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ABSTRACT

Access to safe drinking water is still unavailable to many people in developing countries.
Biosand filter (BSF) is one of the most promising emerging point of use technologies. A
large amount of organic matters is contained in their water source. The purpose of this
study is to develop a hybrid BSF system, called as a trickling biosand filter (TBSF), which is
combined with rock media as trickling filter to reduce organic matters ranged from CODcr
50 to 150 mg/L in source water. The effects of TBSF and BSF on the factors as CODcr, flux,
turbidity, and DO are analyzed. Results showed that the effluent CODcr of TBSF was
obtained 2.3-4.2 mg/L during 41 d. However, that of BSF fluctuated within 13.1-28.6 mg/L.
DO in standing water of TBSF increased to average 7.8 mg/L while that of BSF decreased
to average 1.2 mg/L. DO played an important role to activate microbial activity in trickling
filter and to ripen Schmutzdecke layer to decrease constantly turbidity and Escherichia coli
(E. coli) in TBSF, though shock loading of organic matters occurred. The turbidity could be
removed well if it was originated from organic matters. Removal of E. coli in BSF was
fluctuated because of low DO. This could not provide perfect microbial layer on top sand
and allow E. coli passing through sand filter, though enough time for ripening.

Keywords: Schmutzdecke; Biosand filter; Drinking water treatment; Point of use; Tricking filter

1. Introduction dispersed, and often remote communities in develop-
ing countries [1]. The World Health Organization
recommends point of use (POU) household water
treatment as an intervention to address the need,
drawing on appropriate low-cost technologies [2,3].
POU water treatments, which allow the purification of

Access to safe drinking water is still unavailable to
many people in the world, most of who live in rural,
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water at the point of consumption rather than at a
centralized location, allow water quality to be
improved at the household scale. Already widespread
in their usage, 19 million people are estimated to use
POU water treatment in 2007 [4].

One of the most promising emerging POU technolo-
gies is the biosand filter (BSF), a household scale, which
was developed at the University of Calgary by Manz
[5]. It is low cost and safe technology that was down-
scaled from the traditional slow sand filtration. BSF
makes it affordable (US $20-$30/unit), accessible, and
durable [6,7]. Compared to other chemical disinfection
and ceramic jar filter, it is easy for operation and
maintenance. As many as 500,000 people worldwide
rely on the BSF for safe drinking water and there are
several reports that have addressed field implementa-
tion, user satisfaction, and percentage removal of
Escherichia coli (E. coli) in the field [8,9]. Micro-organism
activity of biofilm growing on top sand is effective to
degrade organic matters of source water [10]. BSF could
reduce heavy metal ions as well as turbidity [6,8,11-13].
Variations and less than ideal performance in field test-
ing have been reported for BSFs, ranging from negative
up to 100% bacterial removal [6-8,11,13,14]. Many
researches were performed in the field to reduce water-
borne disease using BSF [15]. To get high quality of trea-
ted water, low velocity of flow and low concentration of
organic matter in source water should be maintained
[16]. However, rivers, lakes, and ponds in the cities of
developing counties are polluted with highly concen-
trated organic matter [17,18]. In rainy season, high con-
centration of organic matter inflows to reservoir called
as a water-pan in Africa as well as Asia. The quality of
source water was changed from 50 to 150 mg/L of
CODcr, depending on season [19]. This deteriorates
water quality of effluent and malfunctions BSF with
plugging on the top sand. It is important that BSF
should be operated without special control or complex
maintenance to obtain safe water by household.

The purpose of this study is to develop a hybrid
BSF system, called as a trickling biosand filter (TBSF),
which is combined with trickling filter to reduce the
concentration of organic matters ranged from CODcr
50 to 150 mg/L in source water. We investigate the
effects of TBSF and BSF in terms of operating factors
as CODcr, flux, turbidity, UVass, E. coli, and DO at
high concentration of organic matters.

2. Materials and methods
2.1. Design of TBSF and BSF

A diagram of the experimental TBSF and BSF is
shown in Fig. 1. The container was constructed by
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acrylic plate, and the capacity of two systems was
15 L/d for household base. Each filter consisted of 5-
cm rock layer at the base, followed by 5-cm gravel,
and 30 cm of a single layer of sands. Diameter of sand
is in the range of 0.75-1.00 mm. 20 cm of water were
maintained above the sand at all times, ensuring satu-
rated conditions. It needs two diffuse plates not to dis-
turb the surface of top layer when pouring.

