow rate impact [32].
These layers are also negligible in their impact on contaminant removal [28]. Currently, the traditional
design is capable of removing nearly 100% of all bacterial contaminants [6,22], but this efficiency
varies for different filter properties such as media grain size, fluid velocity, and depth of the sand
bed [16,21,23,24]. Table 1 summarizes the documented percent bacteria removal through the traditional
BSF with depth, further confirming that nearly all removal occurs through the biolayer. Given these
results, we hypothesized the BSF could achieve the same removal rates with a drastic reduction in
overall sand depth. For the alternate BSF designs modeled in this study, we have removed the bottom
two coarse layers found in the traditional design to conserve available effective area and reduce the
required materials for construction while presumably having no effect on the overall contaminant
removal inside the filter.

Table 1. Literature values for percent removal of Escherichia coli (E. coli) vs. depth in slow-sand/biosand
filters derived from physical experiments.

Sand Bed Depth (cm) Percent Removal (%)

<1 94.380 1

5 99.370 1

10 99.980 2

15 99.984 2

40 99.700 3

54 98.500 4

55 99.987 2

1 [17] 2 [16] 3 [33] 4 [6].
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2.3. Experimental Design and Conditions

We analyzed three different filter designs: (1) the traditional BSF (control), (2) a 40% reduced-height
design (R1), and (3) a 70% reduced-height design (R2). We restricted the maximum reduction to
70% to match the 10 to 15 cm sand bed depth recorded by Napotnik et al. (2017), not including the
biolayer [16]. A 40% height reduction was selected as an in-between measure (i.e., between the control
and R2) while capturing a sand bed depth of less than 40 cm (common depth in earlier versions of
the BSF). The total filter area (~2867 cm2), reservoir volume (12 L), and biolayer depth (5 cm) were
conserved in R1 and R2 to match the control BSF, and all three filters (Control, R1, R2) were simplified
to have square bases and an outlet located at the bottom and 6 cm from the right edge of the filter.
The measurements of the control, R1, and R2 are displayed in Figure 1.
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Figure 1. Visualizations and volumetric properties of (a) a traditional biosand water filter (BSF) design
(control); (b) a 40% reduced-height design (R1); and (c) a 70% reduced-height design (R2).

Two modeling experiments were conducted using the properties of each filter. The first modeling
experiment was to estimate the average flow rate and pressure distribution throughout the traditional
and alternate BSF designs. The second modeling experiment was to estimate the percent removal
of E. coli and MS2 as a function of depth and grain size for each filter. Four different types of media
(coarse, medium–coarse, medium, and fine sand) with varying hydraulic conductivities (K) and grain
sizes were chosen for the experiments, as outlined in Table 2. These media were chosen to represent
the common types of sand used for filtration systems. Each media type was used for each model,
resulting in a total of twelve experimental trials (three designs with four media types) each for fluid
modeling and contaminant modeling (twenty-four total).

Table 2. Selected hydraulic conductivity (K) and grain size values per media type chosen from
physical experiments.

Media K 1 (cm/s) Grain Size 2 (mm)

Coarse 0.6 1.0
Medium–Coarse 0.05 0.5

Medium 0.02 0.25
Fine 0.002 0.15

1 [32] 2 [34].
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2.4. Finite Element Approximation of Darcy’s Law

A finite element approximation of Darcy’s law was used to calculate the pressure distribution,
velocity gradient, and the average flow rate for the BSF designs at each media condition. Each filter
was divided into 1 cm by 1 cm cells, and the finite element approximation was calculated using a
combination of constant head, free-field, and impermeable boundary conditions for each respective cell
position throughout the filter. These boundary conditions are displayed in Figure 2 and are defined
mathematically by Fox (1996) and Akhter (2006) using the finite difference method [35,36]. By splitting
the effective area into M by N cells, each cell was assigned a unique value (e.g., pressure, velocity,
the flow rate), where the entire effective area had M×N independent equations following the present
boundary conditions. The number of cells in the effective area thus depended on the length and width
of each cell described in Equations (1) and (2):

M =
H
dy

(1)

N =
W
dx

(2)

where H was the height of the effective area [l], W was the width of the effective area [l], dy was the
length of each cell [l], dx was the width of each cell [l], and M and N were the height and width count
of the cell matrix [unitless]; the total number of cells is then M×N.
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Figure 2. Visualization of all boundary conditions used in the fluid modeling experiments, where q
denotes flow between adjacent cells.

Since the equations representing each cell were independent, we then set them into three
matrices—the first with M × N columns and M × N rows, the second with one column and M × N
rows, and the third with one column and M × N rows. Multiplying the first and second matrix yields
the third matrix, defined in Equation (3):

C× h = P (3)
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where C was the first (coefficient) matrix representing the fractional terms in front of the equations
outlined by Fox (1996) and Akhter (2006), h represented the second (e.g., pressure or head) matrix of
each node throughout the filter, and P represented the third (e.g., constant head) matrix at each point in
the filter [35,36]. Given the known coefficient matrix, C, and the known constant matrix, P, solving for
the unknown variable matrix, h, through a matrix solver yielded a matrix of unique values (e.g., head)
at each cell. This relationship is outlined in Equation (4):

