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Pilot-scale comparison of slow sand filtration,
conventional and dissolved air flotation treatment
By Xiaohui Jin, Souleymane Ndiongue, Larry Moore, Devendra Borikar, Tory Hewlett, Lindsay Ariss and Laura Zettler
onventional treatment processes employ flocculation, settling/clarification, dual-media
filtration and disinfection as
multi-barriers, to produce physico-chemically and biologically safe water.
Sedimentation and dissolved air flotation processes are widely used as water
clarifiers. Compared to sedimentation,
dissolved air flotation is considered more
efficient in treating reservoir water, waters
with algae and low mineral turbidity. It is
relatively insensitive to cold water. In addition, dissolved air flotation shows good
performance for the removal of Giardia,
Cryptosporidium, and taste and odour
compounds.
Slow sand filtration is widely used in
small water systems, due to the effective
control of microbiological contaminants
(e.g., Giardia cysts and Cryptosporidium
oocysts), the simplicity of operation and
design, and lower operating costs. Multiphase slow sand filtration has been developed, using pretreatment processes such
as pre-ozonation and roughing filter.
More than 30 multi-stage slow sand filtration plants have been installed throughout the United States and Canada.
A comprehensive comparative study
on the performance of these treatment options was needed to provide an in-depth
evaluation of each process. The objective
of this research was to compare the performance of three treatment trains, under
different source water conditions.
The method
Raw water was collected from two surface water sources in Ontario ( The
Saugeen River and Lake Huron). The
water was transported via a tanker truck,
from the source to the Walkerton Clean
Water Centre in Ontario, and stored in a
ground level tank with a 40,000 L capacity. The tank is located outside the building and can maintain the temperature
above 5°C. Raw water quality used for
testing is shown in Table 1. Lake Huron
water showed lower turbidity and alkalinity, and less natural organic matter
(NOM), measured as dissolved organic
carbon (DOC) and ultraviolet light ab-
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Online turbidity data for three pilot plants (peaks in turbidity of DAF clarifier
was due to the sludge extraction).

sorbance at 254 nm (UV254), compared to
the Saugeen River. In addition, microorganisms in Lake Huron were much lower.
Experiments were conducted in March
and June 2012, using the pilot-scale treatment facility at the Centre.
The pilot plants
1. Conventional treatment pilot
plant (CT). This pilot plant is a completely automatic gravity flow system,
which consists of two process trains. Both
treatment trains include identical rapid
mixing chambers (with coagulant injector), flocculation chamber, plate settler
clarifier, followed by three dual-media filters. Filters 1 and 3 contain sand (30 cm)
and anthracite (45 cm). Filter 2 contains
sand (30 cm) and granular activated carbon (GAC) (45 cm).
The plant was operated at a total flow
of 12.4 L/min. An overhead flow splitter
divided the total flow of raw water into
halves and directed each half towards the
treatment trains. Aluminum sulfate was
used as coagulant and the optimum
dosage was determined using a programmable jar tester (Philipps & Bird 900)
prior to each experiment. The optimum

dosage of alum coagulant was 40 – 50
mg/L, depending on raw water quality.
During the experimental run, the optimum dosage was applied in Train 2.
Dosage was reduced to half for Train 1, to
assess the system performance below optimum coagulant dosage.
All three filters were operated at the
same filtration rate (1.8 L/min), and filtered water samples were collected from
Filter 1 and Filter 3. Filter 2 was not involved in the experiments. All filters were
backwashed prior to each run.
2. Dissolved air flotation pilot plant
(DAF). The DAF plant consists of a rapid
mixing chamber, a flocculation chamber,
a dissolved air flotation unit and three
dual-media filters (two sand/anthracite
filters and one sand/granular activated
carbon filter). The maximum treatment
capacity is 16.7 L/min.
The plant was operated at a total flow
rate of 11.0 L/min. A coagulant dosage of
20 – 25 mg/L polyaluminum chloride was
used, depending on the raw water quality.
In the DAF process, a light pin point floc
is all that is required. Therefore, coagulant
dosage was reduced to approximately half

R Banner

Disinfection by-products (THMs and HAAs) formation in raw water and filtered water. (a) Saugeen River, and (b) Lake
Huron.

when compared to the optimum dosage
used in the conventional treatment pilot
plant.
Filtration rates for the three filters were
the same at 2.4 L/min, and filtered water
samples were collected from Filter 1 and
Filter 3 (filled with sand and anthracite).
All filters were backwashed, prior to each
run.