Apart from BSF reactor, TBSF consisted of a trick-
ling filter box placed on top of BSF to remove organics
including in source water as Fig. 1. Dimension of the
trickling filter box was 0.2m (width) x 0.2 m
(length) x 0.065 m (depth), in which rock media were
filled. The box was located at 3 cm above the surface
of water. Source water circulated by a submerged
pump, 12 W, to trickle from standing water to the top
of the box. The water passed through the biofilm flow-
ing down on the surface of rocks, average dia. 25 mm,
in the box.

2.2. Synthetic source water

The influent water quality was designed to roughly
simulate a typical surface water source used in reser-
voir called water-pan of Africa. Concentration of
organic matters increases because the biomass of plant
and the feces of animals inflows to reservoir in rainy
season. Source water was synthesized with distilled
water, lake water, and low-fat milk to change CODcr
into 50, 100, and 150 mg/L in the lab as shown in
Table 1 [20]. Natural pond water was collected from
the lake nearby named Anseo Lake from April to
June.

Turbidity of synthetic water was mainly produced
by low-fat milk which is biodegradable by micro-or-
ganisms. E. coli was cultured and spiked to the syn-
thetic source water to keep control of 200-300 CFU/
mL. Every 15 L of synthetic water per day was con-
stantly supplied to TBSF and BSF by masterflex
pumps. Amount of standing water in TBSF, 8L, is
circulated by submerged pump. Concentration of
CODcr in influent was controlled by five stages such
as 50, 100, 50, 150, and 50 mg/L for 41 d. CODcr, tur-
bidity, UVas4, pH, DO, and E. coli at each stage were
monitored.

2.3. Operation of reactor

The reactor was operated for 41 d with changing
influent concentration as step feed ranged 50-150 mg/
L CODcr for the test of shock loading. The standing
water in TBSF was circulated many times to contact
gravel media in the box, then it percolated slowly
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Fig. 1. BSF (left) and TBSF (right).

Table 1
Water quality of synthetic source water at five stages

Stage Period (d) CODcr (mg/L) Turbidity (NTU) UVysy (cm™)  pH DO (mg/L) E. coli (CFU/mL)
1st 1-12 49 + 2 10+ 1.5 0.10 = 0.016 736 0.2 7.04-7.89 200-300

2nd 13-15 95 +4 18 +0.7 0.18 + 0.005 724 +0.8

3rd 16-31 50+3 10+1.9 0.10 = 0.015 7.35+0.18

4th 32-34 150 =3 28 + 0.7 0.29 £ 0.01 719 0.7

5th 35-41 49 + 2 10+1.3 0.10 + 0.008 7.37 +0.29

through the porous sand medium. The level of stand-
ing water of two systems provided a head of water
that was sufficient to drive the water through the filter
bed, while retention time was 20 h at each filter. The
experiments were performed at 20 +2°C and pH 7
+ 0.3. To remove bacteria, BSF has thin layer of biofilm
on the top sand with ripening. It takes two weeks for
biofilm to grow on the sand to uptake pathogens and
bacteria in source water. It is called as Schmutzdecke
layer known to form 1 mm on the surface of the sand
bed after 27 d [21]. In this experiment, monitoring
started on 6d since source water was fed. After
operation in high concentration of influent, the surface
of a BSF becomes clogged due to the deposition of
suspended solids. The BSF was cleaned by removing
the top 2-3cm of the sand bed including the
Schmutzdecke layer after withdrawal of standing
water. New sand was covered on the top sand

instead. High concentration of influent was injected to
the two systems for three continuous days as 100 and
150 mg/L of CODcr, respectively. Operating condition
and water quality of source water are shown in
Table 1.

2.4. Sampling and analysis

After one-week start-up for ripening of biofilm on
the surface of media, experimental measurements
were conducted every day at different CODcr influ-
ents. Influent and effluent samples were collected in
50-ml tube bottles for analysis of CODcr, turbidity,
UVas, DO, E. coil, flux, pH, and temperature. The
UVs3s4 and CODcr were measured with a UV spec-
trophotometer (DR5000™, Hach Co. USA). Turbidity
was measured with a turbidimeter (2100N, Hach Co.,
USA). E. coli was analyzed by 3M"" Petrifilm.
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3. Result and discussion
3.1. Owverall performance

CODxcr, turbidity, flux, UVa,s4, and DO of effluent
were analyzed at each stage as shown in Table 2. All
factors of TBSF were constant and stable; however,
those of BSF were unstable and fluctuated at shock
loading of organic matters. Researchers reported BSF
has a reliable efficiency if the water quality of inflow
is limited to surface water [11,13,14,22]. When shock
loading occurred, it affected DO and UVjs, directly
according to the result.