C11 C21 C31

C12 C22 C32

C13 C23 C33

×


h1

h2

h3

 =


P1

P2

P3

 (4)

where C1,1 was the fractional term for the first cell in the first equation, h1 was the unique value
(unknown) for the first cell, and P1 was the constant value for the first cell (this term was only
non-zero for cells with a constant boundary condition—it was zero for every other cell in the matrix).
Solving this equation for the unknown matrix h yielded values at each selected cell throughout the
filter. A visual representation of the head matrix h and its respective velocity gradient is shown in
Figure A1. The velocity gradient was then obtained using Darcy’s law at each cell, as described in
Equations (5) and (6):

Vx =
Kdx
HW

(h2 − h3) (5)

Vy =
Kdy
HW

(h4 − h5) (6)

where V was the velocity in the x or y direction [l/t], K was the hydraulic conductivity [l/t], and h
represented the head in the x and y directions, respectively [l]. The total velocity, V, throughout
the BSF was then the sum of each horizontal and vertical velocity at every cell throughout the filter
(Equation (7)):

V =
∑

Vy + Vx (7)

With gravity-driven flow, the driving pressure or head decreases as a function of time as water
level in the reservoir declines. This in turn causes the flow rate to decrease exponentially. Using small,
discrete time steps with linearization, the flow rate and volume discharged throughout the filter were
obtained as a function of time [37], as outlined in Equations (8) and (9):

Qi+1 = Qi + AtopVidt (8)

Ptop,i+1 = −
Vi

Atop
dt + Ptop,i (9)

where Qi [l3], Vi [l/t], and Ptop,i [l] represent the volume discharged, filter velocity, and height of the
water in the reservoir at the current time step, respectively, Qi+1 [l3], Vi+1 [l/t], and Ptop,i+1 [l] represent
the volume discharged, filter velocity, and height of the water in the reservoir at the next time step,
Atop represents the filter reservoir area [l2], and dt represents the time interval [t]. Using the finite
element approximation of Darcy’s law at the current time step yielded velocity, which was then used
to calculate the new driving pressure, Ptop,i+1 and the new volume discharged, Qi+1. For this study,
we used 25 s time steps, ending at 5 h. Due to practical considerations for a 12 L reservoir volume,
the model was capped at 5 h. To quantify the average velocity throughout the filter over the entire time
interval, we assumed each configuration exhibited a behavior similar to exponential decay. The mean
lifetime of an exponential decay function was calculated where the value of the function is reduced to
1/e of the function’s initial value. The average velocity was then approximated using Equation (10):

VAVG = V0
1
e

(10)
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where VAVG was the average velocity for the entire time interval [l/t] and V0 was the initial velocity
throughout the filter [l/t] determined from the initial finite element approximation of Darcy’s Law.
The average volumetric flow rate throughout the entire time interval follows Equation (11):

QAVG = VAVGA2
top (11)

where QAVG is the average volumetric flow rate [l3/t]. The results for the average velocity for each filter
design and media type were then used to analyze the percent removal of E. coli in the contaminant
modeling experiments described in Section 2.5.

2.5. Contaminant Removal Modeling

In the BSF, sand particles act as a collector which attracts contaminants (e.g., bacteria and
viruses) that act as colloidal particles experiencing interception, diffusion, and sedimentation
forces [25,38]. As water filters through the sand bed, these particles are further removed by screening,
adsorption, and natural death, resulting in an effluent supply of water with reduced bacterial and viral
concentrations [20,25,27]. The log removal of microorganisms by attachment can be described using
the colloid filtration equation of Yao et al. (1971; Equation (12)):

ln
(

C
C0

)
= −

3
2
(1− f )

dc
zαη0 (12)

where C was the concentration of microorganisms at the outlet [CFU/100 mL], C0 was the concentration
of microorganisms in the influent water [CFU/100 mL], f was the porosity of the filtering media
[unitless], dc was the grain size of the collector [l], z was the media bed depth [l], αwas the sticking
efficiency [unitless], and η0 was the single collector efficiency [unitless] [25]. We then included the
effect of the biolayer on contaminant removal using Equation (13) developed by Schijven et al. (2013):

ln
(

C
C0

)
= −

3
2
(1− f )

dc

[
zαη0 + f0T

(
1− e−α f1a

)]
(13)

where f0 was the scale factor for the particle (microorganism) [m◦C], T was the temperature of the
water [◦C], f1 was the rate coefficient [t−1], and a was the age of the biolayer [t] [20]. The single collector
efficiency (η) was calculated using the colloid filtration theory equations developed by Tufenkji and
Elimelech (2004) [38]. The fluid viscosity (µ) of water [kg/m◦C] was assumed to be temperature
dependent and was calculated using Equation (14) [39].

