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Abstract: In the operation of porous media filtration systems, poor initial performance is often observed, in which particle removal is less
than desired. Alum (Al2ðSO4Þ3 • 14H2O), ferric chloride (FeCl3), and polyaluminum chloride (PACl), are often used in drinking-water treat-
ment to modify the surface properties of the particles being filtered and enhance their removal by filters; however, modification of the filter
medium is not a common practice. In this research, these three coagulants were used to artificially modify a sand medium in situ by adding
metal hydroxide precipitates onto the top of the filter before challenging the filter with an otherwise untreated kaolin suspension. After
modification of the filter medium, high particle-removal efficiencies were achieved using a short (7.5 cm) sand column with ≅ 1 mm diam-
eter sand. The best observed particle removal (96%) using alum and PACl occurred at the surface loading of 550 mmol of Al=m2. The filter
performance deteriorated at higher surface loadings. Fractional colloid removal increased with increased ferric chloride surface loading over
the entire range of dosages tested (up to 97.5% at 2,200 mmol Fe=m2). The experimental results suggest that pretreatment of filter media by
application of Fe or Al hydroxides can eliminate the initial poor performance. DOI: 10.1061/(ASCE)EE.1943-7870.0000339. © 2011
American Society of Civil Engineers.
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Introduction

Filtration through porous media is a commonly used method to re-
move particles present in surface waters, precipitated hardness from
lime-softened water, and precipitated iron and manganese present
in many well-water supplies (Weber 1972). Filtration has been
widely used following treatment of raw waters by chemical coagu-
lation, flocculation, and sedimentation processes. The removal of
suspended particles within a filter is considered to involve at least
two sequential steps: transport and attachment. In the first step, the
particles are transported from the bulk fluid to the immediate vicin-
ity of solid-liquid interface presented by the filter (i.e., to a grain of
the media or to another particle previously retained in the filter
bed). The transport of particles to the filter medium may occur
through three mechanisms: Brownian diffusion (molecular effects),
interception (contact as a result of fluid flow near the surface of the
porous media), and sedimentation (gravity effects). Particle attach-
ment to the media surface is thought to be dominated by electrical
and chemical interactions such as electrostatic attraction or repul-
sion within the electrical double layer and van der Waals attractive
forces that act between particles and surfaces at short distances
(Yao et al. 1971; O’Melia 1980; Elimelech and O’Melia 1990).

Sand media is a key, if not the sole, component of most rapid
sand filters. However, sand media may not be efficient in removing
fine or submicron particles including colloids, bacteria, and viruses
because of electrostatic repulsion arising from the fact that both the
particles and the sand media are negatively charged at pH 6–8,
which is typical of surface waters. Small particles close to 1 μm
also have poor transport, impairing their removal (Yao et al. 1971).
As a result, Fe and Al are commonly added as coagulants to desta-
bilize particles (Weber 1972; Letterman 1999; Tchobanoglous
et al. 2003; MWH 2005) and improve particle removal. Destabili-
zation involving adsorption of Al or Fe monomers is called
charge neutralization; coagulation of colloidal particles in the pres-
ence of AlðOHÞ3ðamÞ and FeðOHÞ3ðamÞ is termed enmeshment or
sweep floc (Van Benschoten and Edzwald 1990). Destabilization
causes colloidal particles to aggregate, and larger aggregates are
more readily transported to the filter medium by interception or
gravity.

In some cases, iron and aluminum hydroxides have been used to
modify filtration media to improve particle-removal efficiency
(Edwards and Benjamin 1989; Lukasik et al. 1999; Ahammed
and Meera 2006). In these studies, the surface modification of
Fe and Al was achieved by soaking the sand medium in aluminum
chloride or ferric chloride solutions followed by treatment with an
ammonium hydroxide solution. The pretreatment improved particle
capture, but the treatment method required removing the sand from
the filter and thus would not be easily applied to operating filtration
systems.

