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Abstract

History acclaims that slow sand filtration (SSF) is the first documented water purification method.
Being successful on securing water quality since the beginning of 19" century, SSF is still
becoming one alternative for water treatment to date even though there are many advanced
technologies. There are many variables influencing the SSF performance. One of variables that
have significant role is grain size distribution of media represented by effective size (dyo) and
uniformity coefficient (C,). According to the guidance for SSF, d;, of media lies between 0.15 -
0.35 mm. Uniformity coefficient of less than 3 shall be selected to ensure the regular pore size and
sufficient porosity. The focus of this paper is to study the influence of C, to the SSF performance
which is still missing from the literature. Systematic experiment was conducted in order to achieve
the objective. Nine filter columns were divided into three sets and each set involved three different
values of C,. Turbidity, Total Suspended Solid (TSS), particle size, head loss and hydraulic
conductivity development are parameters used to evaluate the filter performance. Effluent quality
was statistically analysed with ANOVA test. Results showed that the effluent quality of filter
columns having C, of 5 was not significantly different compared to the columns with lower C,.

Keywords
Uniformity coefficient; slow sand filtration; water treatment; systematic investigation; grain size
distribution

INTRODUCTION

As a simple, low-cost and effective water purification method, slow sand filtration (SSF) is still
being used in many parts of the world (Huisman & Wood, 1974). This method is suitable for small
and rural communities in developing countries because it does not need special skills to operate the
filter (Washington State Department of Health, 2003). In order to construct a slow sand filter, there
are many design criteria available. These design criteria define recommended range values for every
significant variable in SSF. Table 1 shows some examples of design criteria according to three
different sources (Hazen, 1908) (Huisman & Wood, 1974) (Visscher, 1990).

Table 1. Design criteria for SSF

Recommended Values

Variable Huisman & Wood

Hazen (1908) (1974) Visscher (1990)
Effective size (d1o) of media (mm) 0.20-0.35 0.15-0.35 0.15-0.30
] ] .. ] <3 <5
Uniformity coefficient (C,) of media <3 oreferably < 2 Preferably < 3
Filtration rate (m/h) 0.06 -0.1 0.1-04 0.1-0.2
Bed depth (m) 0.75-1 06-1.2 0.8-0.9

The first two variables listed in Table 1 describe the grain size distribution of filter media which has
a significant role in the SSF performance. According to recommended values, sand grains should be
fine and their size distribution as narrow as possible to achieve low filtration rate which in turn
ensures a good SSF performance. However, many literature studies concluded that even coarse
filter media acquired high removal efficiencies. A coarse sand with d;o 0.615 mm still attained high



bacteria removals up to 99.7% (Bellamy, et al., 1985). Muhammad et al. (1996) found out that
coarse sand with djo 0.45 mm performs satisfactorily on removing fecal coliform, total coliform,
turbidity and color. Anggraini, et al., 2015 also observed that filter performance with d;o 0.50 mm
was not significantly different compared to finer sand (dip 0.15 mm) in terms of turbidity removal.
These findings in regard to the influence of dio, especially those which do not comply with
recommended values, questioned the applicability of using fine sand as filter media. In line with the
researches on dip, Di Bernardo & Rivera (1996) studied the influence of C, to the filter
performance. Surprisingly, it resulted in a conclusion that the higher the C,, the better the effluent
quality was.

Regarding to the filtration rate, Bellamy, et al. (1985) observed slightly lower performance of filter
operated under 0.4 m/h. Di Bernardo & Alcocer Carrasco (1996) demonstrated a similar behavior of
filters operated under filtration rates of 3.0 m/d, 6.0 m/d, 9.0 m/d and 12.0 m/d. Studied on the
influence of bed depth indicated that filter could perform properly without following the
recommended values. Lowering the bed depth into 0.5 m did not impair the effluent quality
significantly (Bellamy, et al., 1985). Media thickness could be reduced into 0.4 m without
deteriorating the bacteriological quality of effluent (Muhammad, et al., 1996).

Contradiction on the previous studies may lead into the next question on variable which gives more
effect to the SSF performance. Considering the fundamental removal mechanisms of SSF is still
limited in the literature (Haig, et al., 2011) (Graham & Collins, 2014), conclusion is difficult to be
drawed into a straight line. Gap in this knowledge may restrict the improvement in the utilization of
SSF (Haig, et al., 2011). Studies on the influence of each variable are necessary to be conducted
systematically in order to connect the missing link. Furthermore, it is expected that the results of
this research will be able to support the improvement of adaptable design especially for developing
countries with limited sources.