µ = 2.414× 10−5 247.8
273 + T − 140

(14)

The sticking efficiency (α), introduced by Vissink (2016), was first quantified using Equation (15):

α = f2
dp1

c
vp2

(15)

where f2 was a sticking factor [mp2−p1s−p2 ], p1 was the power of the grain size [unitless], and p2 was the
power of the velocity [unitless] [27]. While this correlation is statistically accurate for filtration systems
with velocities greater than 0.3 m/h, this model breaks down for systems at very small velocities.
At filter velocities lower than 0.3 m/h, this correlation reports values for the sticking efficiency that are
greater than one, violating the restriction that the sticking efficiency must be less than or equal to unity
and resulting in an overestimated contaminant removal value. The current model also relates a larger
sticking efficiency and percent removal with increase in grain size, which goes against much of the
background research on slow-sand and biosand filtration systems [7,21,22].
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The contaminant removal model introduced in this paper mirrors that introduced by Vissink but
accounts for systems which exhibit very low Darcy velocities, such as the BSF. The model was based
on an exponential decay function and agrees with the previous model at a Darcy velocity of 0.4 m/h for
the grain size of 0.5 mm using the constants outlined in Vissink (2016) [27]. The velocity of 0.4 m/h
and grain size of 0.5 mm represent average filtration velocities for biosand and slow-sand filtration
(0.1–0.4 m/h; [28]) as well as a common grain size for both filtration techniques (medium–coarse sand).
We then quantified the sticking efficiency using Equation (16):

α = 1− exp
(
− f2

(vdc)
p

)
(16)

where p was an exponent [unitless] and f2 was a new sticking factor [m2ps−p]. Both factors were
determined from correlation with the current model developed by Vissink (2016) and from previously
reported values from Schijven et al. (2013) [20,27]. Data for the sticking and the single collector
efficiency in the control filter at varying grain sizes are found in Figures A2 and A3. Selected values
used to calculate the sticking efficiency, the single collector efficiency, and the log removal of E. coli
and MS2 for each experimental trial are summarized in Table A1. Values for the particle density,
particle diameter, Hamaker constant, porosity, scale factor, and rate coefficients were synthesized from
an extensive literature search. For each experimental trial, the fluid temperature was kept constant at
25 ◦C, porosity at 42%, and the age of the biolayer at 14 days. E. coli was selected for its pathogenic
properties and widespread use as a reference for contaminant removal in slow-sand filters. Although
several other strains of pathogenic bacteria cause severe illnesses and waterborne diseases such as
cholera, typhoid fever, and gastroenteritis, these bacteria are harder to isolate and culture and therefore
the use of indicator bacteria is required [40]; E. coli is frequently used as a broad bacteria proxy due to
its large presence in human and animal intestines [40]. MS2 was chosen because of its reputation as a
conservative model virus [41].

3. Results

3.1. Fluid Velocity and Discharge

Results of the finite element approximation of Darcy’s Law modeling (Section 2.4) for fluid velocity
through each BSF design and media condition are displayed in Figure 3.

Each filter velocity displayed trends similar to exponential decay. R2 (Figure 3b) and fine sand
displayed the lowest velocities of each filter and filter media, respectively, while the control filter
(Figure 3a) and coarse sand displayed the highest velocities of the three filters and four media types.
Filter designs using coarse sand experienced much larger slopes with high initial filter velocities, while
designs using fine sand displayed very gradual slopes with low initial filter velocities. For coarse sand,
the initial velocity was 7.32 m/h for the control, 1.28 m/h for R1, and 0.17 m/h for R2. For fine sand,
the initial velocity was 0.0244 m/h for the control, 0.0043 m/h for R1, and 0.0005 m/h for R2. The initial
velocity directly impacts the average filter velocity from Equation (10), resulting in average velocities
for R2 being lower than R1 and the control. The average velocities for each design with varying media
are displayed in Table 3.

Following the same pattern as the initial velocity, the average velocity for each filter design and
media used decreases from the control to R2 and from coarse to fine sand, respectively. As the media
decreases in hydraulic conductivity, the average filter velocity decreases with the lowest value evident
in R2 with fine sand as the filtering media. Average filter velocities varied from 2.6933 to 0.0002 m/h
with the lowest flow rates corresponding to finer media and decreased filter height. For the control,
the average velocity is consistently approximately forty-four times as large as R2 and approximately
six times as large as R1. The average velocity using coarse sand is approximately three hundred
times as large as the velocity using fine sand. While there is a large discrepancy in average velocity
values between filter designs and media, the differences between the volumetric flow rate and volume



Water 2020, 12, 1337 9 of 24

discharged for each design and media are closer together on average. Results for modeled discharge
are displayed in Figure 4 and exhibit similar values and trends between filter designs and media.
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Table 3. Modeled average filter velocity for each filter configuration (a traditional BSF design (control),
a 40% reduced-height design (R1), and a 70% reduced-height design (R2)) and media type.

Media Design Average Velocity (m/h)