3. Slow sand filtration plant (SSF).
The SSF plant consists of a roughing filter (composed of gravel base, coarse sand
intermediate layer, and GAC on the top)
and the actual slow sand filter (composed
of support gravel and a large bed of fine
sand with a depth of 600 mm). The purpose of the roughing filter is to protect the
slow sand filter from excessive solids

loading (removes up to 80% of suspended
solids) and residual disinfectants such as
ozone.
The SSF plant was started with a flow
rate of 2.1 – 2.3 L/min, four weeks prior to
the experiment, to develop a biological
layer (schmutzdecke) on the surface of the
sand. Samples were taken weekly to monitor the formation and stability of the
continued overleaf...
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Figure 3. Correlations of DOC and DBPs formation potential: (a) Saugeen River, (b) Lake Huron.

schmutzdecke. The slow sand filtration
plant continued to run during the experiments.
The three pilot plants were operated
with the goal of achieving filtered water
turbidity less than (or close to) 0.1 NTU.
Coagulant doses were adjusted for CT
and DAF, accordingly to obtain the target
effluent turbidity. Operation of CT and
DAF pilot plants began in the morning
after raw water had been unloaded into the
outdoor tank, and all filters had been
backwashed. The plants ran continuously
overnight after necessary operating modifications. Water samples were collected
the next morning for analysis.
Laboratory analysis
Raw, clarified and filtered water samples were collected. Alkalinity, turbidity,
pH, DOC and UV254 nm were determined
on-site. Escherichia coli (E. coli), total coliforms and heterotrophic plate count
(HPC) were outsourced to an accredited
laboratory. Simulated distribution system
method (Standard Methods 5710C) was
used for determination of disinfection byproduct formation potential. Samples
were then shipped to an accredited laboratory for the analysis of trihalomethanes
(THMs) and haloacetic acids (HAAs).
Results and discussion
1. Turbidity and Organics Removal.
Figure 1 shows the turbidity removal by
different treatment processes, using water
collected from Lake Huron (run #3). The
three pilot plants were operated simultaneously in stable condition for approximately 18 hours. The raw water turbidity
slightly decreased, due to settling of the
suspended particles (6.9 – 6.0 NTU) after

initial startup. As a result of the initial filter backwashing (including conventional
treatment and DAF), sharp peaks in turbidity can be found..
The sedimentation process in conventional treatment and the air flotation clarifier in the DAF plant significantly
removed particles from the water (<1
NTU). The treatment target was well
achieved, as the filtered water turbidity of
all three plants was close to or less than
0.1 NTU (in the case of SSF: 0.13 – 0.14
NTU). The turbidity of SSF filtered water
is slightly higher than the other two plants.
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However, the SSF process is chemical
free and requires minimum operation and
maintenance.
Percentage of DOC removal was also
compared between the three plants. About
45 – 61% removal was achieved with
Saugeen River water, and 35 – 45% removal with the Lake Huron water. DOC
removal by conventional treatment train 1
was lowest because of the insufficient coagulant dosage. DAF showed the best