In the research described in this paper, three common coagu-
lants, alum, ferric chloride, and polyaluminum chloride (PACl),
were chosen to modify a sand-filter medium before challenging
the filter with a colloidal suspension of kaolin. The resulting modi-
fication of the filter could include coating the sand surface with
precipitated aluminum or iron hydroxides; deposition of Al or
Fe precipitates in the pore space of the filter medium; layering
of Al or Fe precipitates onto the top of the sand filter, forming
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a dual-filter medium; or some combination of these three processes.
The point of zero charge (PZC) of aluminum hydroxide and ferric
hydroxide are 9.6 (Scholtz et al. 1985) and 8.5 (Benjamin 2002),
respectively. Thus, at neutral pH, the modified sand media is
expected to be positively charged and to have an enhanced ability
to capture negative colloidal particles. In this study, a process was
used for in situ modification of the sand before challenging the
filter. The resulting particle-removal efficiencies are compared as
a function of Al and Fe surface loading and are shown in the fol-
lowing to be significantly improved during the initial filtration run.
Head loss was also monitored during pretreatment and during the
challenge to the filter.

Materials and Methods

Apparatus

An automated filtration test apparatus described by Weber-Shirk
(2008) was used to conduct parametric tests of the use of alum,
ferric chloride (Fisher Scientific, Pittsburgh, PA), and polyalumi-
num chloride (PCH-180, Al 5.5%, Cl 12.1%, SO4 1.8%, basicity
69%; Holland Company, Inc., Adams, MA) to artificially modify
the medium in a sand filter. A schematic of the apparatus is shown
in Fig. 1.

In all tests, 22°C Cornell University tap water (pH≈ 7:6� 0:2;
total organic carbon≈2:0 mg=L; hardness≈150 mg=L as CaCO3;
alkalinity ≈110 mg=L as CaCO3; chlorine residual ≈0:7 mg=L)
was used as the raw-water source. Kaolin clay (R.T. Vanderbilt
Co., Inc., Norwalk, CT) was added to distilled water as a concen-
trated stock (350 mg=L, pH ¼ 4:3) and then diluted with tap water
to achieve an influent turbidity of 55–60 NTU (nephelometric
turbidity units) and pH of 7:5� 0:2. At this pH, the zeta potential
of the clay was determined to be �18� 2 mV by laser Doppler
electrophoresis (Zetasizer Nano-ZS; Malvern Instruments, Ltd.,
Malvern, UK). The zeta potential of most particles in surface waters
at neutral pH is in the range of �15 to �30 mV (Ongerth and
Pecoraro 1996). The clay particle size was approximately 1 μm
with a mean polydispersity index of 0.6 as measured by dynamic
light scattering (Zetasizer Nano-ZS).

Many sand filters are operated with an influent turbidity of less
than 5 NTU. Results from experiments at two different clay con-
centrations (∼5 and ∼60 NTU) show that a ∼10 fold variation in
turbidity did not cause significant difference in the performance of
an untreated filter but resulted in a better performance for an

alum-pretreated filter when using the ∼5-NTU clay suspension
(Fig. S1 in the supplemental data). A higher influent turbidity of
∼60 NTU was chosen in the experiments reported here to provide
the worst-case scenario for particle removal and to ensure that sig-
nificant differences in particle concentration could be accurately
measured (the initial effluent turbidity for the pretreated filter
was close to the detection limit of the turbidimeter). A higher
influent turbidity also allowed the use of a shorter run time while
still providing significant particle loading in the filter. The concen-
tration of the stock solutions, clay suspension, and the coagulant
doses used are given in Table 1.

The alum, PACl, and ferric chloride concentrations at the filter
influent were 74 mg=L as alum, 6:7 mg=L PACl as Al, and
67 mg=L as FeCl3, respectively. The filter column was 2.5 cm
in diameter and contained 7.5 cm of 0.8–1 mm in diameter filter
sand (U.S. Filter, East Orange, NJ). In effect, the shallow filter col-
umn and test conditions provide an experimental model of the top
7.5 cm of a rapid sand filter.

Coagulants were mixed with base (sodium bicarbonate) and tap
water to maintain the pH at 6.8 for alum, 7.1 for PACl, and 6.6 for
FeCl3 and were then applied to the top of the filter column to treat
the filter medium before challenging the filter with the clay suspen-
sion. The pH of the filtered effluent using three coagulants was
monitored and close to the tap water pH (7:5� 0:2) in all experi-
ments. We report the amount of coagulant applied to the filter as a
surface loading in mM=m2 for the cross-sectional area of the filter.
The cross-sectional area of the filter is used to express dosage rather
than filter volume because the AlðOHÞ3ðamÞ or FeðOHÞ3ðamÞ accu-
mulates in the top few centimeters of the filter bed. Presenting the
dose as a surface loading facilitates generalization of the experi-
mental results to other filter sizes. The total surface loading of
the coagulant, Γ, is a function of the coagulant flow rate, Q, filter
surface area, A, influent concentration, C, and application time, t, as
described in Eq. (1):