Coarse
Control 2.6933

R1 0.4723
R2 0.0608

Medium–Coarse
Control 0.2244

R1 0.0394
R2 0.0051

Medium
Control 0.0898

R1 0.0157
R2 0.0020

Fine
Control 0.0090

R1 0.0016
R2 0.0002

Figure 4a–c all show the same trend, with a color fill between media to allow for a ranged estimate
of the percent removal per sand type: as time increases, the volume discharged increases, but with
different rates between media types. For the control filter, coarse sand exhibited full discharge (12 L)
in just 15 min, medium–coarse sand in 2 h, medium sand in 4.5 h, while fine sand was incapable
of full volume discharge within the 5 h interval. For R1, coarse sand exhibited full discharge in
approximately 20 min, medium–coarse sand in approximately 3 h, and medium and fine sand were
incapable of full reservoir discharge. For R2, coarse sand exhibited full discharge in approximately
30 min, medium–coarse sand in approximately 5 h, and medium and fine sand were still incapable of
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full volume discharge. Because of a high initial velocity, filter designs using coarse sand experience
much higher flow rates and are therefore more capable of filtering the full reservoir in less time. Much
like in Figure 3, filter designs using coarse sand have much larger slopes than designs using fine sand.
This results in a higher average volumetric flow rate for the control and coarser media. These average
volumetric flow rates varied from 181.5 to 0.19 L/h, as shown in Figure 5.
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Figure 5 also shows that as the filter design moves toward a reduced height, the volumetric flow
rate decreases. In addition, the overall trend is that the average volumetric flow rate decreases between
filters as the hydraulic conductivity decreases. For fine sand, the volumetric flow rates are 0.61, 0.34,
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and 0.19 L/h for the control, R1, and R2, respectively. For coarse sand, these values are approximately
300× greater, at 182, 101, and 57 L/h for the control, R1, and R2, respectively.

3.2. Contaminant Removal

Results of the contaminant removal modeling (Section 2.5) for E. coli for each BSF design and
media condition are displayed in Figure 6.
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Figure 6. Modeled percent removal of E. coli by depth at varying sand media for (a) a traditional BSF
design (control); (b) a 40% reduced-height design (R1); and (c) a 70% reduced-height design (R2). Color
fills are used to represent a range between given media such as that between fine and medium sand.
Note the x-axis scales are different.

Using the average filter velocities calculated from the fluid modeling trials, the average contaminant
removal of E. coli was determined at various depths throughout each filter design with varying media.
Figure 6a–c represent the percent removal of E. coli versus depth, with a color fill between media to
allow for ranged estimates of percent removal for each sand type. R2 exhibits the highest percent
removal, with medium sand displaying near complete contaminant removal by just the first centimeter
of the sand bed. Each filter using fine sand has near 100% (1.89 log control, 2.51 log R1, and 3.40 log R2)
removal by contact with the effective area (0 cm), due to the chemical and biological removal interactions
within the biolayer. Using coarse sand, each filter design was incapable of producing a satisfactory
removal of E. coli at full depth with only 16.1% removal from the control, 23.5% removal from R1,
and 35.7% removal from R2. As grain size decreases, the percent removal for each filter increases,
with the largest variations in contaminant removal evident between the coarse and medium–coarse
sand grains.

Figure 7 shows the percent removal for each filter design and media at the surface of the effective
area (z = 0, after contact with the biolayer) and at the full filter length (z = L). Removal through the
biolayer increases steadily as the filter design moves toward a reduced height and the media decreases
in grain size. Removal of E. coli is greatest with R2 at all sand sizes and has the greatest removal with
the smallest grain sizes. With fine sand, the effect of filter design and sand bed depth is more negligible,
with nearly 100% removal from just the biolayer for all designs. At full filter depth, R2 had near 100%
(>6 log) removal with medium–coarse, medium, and fine sand. R1 had near 100% (>6 log) removal
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with both medium and fine sand. The control only had near 100% (>6 log) removal with fine sand,
with 99.58% (2.38 log) removal with medium sand.Water 2020, 12, x FOR PEER REVIEW 12 of 24 
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Results of the contaminant removal modeling (Section 2.5) for MS2 for each BSF design and media
condition are displayed in Figure 8.
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Figure 8. Modeled percent removal of MS2 by depth at varying sand media for (a) a traditional BSF
design (control); (b) a 40% reduced-height design (R1); and (c) a 70% reduced-height design (R2). Color
fills are used to represent a range between given media such as that between fine and medium sand.
Note the x-axis scales are different.
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The percent removal of MS2 versus depth (Figure 8) displays the same trends as Figure 6 for
E. coli; as the depth increases, the percent removal of contaminants increases. While both Figures 6
and 8 display the same trends, it is apparent that the removal of MS2 is less, comparatively, and shows
a greater variation as the sand bed depth increases. Between filters, R2 generally had a greater percent
removal of MS2 than the control and R1, with fine sand having the greatest removal of the medias
used. Coarse sand did not have adequate removal rates at any design with a 2.30%, 4.54%, and 7.56%
removal at the control, R1, and R2, respectively. Fine sand had the greatest effect with near 100%
(>6 log) removal of MS2 for each filter design used.

Figure 9 shows the percent removal for each filter design and media at the biolayer (z = 0) and at
the full filter length (z = L). From Figure 10, the percent removal of MS2 displayed the same overall
trends as that of E. coli with respect to the sand bed depth, filter design, and media used, but the values
for the removal efficiency were comparatively less. For the control at the full filter length, only fine
sand was able to achieve effectively 100% (>6 log) removal of the MS2 virus while medium sand
displayed an 88.0% removal, medium–coarse sand a 27.6% removal, and coarse sand a 2.3% removal.
Although at fine sand, each filter design was able to achieve 99.9% (3 log) removal of MS2, only R1 was
able to achieve a 99.7% (2.52 log) removal at medium sand.
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Figures 8 and 9 demonstrate that the biolayer had very little impact on the removal of MS2,
while the sand bed had a very large contribution. For R2 using medium–coarse sand, removal from the
biolayer was 4.6%, while the removal at the full filter length was 99.7%. This large difference between
the removal at the biolayer and the full filter length is very evident for R1 and R2 at medium–coarse,
medium, and fine sands, but less evident for coarse sand and the control. Although for coarse
and medium–coarse sand, R2 had a greater percent removal of MS2 than the other two filters, R1
outperformed the control and R2 at medium and fine sand. At medium sand, the removal efficiency of
R1 is 99.7%, while it is 95.8% (1.38 log) for R2. At fine sand, the difference is smaller, but still noticeable,
with a 99.99% (4 log) efficiency for R1 and a 99.91% (3.05 log) efficiency for R2.
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design (R2).