3.2. Organic matters

The results of organic matter reduction by two fil-
ters are presented in Fig. 2. The ordinate scale is
expressed in days based on load of organic matter.
The CODcr of influent was average 49 mg/L at first
stage of TBSF. It was reduced to 1.4 mg/L though it
was fluctuated 3.0-9.4 mg/L during a couple of days
at the beginning operation. At the same period, the
effluent of BSF was changed to 11.2-19.0 mg/L. In
case of operation in slow sand filter, turbidity and
BODs of influent are recommended as less than
10 NTU and 2-3 mg/L, respectively. The concentra-
tion of organic matter of influent used in this experi-
ment was about 10-30 times high for shock loading
test. At second stage, in which CODcr was increased
to 100 mg/L for 3 d, the effluent from TBSF went up
3.5 mg/L while that from BSF increased to 28.6 mg/L.
When the influent was supplied as 50 mg/L after 3-d
shock loading, CODcr of TBSF was also reduced to
2.3 mg/L. However, that of BSF was still 17.8 mg/L
within 2 d.

On 25th day’s monitoring since starting up, flux
was dropped from 15.0 to 4.5 LMH in BSF. At this
moment, we replaced 2-3 cm of BSF top sand for
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cleaning with new sand. Then, the flux was recovered
to 15,0 LMH and CODcr of effluent reduced to
2.48 mg/L. At fourth stage of CODcr 150 mg/L for
3d, the concentration of TBSF changed from 2.0 to
4.03 mg/L, while that of BSF increased from 8.48 to
21.6 mg/L. Effluent of TBSF reduced from 5.9 to
21mg/L during 3d after influent concentration
returned to 49 mg/L. However, BSF took seven more
days to become 18.9 mg/L. Fig. 3 shows the effects of
CODcr and DO in two filters. CODcr of standing
water in TBSF showed 80% removal; that in BSF was
46%. This is because rock media played key role to
decompose organic matters in standing water. Dis-
solved oxygen of standing water in TBSF increased
from average 7.5mg/L of source water to average
78 mg/L, while that in BSF decreased average
1.2 mg/L. Especially, DO in BSF dropped to 0.38 mg/
L at the injection of 100 mg/L of CODcr; 0.27 mg/L at
the injection of 150 mg/L of CODcr. It is known that
different biochemical reactions including oxidation of
organic matter occur in BSFs [23].

3.3. Turbidity removal

Turbidity of influent was about 10 NTU at first
stage, and then the effluent of TBSF was settled down
as 0.2-0.4 NTU since 2 weeks of operation. However,
turbidity of BSF was monitored from 1.9 to 4.4 NTU at
same period as Fig. 4. It was a bit high turbidity of
effluent in other results [24] because it was not
ripened enough at first stage. At second stage, 18 NTU
of influent was supplied to two filters for 3 d. Turbid-
ity of effluent in TBSF was not changed at all for
increased influent. However, that in BSF increased
from 3.2 to 5.6 NTU.

Although the influent was reduced to 10 NTU after
3d, the effluent of BSF was fluctuated from 3.9 to
13.4 NTU during third stage. Flux was decreased as

Table 2

Result of average water quality of effluent on five stages

Analyses Stage Filter 1st 2nd 3rd 4th 5th

CODcr (mg/L) TBSF 42 3.5 23 4.0 3.1
BSF 13.1 28.6 17.8 21.6 23.6

Turbidity (NTU) TBSF 1.1 0.4 0.3 0.6 0.4
BSF 2.7 34 4.7 6.5 4.1

Flux (LMH) TBSF 14.9 15.0 14.8 14.7 14.7
BSF 13.7 10.9 9.4 10.5 2.8

UVas4 (cm™) TBSF 0.021 0.013 0.014 0.017 0.014
BSF 0.067 0.181 0.222 0.217 0.156

DO (mg/L) TBSF 7.90 7.29 791 7.39 7.65
BSF 1.64 0.37 1.43 0.6 0.79
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Fig. 3. CODcr and DO effects in standing water quality.

25% compared to initial stage, then removal of
plugged sand by cleaning was performed. By this
cleaning, the flux was recovered to initial condition.
Effluent of turbidity was recovered from average
53 NTU to average 2.9 NTU in BSF. TBSF has same
turbidity without fluctuation. As shown in Fig. 5,
CODcr has a correlation with turbidity removal
because this turbidity was mainly originated from
low-fat milk, organic matters. This was why high DO
condition increased high removal of turbidity unlike
other water sources that could not be easily decom-
posed for inorganic clay inside. Normally, colloidal
particles as low-fat milk could not pass in pore of
sands and blocked inside top sand layer. This could

make anaerobic condition in the case of insufficient
oxygen in standing water. This explained the result
that DO recovered in Fig. 7(b) after cleaning reduced
turbidity efficiently at the same period as shown in
Fig. 4.