As part of systematic investigation on significant variables of SSF, this paper presents the influence
of C, to the SSF performance. Assessment of SSF performance was based not only on the removal
of turbidity and Total Suspended Solid (TSS), but also the particle size of effluent and development
of head loss in relation with hydraulic conductivity.

MATERIALS AND METHOD

Experimental design

A method chosen to study the influence of C, in the SSF performance was by conducting
systematic experiment consisted a three-set of filter columns. Systematic experiment meant that
variation was applied to one variable only while others were under control. In this investigation,
different values of C, were tested since the focus of investigation was on the influence of C,.
Narrow C, values, 2.5 and 3, represented the recommended values and C, 5 was considered as the
extreme. Figure 1 shows three different grain size distributions involving the same dyo 0.26 mm.

A three-set of columns was prepared concerning the reliability of the experiment results. Every set
consisted of three different grain size distributions. Therefore, nine filter columns with @ 125 mm
were constructed following the scheme as shown in Figure 2. Each filter column contained gravel
layer as supporting layer at the base followed by quartz sand layer, and atop of sand layer, another
gravel layer acted as protection layer was added. Outlet position was above the protection layer to
ensure the saturated condition.
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Filter operation

After the filter column construction, properties of filter represented by void ratio and hydraulic
conductivity, as can be seen in Table 2, were measured. At the beginning water was introduced to
the filter by up-flow direction. VVoid ratio was calculated from the correlation of water content and
specific gravity of media. A leaking problem occurred in Set 3, particularly in Column C33. In
regard to solve the problem, the water must be emptied from the column. Therefore, the
determination of void ratio could not be executed.

Hydraulic conductivity within this experiment was determined by doing the constant head test.
There are many factors influencing the degree of hydraulic conductivity, such as the size and shape
of grains, shape and arrangement of voids, void ratio, degree of saturation and temperature (Bardet,
1997). Shape and arrangement of voids are factors that could not be controlled during the column
construction as the same as inclusion of air. In the case of Column C33, its initial hydraulic
conductivity was lower compared to the filter columns with the same configuration. As it was
mentioned before, in this column the water must be emptied because of the leaking problem. By
turning the saturated condition into unsaturated, proportion of air within the media was also
changed. Air within media contributed to the blocking of water path which led into lower value of
hydraulic conductivity.

Filter columns were operated intermittently with constant supernatant layer during seven weeks.
Filtration rate of 0.2 = 0.02 m/h was controlled from the inlet which was based on the hydraulic
conductivity. Therefore, the initial head loss for one column to another was dissimilar.

Table 2. Properties of filter columns

Initial Initial Initial Initial

Set Configuration Column  C, dio Void HydraL!Ilg Filtration head
(mm) Ratio Conductivity Rate loss

(m/s) (m/h) (cm)

1 1 C11 25 0.26 0.48 3.72x10™ 0.22 9.6
2 Cl12 3 0.26 0.42 2.00x10™ 0.21 17.6

3 C13 5 0.26 0.47 4.72x10™ 0.21 7.8

2 1 Cc21 25 0.26 0.48 4.00x10™ 0.20 8.3
2 C22 3 0.26 0.42 2.21x10™ 0.21 16.2

3 C23 5 0.26 0.48 6.01x10™ 0.22 6.2

3 1 C31 25 0.26 0.48 3.55x10™ 0.21 10.0
2 C32 3 02 045 2.61x10™ 0.21 135

3 C33 5 0.26 - 2.78x10™ 0.22 11.8

Influent water was synthetic raw water created by mixing tap water at the laboratory and quartz
powder (Millisil W12). Before the mixing process, Millisil was sieved in order to get particles with
the size of < 63 um. Every litre of mixture contained 220 mg Millisil to generate the turbidity value
of ~100 FNU. At the beginning of every week, head drop for each column was created using 2.5 L
of synthetic raw water. Then, for the next five days columns were fed with 2.5 L/day followed by
the hydraulic conductivity measurement by the end of week.

Data sampling and analysis
Assessment on this research experiment was based not only on the turbidity and TSS removal, but
also the behaviour of head loss and hydraulic conductivity after certain amount of particles added.



Another measured parameter was size of particle in the effluent. Particles sized < 63 pum were
considered as Millisil while the bigger size were regarded as sand. Cumulative particle mass was
calculated without including the mass of sand founded. Turbidity of the effluent was measured three
times: at the beginning, in the middle and at the end of filter run, using Hach Lange Turbidimeter.
Effluent sample of around 400 mL was taken for the particle size measurement using EyeTech
Particle Size and Shape Analyser followed by the measurement of TSS which was determined
based on Standard Method 2540 D (Branigan, 2013).