Γ ¼ QCt
A

ð1Þ

Experiments were performed over a wide range of surface
loadings (0 as a control, 70, 140, 280, 550, 1,100, and
2; 200 mmol=m2) to explore the dose-dependence of particle-
capture efficiency. The filtration rate was held constant at
1:4 mm=s in all experiments. Although the experimental results
may be affected to some extent by scale [the column diameter/sand
size ratio was≅ 25, and thus bed porosity may have been increased
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Fig. 1. Schematic of filter test apparatus showing valve and pump configuration for pretreatment with aluminum sulfate
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by 1.25% (Zou and Yu 1995)], these variables were systematically
retained for all experiments; therefore, trends in our results are
expected to be valid for full-scale filters. Backwash and an acid
wash (0.1 M HCl) were used between each experiment to remove
residual clay and metal hydroxide precipitates. Duplicate control
experiments with no coagulant addition were conducted at the start
of each series of experiments and after the experiment with the
highest surface loading to confirm the ability of the filter-washing
steps to restore the sand to its original (untreated) condition.

A process control software (Weber-Shirk 2008) for the auto-
mated filtration apparatus cycled through states shown in Table 2
for each test. The hydraulic retention time from the clay stock pump
to the effluent turbidity meter was 3.8 min, based on the filtration
rate of 1:4 mm=s. In the filter column, the volume of water above
the sand was 35 cm3, and the hydraulic retention time from the top
to the bottom of filter was 1.2 min (porosity ¼ 0:4, reported by the
manufacturer).

The concentration of the applied coagulants was approximately
the same during the pretreatment state, but the pretreatment state
duration was varied to achieve different surface loadings.

During the particle challenge state, the filter was operated at a
constant flow rate of 1:4 mm=s (0:68 mL=s) for 20 min, and the
filter performance was measured by inline turbidimeters (Fig. 1).
The turbidimeters were chosen because they have small-volume
sample cells (30 mL) that make it possible to achieve reasonable
response times at the flow rates used in this research. The 20-min
challenge with an influent turbidity of 60 NTU made it possible to
obtain significant particle loadings for each pretreatment condition
and to cycle over a wide range of coagulant dosages in a reasonable
length of time. The hydraulic residence time from the inlet of the
influent turbidimeter to the outlet of the effluent turbidimeter at a
flow rate that corresponds to a filtration velocity of 1:4 mm=s was
4 min. We do not report the data from the first 1.5 hydraulic res-
idence times (i.e., approximately 6.5 min) at the beginning of each
particle challenge because that data show an artificially high par-
ticle removal caused by the clean pore water that is still exiting the

filter into the effluent turbidimeter and being displaced from the
tubing and turbidimeter sample vial.

Measurement of Effluent Al and Fe Concentrations

Retention of applied Al or Fe precipitates in the filter medium was
assessed by measuring aluminum and iron concentrations in the
effluent during pretreatment at the highest (2; 200 mmol=m2) and
lowest (70 mmol=m2) surface loading used in experiments. In
addition, the Al concentration in the effluent was measured during
challenge at the alum surface loadings of 70, 550, and 2,200 mmol
of Al=m2. All effluent samples for metal analysis were acidified,
and the concentrations reported are for total metal (i.e., they include
any metals that were originally present in particulate form).

A colorimetric assay, the modified eriochrome cyanine R
method, was selected for Al analysis, in which the volume of
reagents and samples were scaled down to fit into 4.5-mL cuvettes
(Standard Methods for the Examination of Water and Wastewater
1998). The assay can detect aluminum at concentrations above
20 μg=L. All glassware used was first acid washed for 24 h with
10% nitric acid (reagent grade) made with distilled deionized (DDI)
water followed by a 24-h wash in 10% nitric acid (trace metal
grade). The glassware was rinsed with DDI water six times in
between the 24-h wash steps. Aluminum chloride (AlCl3 • 6H2O,
Fisher Scientific) was used to prepare Al standard curves.