DOC removal using Saugeen River water
and second best results (lower than CT
train 2) when using Lake Huron water.
SSF showed comparative performance in
DOC removal. SSF achieved better DOC
removal than CT train 2 in the case of
Saugeen River water and performed similarly to DAF for Lake Huron water. Similar results were also found for UV254.
2. Microorganisms Reduction. Microorganism parameters, such as E. coli
and total coliforms are shown in Table 2.
Lake Huron water had better microbial
raw water quality. As a result, E. coli was
barely found in the filter effluent of the
three treatment processes using Lake
Huron and Saugeen River water.Total coliforms were much lower than that of
Saugeen River water, although no disinfectant was used in the experiments.
Log10 reductions in E. coli and total
coliforms among the three treatment
processes were compared to the Saugeen
River water. As a result, SSF showed the
highest reduction in E. coli and total coliforms (1.8 and 2.5 log10 reduction, respectively), DAF showed the second
highest reduction (1.5 and 1.1 log10 reduction, respectively), and CT train 2 was
the lowest (1.3 and 0.45 log10) respectively).
3. Disinfection By-products Formation. Disinfection by-products (DBPs)
have become a primary focus in water
treatment, where disinfectants such as
chlorine and ozone are used. Many DBPs
have been reported to have adverse health
effects, with THMs and HAAs being the
most common. Concentrations of DBPs
in the raw water and the effluent of three
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pilot plants are shown in Figure 2. The
Guidelines for Canadian Drinking Water
Quality (2010) recommend a maximum
acceptable concentration of 100 µg/L for
THMs and 80 µg/L for HAAs. THMs and
HAAs concentrations in the effluent of
the three pilot plants were lower than the
guidelines.
In the case of Saugeen River water,
two THM compounds including CHCl3
and CHCl2Br were detected. About 90%
of the total THMs was CHCl3. Two
brominated THMs, CHClBr2 and CHBr3,
were not detected (the reported detection
limits are 0.2 µg/L and 0.3 µg/L, respectively). Two HAAs compounds,
CHCl2COOH and CCl3COOH, were detected with similar concentrations, while
CH2ClCOOH and none of the three
brominated HAAs (CH2BrCOOH,
CHBr2COOH, CHClBrCOOH) were detected (the reported detection limits are
0.1 – 0.3 µg/L). Among the three pilot
plants, DAF showed the best DBPs formation reduction, with 69% of DBPs concentration reduced compared to the raw
water. The CT and SSF reduced DBPs
formation by 48% and 60%, respectively.
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In the case of Lake Huron water, the
DBPs formation in the raw water was less
than that of the Saugeen River water,
mainly due to the lower NOM content.
More brominated DBPs were found in the
Lake Huron raw water, probably because
of higher concentrations of bromide ions
(not determined in this study). The presence of bromide ions leads to increased
formation of brominated THMs. The hy-

pobromous acid (HOBr) is formed during
chlorination, which reacts more steadily
with organic precursors to form brominated DBPs. DBPs formations in the CT
and SSF were similar, while the DAF was
slightly higher.
DOC is a direct measurement of dissolved organic content, and an increase in
DOCs generally leads to an increase in
THMs formation. As shown in Figure 3,
DOC was found to be strongly correlated
to both total THMs and total HAAs (R2 =
0.97 and 0.70, respectively in the Saugeen
River water; and R2 = 0.76 and 0.79, respectively for the Lake Huron water sampled). For the individual compound,
significant positive relationships were
found between DOC and chloroform (R2
= 0.98 and 0.95 for Saugeen River water
and Lake Huron water, respectively), and
between DOC and dichloroacetic acid (R2
= 0.92 and 0.90 for Saugeen River water
and Lake Huron water, respectively).
In addition, good correlation was
found between DOC and trichloroacetic
acid for the Lake Huron water (R2 = 0.87),
while trichloroacetic acid concentrations
were found below the detection limit for
the Saugeen River water. No significant
correlations were found for the brominated compounds.
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Date of Experiment
Run no.
Raw water
pH
Turbidity (NTU)
Alkalinity (mg/L as CaCO3)
DOC (mg/L)
UV254 (cm-1)
Temperature (°C)
Escherichia coli
(CFU/100mL)
Total coliforms
(CFU/100mL)
Heterotrophic plate count
(CFU/1mL)

March 2012
1

June 2012
2

Saugeen River
8.24
8.28
10.9
12.8
198
205
5.86
5.56
0.215
0.191
12.1
11.9
60
66

3

4
Lake Huron
8.18
8.18
5.7
8.1
122
117
2.88
2.72
0.069
0.064
19.4
20.2
1
4

3300

1700

200

300

800

380

No data

No data

Table 1. Raw Water Quality for the Pilot-Scale Experiments.
Parameter
DOC
UV254
E. coli
Unit
mg/L
cm-1
CFU/100mL
Raw water
5.56
0.191
66
SSF filter
2.76
0.068
ND*
CT T2 filter
3.07
0.080
3
DAF filter
2.18
0.065
1
Raw water
2.72
0.064
4
SSF filter
1.77
0.053
1
CT T2 filter
1.49
0.044
ND
DAF filter
1.67
0.047
ND
* ND is not detected. Note that no disinfectant was used after the filters.

Total coliforms
CFU/100mL

1700
6
600
136
300
8
ND
3

Table 2. Organics and Microorganisms Removal between Three Treatment Processes.