4. Discussion

4.1. Comparison Between Designs

Contaminant modeling indicated that the R1 and R2 designs reduced a greater quantity of
bacteria and viruses from a contaminated supply compared to the control design at all media sizes.
This improved removal in R1 and R2 is due to (1) a reduced reservoir height, (2) slower fluid velocity,
and (3) increased biolayer area.

The reservoir height is an important metric to the gravity-driven design, as filter pressure head
(i.e., the height difference between the water level in the reservoir area and the outlet) directly affects
the velocity of the filter and ultimately the residence time (or contact time) of contaminated water with
the biolayer and effective area at each media size. In this study, R2 had the lowest pressure head and
subsequently the lowest flow velocities. This allowed for the greatest contact time with the biolayer
and effective area, ultimately allowing for improved contaminant removal. Here, flow velocities in the
control were more than three-fold greater than those in R2 for each media type. Mathematically, slower
velocities allow for increased sticking efficiency and single collector efficiency (Equation (16); [38]),
and velocity and contaminant removal are inversely related (Equation (13)). However, slow velocities
can also lead to impractical volumetric discharge (i.e., not enough clean water is discharged from the
filter for reasonable use).

Total filter discharge for each media type is a function of velocity (i.e., pressure head) and the
volume of dirty water supplied to the filter per use. If the pressure head were to be reduced in
the control to match R2, the total volume of dirty water supplied to the control would be minimal,
drastically reducing the total discharge of the filter. However, the R2 design has a much greater surface
area than the control, so a reduced head does not equally hinder total filter discharge (i.e., minimal
water over a large area can still result in high discharge compared to much water over a small area).
Here, R1 and R2 both have less total discharge than the control, so these designs would need to be
made wider, the total reservoir volume increased, or uses more frequent to match the control.

A wider filter design such as R1 or R2 also allows for a greater biolayer area, and subsequently
greater contaminant removal, particularly for bacteria (Figure 7), when compared to the control. As for
viruses, removal is mostly a function of contact time with the effective area and less the biolayer, as
evidenced by R1 outperforming R2 at medium and fine sands (Figure 9). In the control design, the filter
must be made tall to accommodate higher velocities (i.e., greater pressure head) and shorter contact
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times. In R1 and R2, velocity is reduced and contact time increased due to smaller pressure heads, so
the total filter height can also be reduced without compromising virus degradation. However, R2 is
near its minimum height to achieve 100% (>6 log) removal for both E. coli and MS2 at finer sands
(Figures 6–9).

In addition to the reservoir height, velocity, discharge, contaminant removal, and contact time are
also a function of the media size (coarse, medium–coarse, medium, fine). Here, the finer the grain
size, the lower the velocity and discharge and the higher the contaminant removal and contact time.
For example, coarse sand in R2 removed only 35.74% of E. coli, where medium–coarse sand removed
99.50% (2.30 log). Yet, medium–coarse sand only removed 73.96% of MS2, where fine sand removed
near 100% (>6 log) of E. coli and 99.91% of MS2. Fine sands may prove effective but impractical
due to limited discharge; successful application of BSF technology requires a balance of practicality
and performance (most are constructed using medium sand with an effective diameter of 0.15–0.35
mm; [28]). Under medium sand conditions, both R1 and R2 outperformed the control when focused
on a balance of practical discharge and successful contaminant removal.

4.2. Biolayer Age and Media Depth

Physical testing has shown that contaminant removal can increase with a mature biolayer (i.e.,
removal becomes greater over time) [8,20]. While we kept a constant biolayer age (14 days), Equation (13)
calculates greater contaminant removal with older biolayer age values. This is most relevant for
bacterial contaminants (e.g., E. coli), as they are largely removed across the biolayer compared to viruses
(Figures 8 and 9). However, viruses are instead deactivated by longer residence times in the effective
area and are less impacted by the biolayer [42]. While it may be possible to achieve effectively 100%
bacterial removal with just the biolayer, viruses likely require additional media depth at the BSF scale.
Thus, there are limiting factors to contaminant removal, as bacteria may be constrained by biolayer
maturation and viruses by media depth relative to the fluid velocity and subsequent residence time in
the filter. The methods applied here can quantify the minimum values for future design purposes.

4.3. Literature Agreement

Table 4 displays our modeled results for E. coli removal relative to previous physical testing from
other experiments found in literature searches. Literature values from previous lab or field studies
are shown in column 2, model results obtained from this study are shown under the respective sand
grains in columns 3 and 4, and the percent difference between previous studies and our model results
are displayed in column 5.

Table 4. Comparison of literature values with model estimations for the control design.