Atomic absorption spectrometry was used to determine iron in
the effluent water during pretreatment (Standard Methods for the
Examination of Water and Wastewater 1998). An air-acetylene
flame was used. The assay can detect iron at concentrations above
20 μg=L. All glassware was acid washed, as previously described.
Iron standards were made by dilution of iron stock (1; 000 mg=L,
Fisher Scientific). The measurements were carried out in triplicate,
and the coefficient of variation in analysis of duplicate samples
was ≤ 5%.

Results and Discussion

Aluminum and Iron Concentration in Effluent

All effluent during pretreatment was collected and measured for Al
or Fe concentration. Mass balance showed that ≥ 78% of applied
Al or Fe was retained in the filter at a surface loading of
70 mmol=m2, and ≥ 82% of Al or Fe remained in the filter at a
surface loading of 2; 200 mmol=m2 (Table 3). The two applied dos-
ages are used as maximum and minimum surface loadings in the
following discussion and comparison of results, so that the retained
Al or Fe concentrations for the other dosages between these
extremes can be estimated.

Effluent Al concentrations for alum application at the surface
loadings of 70, 550, and 2; 200 mmol=m2 during challenge are

Table 1. Stock and Feed Concentrations of Reagents Used

Chemical
name

Concentration
of the stock
solution

Dilution
factor

Concentration
at filter influent

Kaolin clay 350 (mg=L) 7 50 (mg=L)

Aluminum

sulfate

3.4 (mmol=L as Al) 13.6 250 (μmol=L as Al)

Polyaluminum

chloride

3.4 (mmol=L as Al) 13.6 250 (μmol=L as Al)

Ferric chloride 3.4 (mmol=L as Fe) 13.6 250 (μmol=L as Fe)

Sodium

bicarbonate

12 (mmol=L

as HCO�1
3 )

40.8 300 (μmol=L

as HCO�1
3 )

Hydrochloric

acid

0.1 (mol=L as Hþ) 1 0.1 (mol=L as Hþ)

Table 2. Process Controller States

State name Purpose Duration (min)

Backwash filter-1 Clean the filter 4

Acid wash Wash out the coagulant 2

Backwash filter-2 Clean the filter 4

Wash turbidity meters Wash the turbidity meters 4

Pretreatment Modify the filter media Variable

Down flow Challenge the filter 20

Table 3. Fraction of Applied Al and Fe Retained in Sand Medium During
Pretreatment

Sample
name

Surface
loading (mmol=m2

Al or Fe)

Al or Fe
mean concentration
in effluent (mg=L)

Al or Fe
fraction retained
in filter (%)

Low alum 70 0.66 78

High alum 2,200 1.07 82

Low PACl 70 0.24 92

High PACl 2,200 0.83 87

Low FeCl3 70 0.90 93

High FeCl3 2,200 0.74 97
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presented in Fig. 2. At loadings of 70 and 550 mmol=m2, the Al
concentrations were below the maximum secondary drinking
water standards of the Environmental Protection Agency (EPA)
(200 μg=L). For the surface loading of 2; 200 mmol=m2, the Al
concentration at 0 min exceeded the predicted solubility of
AlðOHÞ3ðamÞ (i.e., 170 μg=L at pH 7.5). The high Al concentrations
were likely caused by an initial washout of precipitated Al from the
column. Subsequent Al concentrations were slightly higher than
the AlðOHÞ3ðamÞ solubility limit and may also have been caused
by the release of small amounts of precipitated Al. The effluent
Al concentration increased with increasing surface loadings. We
did not measure Al and Fe concentrations for PACl and ferric
chloride during challenge because the solubility at pH 7.5 for both
metal hydroxide precipitates were much less than that of alum
[i.e., 85 μg=L as Al, determined by experiments for PACl (Van
Benschoten and Edzwald 1990) and 0:002 μg=L as Fe, based
on the solubility of FeðOHÞ3ðamÞ (Snoeyink and Jenkins 1980)].