3.4. Flux

The fluxes of TBSF and BSF are shown in Fig. 6.
Initial fluxes of those filters started from 15 LMH at
first stage. Flux of TBSF was decreased to 2% after
4 weeks of operation. And it was not changed at all to
the last although CODcr increased to 100 and 150 mg/
L in source water. However, flux of BSF decreased
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Fig. 5. Turbidity, CODcr vs. DO in standing water.

18% at first stage before CODcr was injected. After
CODxcr increased, flux decreased from 12.3 to 4.5 LMH
as half of initial flux in Fig. 6.

Cleaning on top sand was performed because the
flux was too small. Flux was recovered as initial flux
as 15 LMH after removal of clogged sand.

It decreased to 4.5LMH again after CODcr
150 mg/L injected. Finally, it reached to 1.5 LMH after
41d operation. Total volumes of effluent during
operation were 583 L in TBSF and 385L in BSF,
respectively. Shock loading of organic matters was
vulnerable to BSF operation.

3.5. DO and UV254

The average UVys4 of synthetic source water was
0.120 cm™" as shown in Fig. 6. The standing water and

effluent of TBSF were average 0.045 and 0.016 cm ™',
respectively. Dissolved organic matters were reduced
62.5% in standing water and 37.5% in TBSF filtering
process. It is because DO in TBSF was high enough to
activate microbial activity in trickling filter as
Fig. 6(b).

In BSF, however, the standing water and effluent
of BSF were 0.123 and 0.167 cm ™', respectively. Those
results were higher than synthetic source water. At
first stage, the effluent of UV,54 was normal as TBSF.
However, it increased abruptly than synthetic source
water after CODcr 100 mg/L at second stage. Flux
decreased and turbidity increased at this moment. DO
abruptly decreased from 1.09 to 0.31 mg/L as well.
The standing of dissolved organic matters accumu-
lated increased. The concentration of dissolved organic
matters in effluent has increased more than that of
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normally removed by BSF, but average 94-96% was
removed [8]. In this experiment, 241 CFU/mL of the
average E. coli was spiked to the influent. After
2 weeks of ripening on sand surface, reductions of E.
coli were attained to 98.9% in TBSF and 60% in BSF,
respectively. Though the researchers have reported
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that the buildup of organic matter and development
of the biological layers known as ripening results in a
more effective BSF [8,22], BSF showed low E. coli
removal in Table 3. As shown in Figs. 7 and 8, E. coli
in TBSF decreased well by microbial activity for high
DO concentration.

However, DO in BSF was low DO and high
organic matters in influent. This condition decreased
microbial activity in standing water and in surface
sand which could reduce E. coli in BSF. Namely, high
concentration of organic matters in influent hindered
supplying oxygen to micro-organism for ripening of
Schmutzdecke layer, though time for ripening was
enough.

4. Conclusions

This study was to develop a hybrid BSF system,
called as a TBSF, which is combined with rock media
as trickling filter to reduce highly concentrated organic
matters. As mentioned before, high concentration of
organic matters inflows to source water such as reser-
voir and lakes in the rainy season. When the CODcr
of influent was changed from 50 to 150 mg/L, the
effluent of TBSF was obtained 2.3—4.2 mg/L during
41 d. However, that of BSF fluctuated 13.1-28.6 mg/L.
TBSF was efficient way rather than BSF. Dissolved
oxygen of standing water in TBSF increased to aver-
age 7.8 mg/L while that in BSF decreased to average
12 mg/L. This increased microbial activity in Sch-
mutzdecke layer on sand surface to decrease con-
stantly turbidity and E. coli in effluent, though shock
loading of organic matters were introduced. Even
though standing water of TBSF was long depth, oxy-
gen of standing water was retained as average
79 mg/L. Turbidity of influent was completely
reduced from 10 NTU to 0.2-0.4 NTU in TBSF while
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1.9-4.4 NTU in BSF. This turbidity was mainly origi-
nated from low-fat milk, organic matters, in this
experiment. This was why high DO condition
increased high removal of turbidity. Through measur-
ing DO in standing water, we could expect efficiency
of turbidity removal in the case of turbidity originated
from dissolved organic matter. Removal of E. coli in
BSF has a correlation with ripening of Schmutzdecke
layer on sand surface. Enough DO concentration
should be provided for ripening. If not, however,
standing water and surface sand layer in BSF were
changed to low DO and high organic matters. This
could not provide perfect microbial layer on top sand
and allow E. coli passing through sand filter, though
enough time for ripening.
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