Sand Bed Depth (cm)
Percent Removal of E. coli (%)

Literature Values Fine Sand † Medium Sand † Percent Difference

0 94.38 1,5 98.72 N/A ‡ 4.60%
5 99.37 1,5 99.99 N/A ‡ 0.62%

10 99.98 2,5 ~100.00 N/A ‡ 0.02%
15 99.984 2,5 ~100.00 N/A ‡ 0.02%
40 99.70 3,6 N/A ‡ 97.97 1.73%
54 98.50 4,6 N/A ‡ 99.09 0.60%
55 99.987 2,5 ~100.00 N/A ‡ 0.01%

1 [17] 2 [16] 3 [33] 4 [6]. 5 Fine sand. 6 Medium sand. † Modeled in this study. ‡ N/A represents a missing literature
value at the corresponding media size to compare with our modeled results (i.e., we have a modeled value, but no
matching value can be found in the literature at the specific media conditions).

For both fine and medium sand, our model results were supported by physical testing from
literature. The greatest difference between our modeled results and physical results was at 0 cm
depth (i.e., surface of the effective area). This is likely due to variance in modeled versus actual



Water 2020, 12, 1337 16 of 24

grain sizes. The literature value reported is also for continuous operation, which may impact the
development and full removal capacity of the biolayer with intermittent operations (note all other
literature values are with intermittent use). All other values for fine sand were within 1% of the
observed removal, and coarse sand was within 2%. Even for MS2, modeled removal agreed with
results found from Elliott et al. (2008), Schijven et al. (2013) and Vissink (2016) [8,20,27]. Variance
between the modeled and reported values from previous studies may be further due to one or more
of four reasons: (1) the constants outlined in Table A1 could vary between physical experiments and
different filters, (2) experimental conditions (temperature, fluid velocity, grain size, and biolayer age)
could differ based on climate and experiments, (3) results between intermittent and continuous filter
operation could differ, and (4) inherent errors within the slow-sand filtration model (±0.6 log) could
overestimate the percent removal of contaminants. Despite these discrepancies, the slow-sand filtration
model, as used in this study, provided near complete agreement and is a robust method for estimating
contaminant removal for the BSF. Although not previously discussed and not modeled in this paper,
a summary of heavy metal contaminant removal throughout the BSF can be found in Appendix E:
Heavy Metals.

4.4. Comparison to Ceramic Filtration

Overall, the R1 and R2 designs are more effective at removing E. coli and MS2 than the traditional
BSF for each media type, but their discharge rates are slower and more in line with ceramic filters
at finer media sizes (another common HWT solution). Using medium sand, R2 is able to remove
effectively 100% (>6 log) of E. coli and 95.75% of MS2 from the influent water supply and produces
an average of 1.912 L/hr which falls within the existing flow rates for ceramic filtration. R1 removes
near 100% (>6 log) of E. coli and 99.71% of MS2, while producing an average of 3.380 L/hr. Using
medium–coarse sand, the R2 design removed 99.50% of E. coli and 73.96% of MS2, while producing an
average of 4.781 L/h, lower than the traditional CAWST v.10 BSF but higher than most ceramic filters
(R1 was 89.32% for E. coli, 57.51% for MS2, and 8.440 L/hr). Whereas ceramic filters are capable of the
same removal efficiency of E. coli as the R1 and R2 designs, they do not have the same efficacy when it
comes to the removal of MS2 [15]. As a result, the R1 and R2 design effectively outperform ceramic
filters in their overall removal efficiency while offering a higher flow rate.

4.5. Model Limitations and Experimental Error

Given Equation (13), this study estimates removal of E. coli and MS2 within ±0.6 log, as derived
from Schijven et al. (2013) [20]. Error bar plots of the percent removal versus filter design and filtering
media for E. coli and MS2 are shown in Figures 10 and A4, respectively.

Estimates at finer media and reduced filter height (R1 and R2) have the smallest error ranges.
This is from the high log and percent removal experienced from these conditions. Because of the
relationship between log and percent removal, at high enough log removal values (usually greater
than 3 log), a ±0.6 log error will not significantly alter the percent removal. Due to the difference in
models for the sticking efficiency, this experimental error is likely to vary between physical studies but
should overall be close to the value reported by Schijven et al. (2013) [20]. Furthermore, this study uses
more conservative values as inputs into the slow-sand filtration model, resulting in more conservative
estimates for the percent removal of contaminants within the slow-sand filtration model. Despite any
further discrepancies or potential errors, the conservative values used as inputs for the model should
indicate values for the percent removal close to more conservative estimates.