Improvement of Filter Performance

Three coagulants, alum, ferric chloride, and PACl, were applied to
the sand filter. Particle-capture efficiency is expressed here as pC�,
where C� = turbidity of the effluent water normalized by the tur-
bidity of the influent water; and p ¼ �logarithm function (base 10)
[i.e., pC� ¼ � logðCeffluent=Cinfluent)]. Fig. 3 shows representative
results from the experiments with alum. The correspondence of
duplicate before and after control experiments (i.e., without appli-
cation of alum) shows that the cleaning procedure was effective.
The untreated sand achieved a baseline particle removal of
≅ 60%. This removal efficiency may be higher than is commonly
observed under no chemical pretreatment. However, the synthetic
raw water contained only a low level of organic matter (total
organic carbon ≈2:0 mg=L) that had passed through a water treat-
ment plant where surface active organics would be expected to be
removed. Dissolved organic matter in raw water can act to stabilize
the clay suspension and reduce the filter capture efficiency. Fig. 3
also shows clay removal (pC�) as a function of different aluminum
surface loadings. The agreement of filter performance at duplicate
dosages was excellent. Clay removal increased as a function of Al
surface loading up to a dose of 550 mmol=m2 and then declined.
Similar results were obtained with PACl, with the best particle re-
moval obtained at loadings of 550 mmol=m2 of aluminum (Fig. S2
in the supplemental data). Polyaluminum chloride has recently
been reported to be superior to alum in removing particles, with
advantages of reduced alkalinity consumption, less sludge produc-
tion, decreased temperature and pH dependence, and reduction of

cost (Hu et al. 2006). For all three coagulants, the performance after
pretreatment declined during the filtration run, which could result
from a combination of loss of coagulant through dissolution, aging
of precipitated metal hydroxides (with concomitant loss of reactiv-
ity), and site blocking or charge neutralization by captured clay.
Accumulation of captured clay in controls likely caused a slight
change in pore geometry that is responsible for improved particle
capture.

Readers are cautioned that the value of the maximum effective
alum and PACl surface loading applies to the conditions used in
these experiments and is expected to be a function of the applica-
tion method used to pretreat the sand medium, the size distribution
of the sand, solution conditions (e.g., pH and natural organic matter
concentration), and type of colloidal particle. Particle removal
using iron increased with increasing surface loading over the entire
range of ferric chloride dosages (Fig. S3 in the supplemental data).

The performance, pC�, of the filter for each coagulant is shown
in Fig. 4 as a function of surface loading. Performance values
shown are for a 5-min average for the effluent data centered at
the fifteenth minute (i.e., average the data from 12.5 to 17.5 min)
and then averaged with the results of the duplicate experiment.
As previously noted, maximum clay removal occurred at
550 mmol=m2 of aluminum, and the performance deteriorated at
higher alum and PACl doses.
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The performance using ferric chloride is slightly better than
alum and PACl when all treatments are compared at a surface load-
ing of 550 mmol=m2. There is a larger difference for pC� between
iron and Al at surface loadings of 1,100 and 2; 200 mmol=m2

because of the deterioration of performance using alum and PACl
at higher surface loadings.

Head-Loss Profiles

Addition of the three coagulants caused increased head loss during
the pretreatment stage. Fig. 5 shows head loss as a function of sur-
face loading of alum, ferric chloride, and PACl. In each case, the
head loss increase was directly proportional to the surface loading.
Ferric chloride had the largest head loss per millimole of square
meter applied, followed by PACl and alum. The difference in head
loss between alum and PACl suggests that the precipitates formed
from these two different sources of Al are distinct. Some research-
ers have shown that the polymeric structure within the PACl pre-
cipitate remains intact, and the PACl precipitate often appears as
small (< 25 μm) spheres, clusters of small spheres, and even chain-
like structures; wheres alum flocs are reported to consist of an
amorphous solid that usually appears as fluffy, porous structures,
ranging in size from 25 to 100 μm (Van Benschoten and Edzwald
1990). Therefore, PACl flocs may create smaller pores between
flocs, with a corresponding lower hydraulic conductivity than do
the alum flocs; thus, for the same surface loading, the PACl flocs
create higher head loss than alum flocs.

Lines were fit to the data in Fig. 5 by least squares regression,
and the slopes were used to predict head loss for pretreatment at the
surface-loading values shown in Fig. 4. These calculated head-loss
values are compared in Fig. 6 to the observed clay removal in the
subsequent challenge (pC� data from Fig. 4). At a head loss of
≤ 25 cm, the relationship between the clay removals and the head
losses for the three coagulants were almost identical. As noted in
the following (see Fig. 7 and discussion), negligible additional
head-loss accumulation occurred during the clay challenge to
the pretreated filter media. Given that the metal hydroxide precipi-
tate and not the captured clay caused the head loss, then the cor-
relation between pC� and head loss (for head loss of ≤ 25 cm)
suggests that the Al and Fe precipitates may have had similar poros-
ities and pore size distributions. Both head loss and particle-capture
efficiency are strongly influenced by porosity and pore size
distribution.