4.6. Practical Design Applications

Maximizing the bioactivity area (i.e., active contaminant removal), increasing the residence time
inside the filter (i.e., passive contaminant removal), and reducing the overall height of the design
has several practical design applications that open pathways for new construction technologies and
multifamily designs. For example, a reduced-height design lowers the lateral load (i.e., pressure)
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imposed on the walls of the filter due to less sand bed depth and the directly proportional relationship
between lateral load and depth of sand or water. Both these benefits can allow for the introduction
of concrete alternatives that may not meet industrial (i.e., strength bearing) standards but are still
suitable for BSF applications, such as cement made out of wood ash, instead of or mixed with industrial
concrete mix, which could further allow for construction with on-site materials (e.g., biomass) [43].
Furthermore, the horizontal designs outlined here mimic the benefits observed in natural wetland
environments (e.g., long residence times, biofiltration; [44]), which indicates potential for upscaling
the size of a BSF to a communal scale [45]. A large, broad BSF could feasibly provide clean water to
several families while also overcoming the reduced flow rates observed in the single-family design
modeled here when compared to the traditional BSF design (i.e., filter discharge volumes with slow
flow-rates across large areas can be greater than fast flow-rates across small volumes). In terms of single
household or personal use, the flow rates of a reduced-height design will prove slower compared
to the traditional design of the same media. This does not render the reduced height impractical, as
its flow rates are still on par with other popular filtration solutions (i.e., ceramic filters), but it may
require an instructional shift (i.e., users may need to prepare earlier in advance for when water may
be needed). The reduced-height design also requires an increase in width to maintain removal rates,
meaning the surface area required within a home (i.e., interior footprint) will increase. The practicality
of increased interior space dedicated to a filter is site dependent; an outdoor, communal, or multifamily
filter design may be suggested in scenarios with limited space.

5. Conclusions

The BSF is a robust and successful HWT solution for undeveloped or developing regions with
contaminated water supplies, but its function can be improved and its application more widespread
through design modifications that prioritize efficient use of filter space, scalable sizes that can serve
larger households, and materials that allow for distribution in remote areas of the world. The purpose
of this study was to model both the hydraulic patterns and contaminant removal inside three BSF
designs to evaluate how these dynamics change with varying filter shapes. Specifically, we sought
to prioritize the valuable function of the biolayer while eliminating inefficient space found in the
traditional BSF design. We used a combination of finite element approximation of Darcy’s law with
discrete time steps and slow-sand filter contaminant modeling to analyze both the fluid flow and filter
performance at removing the E. coli bacteria and MS2 virus. From the results of this study, we can
conclude:

1. Slower fluid velocities through the filter require less effective area depth, as residence times
inside the filter increase. Increased residence times allow for longer contact time with the both
the biolayer and effective media which leads to greater bacteria removal and virus deactivation.
For the BSF, slow velocities are directly related to the hydraulic conductivity of the effective
media, where fine sands have the greatest reduction in fluid velocity. Thus, BSF designs with
finer-grained media can be designed with shorter filter bodies relative to the traditional BSF
design size. Reduced velocities can also be achieved through decreased head pressure, which can
be obtained by a shorter standing height on top of the filter media with each use. To maintain the
total volume of discharged water, reduced standing heights require a wider filter body than the
traditional design.

2. Increased biolayer area leads to greater contaminant removal. Particularly for bacteria, contact with
the biolayer is the most notable filtering mechanism in the BSF. Designs which increase the
biolayer area relative to the traditional BSF design will have greater contaminant removal rates,
assuming other conditions are consistent between filters. This can be accomplished through a
wider design, which also enables a reduced standing water height above the filter media and
slower fluid velocity as outlined in Conclusion #1. Under the proper conditions, BSF technology
can remove nearly all bacteria contaminants through just the biolayer.
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3. Viruses, unlike bacteria, are less impacted by the biolayer and are more effectively removed with
longer residence times inside the BSF. Longer residence times can be achieved by decreased media
grain size (i.e., hydraulic conductivity), taller effective areas (i.e., taller filter bodies), or slower
fluid velocity (i.e., slower water flow). With a modified design, BSF technology can remove 100%
of virus contaminants.

4. The R1 and R2 designs outperformed the traditional BSF in contaminant removal at all media
grain sizes, but their total discharge was notably less. While not outside of other common
HWT solutions at fine grain sizes, the discharge rates of R1 and R2 can be improved by a larger
filter surface area or larger media grain sizes. With sand characteristics commonly used in the
traditional BSF, both the R1 and R2 designs outperformed the traditional design while also
maintaining practical discharge rates.

Collectively, the results of this study highlight how a modified design can improve the overall
performance of BSF technology. This is particularly relevant for alternative construction methods
which may be capable of building short and wide filters rather than tall and narrow bodies such as the
traditional BSF (e.g., single cast designs without a mold or concrete mix). As a result, the modified
design can (1) reduce the weight of required BSF materials while (2) extending distribution to remote
areas of the world not easily accessible by common transportation methods. Thus, modified BSF
designs that focus on efficient removal and simple construction methods can improve the overall
impact of providing clean water to the 10% of the world’s population that still lacks access to clean and
reliable water supplies [1].
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Appendix A. Pressure Distribution

The average pressure distribution and velocity gradient for the control filter from the fluid
modeling results are shown in Figure A1. The head pressure at each cell moving downward through
the filter is less than at the beginning of the filter, due to the high pressure of the reservoir and low
pressure of the outlet. Because of greater differences in head pressure between cells at the bottom
of the sand bed, the velocity gradient at the bottom of the filter is larger than at the top. While for
the actual fluid modeling experiments, the length and width of each cell was equal to 1 cm, for this
figure, the dimensions of each cell were 3 cm by 3 cm. This was to easily portray the velocity gradient
throughout the filter.
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Appendix B. Collector and Sticking Efficiency