Precipitation of aluminum and iron hydroxides would both act
to decrease void space in the porous medium. It is possible that the

molar volumes of the Al and Fe precipitates are different. The
higher head losses experienced with Fe versus Al suggest that,
if volume differences exist, Fe occupies a greater pore volume
on a molar basis (see Fig. 5). Analysis of the distribution of head
loss caused by Al hydroxide precipitate in the filter (Fig. S6 in the
supplemental data) indicate that, at high Al loadings (1,100 and
2,200 mmol Al=m2), the head loss per unit depth was focused near
the top of the filter bed. Because this head loss reflects a reduction
in porosity and concomitant increase in shear stress, it is possible
that the resulting shear stress inhibited clay attachment to the media
surfaces. As a result, performance deteriorated. For ferric chloride,
the best clay removal was at the highest surface loading of iron. The
better colloid removal by Fe despite higher head loss (see Fig. 6)
suggests that the strength of clay–ferric hydroxide interactions was
strong enough to resist the higher shear stress.

Fig. 7 presents the head loss as a function of time during the
kaolin suspension challenge to the filter when the applied surface
loading of Al or Fe was 550 mmol=m2. The control head loss was
approximately 7 cm during the filter run. The small head-loss
change during filter operation (Fig. 7) relative to the head-
loss change during filter pretreatment (Fig. 5) suggests that the
space the metal hydroxide precipitates occupied in the pores
was much larger than the volume of clay particles that accumulated
during the challenge. Alternately, head loss caused by flow through
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porous Al or Fe precipitates dominated the observed energy loss
relative to that caused by captured clay particles.

Conclusions

The addition of alum, ferric chloride, or PACl as a pretreatment to a
sand filter resulted in greatly enhanced removal of clay relative to
the untreated sand medium. Surface loadings of 140 mmol=m2

improved pC� by ∼1 while increasing head loss to 3 cm. The maxi-
mum observed particle removal using alum and PACl occurred at
the surface loading of 550 mmol Al=m2, and at this loading for
alum application, the Al concentrations in the filtered effluent were
below the EPA secondary maximum contaminant level (MCL).
Fractional removal of clay increased with increased ferric chloride
over the entire range of dosages tested (maximum = 2,200 mmol
Fe=m2). However, high surface Fe loadings may not be practical in
application because of the associated high head loss. For alum and
PACl, the filter performance deteriorated when the surface loading
was higher than 550 mmol Al=m2. At the same surface loading
on a molar basis, pretreating with ferric chloride achieved better
particle-removal efficiency than the other two coagulants. How-
ever, all coagulants achieved the same clay removal when com-
pared on the basis of the head loss associated with their
application at a head loss of ≤ 25 cm.

In this study, a pC� of 1.6 (97% removal) was achieved using a
7.5-cm-deep sand column with 1-m-diameter sand. All three pre-
treatment agents tested improved performance during the initial
period of operation of a rapid sand filter. The results show good
potential that media pretreatment can be incorporated with the
operation of conventional treatment to improve particle removal
during the ripening stage of filter operation. Real natural waters,
however, contain different sizes and types of particulates and natu-
ral organic matter (NOM) such as humic and fulvic acids. For the
pH conditions of most surface water, pH 6–8, NOM is negatively
charged and can adsorb onto the surface of clay and other sus-
pended particles, further increasing their negative charge (Pernitsky
and Edzwald 2006). The presence of NOM in the influent of the
coagulant-pretreated filter is expected to result in a lower particle-
removal efficiency. Further research is required to account for the
effect of NOM and the diverse types of particulate matter in the raw
water, and different methods of applying coagulants that may
reduce head loss (e.g., apply coagulants during backwash) should
be considered.

Supplemental Data

The supplemental data contains clay removal (pC�) for an alum-
pretreated and untreated filter using two different clay concentra-
tions, clay removal as a function of different PACl and FeCl3
surface loadings, and analysis of the distribution of head loss
caused by Al hydroxide precipitate in the filter. These materials,
including Figs. S1–S6, are available online in the ASCE Library
(www.ascelibrary.org).
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