For the contaminant modeling experiments, the single collector efficiency was calculated by
Tufenkji and Elimelech (2004) and verified by Yao et al. (1971) [25,38]. The results for this parameter
for the control filter are shown in Figure A2. This figure shows a decrease in the efficiency due to
diffusion forces as the particle size increases, then experiences a minimum efficiency approximately
1 micron, and then increases due to interception and sedimentation forces. As the particle size increases
from 0.001 microns to 1 micron, the diffusion forces decrease from an increased aspect ratio between
the particle (bacteria) and collector (sand). Above 1 micron, increases in gravitational contributions
from larger particle sizes result in an increase in the collector efficiency. Using coarse sand, the single
collector efficiency is much lower than that for fine sand, with medium and medium–coarse sand in
between these two.
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The sticking efficiency for the control filter in the contaminant modeling experiments is shown in
Figure A3. As the velocity increases, from Equation (16), the sticking efficiency decreases, with the
smallest values evident at very low filtration velocities. As the velocity decreases, this allows for
a greater residence time throughout the biolayer and effective area, leading to more bacteria and
viruses being removed from the influent water supply. The greater the time spent throughout the filter,
the more bacteria and viruses will collect to the surface of the sand grains and other bacteria in the
biolayer. At fine grain sizes, the sticking efficiency displays the greatest values while at coarse sand,
this efficiency is greatly reduced.
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Appendix C. Model Constants

The constants and variables used to calculate the single collector and sticking efficiencies for the
contaminant modeling experiments are shown in Table A1.

Table A1. Description and values of variables and constants.

Constant Constant Description Value Units

ρp Particle Density (E. coli) 1 1160 kg/m3

ρp Particle Density (MS2) * 1000 kg/m3

dp Particle Diameter (E. coli) 1 µm
dp Particle Diameter (MS2) 27.5 nm
g Gravitational Constant 9.80 m/s2

k Boltzmann Constant 1.38 × 10−23 J/K
A Hamaker Constant 2 2.15 × 10−20 J
f Porosity 3 0.42 -
ρl Fluid Density 1000 kg/m3

p Power (E. coli) 0.2 -
p Power (MS2) 0.1 -
a Biolayer Age 14 days
f0 Scale Factor 4,5 1.9 × 10−4 m◦C
f1 Rate Coefficient 4,5 0.072 day−1

f2 Sticking Factor (E. coli) 0.0029 -
f2 Sticking Factor (MS2) 0.00075 -

1 [46] 2 [38] 3 [34] 4 [27] 5 [20] * Sedimentation forces were not considered for the MS2 virus; therefore, its particle
density was set equal to the fluid density to account for this assumption.
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These values were found from extensive literature searches and used to calculate the single
collector and the sticking efficiency to be input into the slow-sand filtration model (Equation (13)).
Table A2 displays these values for E. coli and MS2. The single collector and sticking efficiencies were
calculated using the average filter velocities displayed in Table 3 and the grain size of the media
displayed in Table 2.

Table A2. Results for the sticking and the single collector efficiency for a traditional BSF design (C), a
40% reduced-height design (R1), and a 70% reduced-height design (R2).

Type of Sand Filter Design
Sticking Efficiency (α) Single Collector Efficiency (η)

E. coli MS2 E. coli MS2

Coarse
Control 0.0401 0.0028 0.0006 0.0087

R1 0.0563 0.0033 0.0022 0.0301
R2 0.0837 0.0041 0.0112 0.1302

Medium–Coarse
Control 0.0744 0.0039 0.0056 0.0794

R1 0.1037 0.0046 0.0211 0.2753
R2 0.1521 0.0056 0.1176 1.0

Medium
Control 0.1012 0.0045 0.0163 0.2373

R1 0.1402 0.0054 0.0601 0.8239
R2 0.2036 0.0066 0.3200 1.0

Fine
Control 0.1708 0.0060 0.1199 1.0

R1 0.2330 0.0071 0.4759 1.0
R2 0.3295 0.0088 1.0 1.0

Appendix D. Model Error

Error bars for the percent removal of MS2 based on the±0.6 log error value reported by Schijven et al.
(2013) are shown in Figure A4 [20]. The error bar plots for MS2 are similar to those for E. coli shown in
Figure 10, but with larger error ranges for medium sand. At fine sand, the error ranges are the smallest.
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Appendix E. Heavy Metals

In addition to bacteria and viruses, past studies suggest that the BSF can generate similar removal
rates (i.e., near 100%) of various heavy metals such as Fe, Pb, Cr, Mn, and Cd [47,48]. However,
the slow-sand filtration and contaminant removal models cannot accurately capture the removal of
these heavy metals. Bacteria and viruses have common particle sizes, which allows for constant
values in a numerical model. Heavy metals often vary in particle size or can even be dissolved in
water, making them more difficult to summarize in the model. Furthermore, no values for the sticking
efficiency of metals have been reported in the literature, leaving this parameter in Equation (13)
relatively unknown and uncharacterized. Although it is difficult to model the removal of heavy metals
using these methods, it is still expected based on other modeled trends and past studies that the
redesigned and control filters will remove a significant portion of these contaminants from the influent
water supply. Currently, traditional BSF designs are conservatively capable of removing 74.75% Fe,
76.55% Mn, 74.07% trace Pb, and 68.82% trace Cr [47], with this percent removal generally decreasing
as the filter matures [48]. We expect only slight variance between the control, R1, and R2 during
physical tests for metal removal.
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