As the focus of this research experiment was to find out the influence of Cu to the SSF
performance, the capability of each filter on removing the turbidity and TSS was compared. The
differences of effluent turbidity and TSS in every filter column were statistically analysed by
ANOVA test using Origin 8, after ensuring the data were normally distributed. The statistical
analyses were conducted at 95% level of confidence (o = 0.05). Development of head loss and
hydraulic conductivity was plotted to understand the influence of additional particle to the filter
capacity.

RESULTS AND DISCUSSION

Turbidity removal

It was observed that the entire filter columns performed satisfactorily regarding the turbidity
removal. Overall, minimum percentage of removal that could be achieved was 96% considering the
influent turbidity of ~100 FNU. According to the results of ANOVA test as shown in Table 3,
columns in Set 1 are indicated to be significantly different with a p-value of 3.087x10° which was
lower than o value. However, means comparisons assessed by Tukey test demonstrated that two
columns, C12 and C13, were not significantly different based on the p-value of 0.095 which was
higher than o value.

Table 3. Summary of ANOVA and Tukey tests’ of effluent turbidity at 0.05 level

ANOVA Test Columns Compared p-value

1 3.087x10° Cl2-C11 0.019
C13-Cl11 1.740x10°
C13-C12 0.095

2 0.183 C22-C21 0.335
C23-C21 0.940
C23-C22 0.191

3 0.135 C32-C31 0.496
C33-C31 0.649
C33-C32 0.114

In contrast to the result of Set 1, Set 2 and Set 3 showed that the p-values were higher than o value.
Since Set 2 and Set 3 showed similar behaviour, they may be taken as representative on interpreting
the influence of C, to the filter performance. Based on Figure 3, it can be assumed that filter
columns in both Set 2 and Set 3 achieved good effluent quality as the turbidity were reduced up to
below 5 FNU which is usually acceptable (WHO, 2008). According to the ANOVA test and the
effluent quality, it can be inferred that there is no influence of low (represented by 2.5 and 3) and
high (represented by 5) C, on the turbidity removal of filters under intermittent operation and low
filtration rate 0.2 m/h.



120

100 4 = = - FJL‘ = =
= T B
s [T &1 g
2
=
__Q Jd *
T
=
B x
2.5 4
[ .
' S oLk
e
00 | | | | | I | I | | | |
91 €22 €23 i €32 €33 ¢ €32 23 @31 3 33

Influent Effluent

Figure 3. Comparison of influent and effluent turbidity in Set 2 and Set 3

TSS removal

Taking Set 2 and Set 3 as the representatives, ANOVA test results as can be seen in Table 4 show
similar behaviour of each configuration. Significant differences were not found in the performance
of filter columns regarding TSS removal as the p-values were > 0.05. According to the Tukey test,
comparison of all configurations results in p-values higher than a value. Thus, it can be stated that
regarding to the TSS removal, Cu of 2.5, 3 or 5 did not have any influence to the filter performance
under the low filtration rate of 0.2 m/h.

Figure 4 shows the comparison of influent quality 220 mg/L and the effluent quality of each filter in
both Set 2 and Set 3. Both sets performed satisfactorily as the TSS removal was in average higher
than 98%.

Table 4. Summary of ANOVA and Tukey tests’ of effluent TSS at 0.05 level

Set p-value Tukey Test
ANOVA Test Columns Compared p-value
2 0.541 C22-C21 0.516
C23-C21 0.774
C23-C22 0.908
3 0.118 C32-C31 0.375
C33-C31 0.731

C33-C32 0.106
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Figure 4. Comparison of influent and effluent TSS in Set 2 and Set 3

Development of hydraulic conductivity and head loss

Hydraulic conductivity describes the capacity of filter media on passing the water on. Capacity of
filter was influenced by the addition of particle as can be seen in Figure 5 where Set 2 and Set 3
were taken as representative. Mass added to the filter column increased the resistance of the water
to flow. As a result, the more particles were added, the lower the hydraulic conductivity was. In
both Set 2 and Set 3, hydraulic conductivity was found to be slightly decreased along with the
particle addition except to the configuration of C, 3. Configuration of C, 2.5 had higher hydraulic
conductivity compared to the C, 3. This phenomenon might be caused by higher variation of grain
sizes in configuration of C, 3 therefore the finer ones could occupy the void created by the coarser
grains. However, this might not valid for the configuration Cu 5 because in order to create this grain
size distribution, percentage of coarse sand used was too high compared to the finer grains.
Therefore, configuration with Cu 5 has the highest hydraulic conductivity compared to the other
configurations. An exception was in filter column C33. As mentioned before, C33 has the initial
value of hydraulic conductivity much lower than the others with the same configuration as shown in
Table 2.
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Figure 5. Development of hydraulic conductivity in Set 2 and Set 3



In consequence to the hydraulic conductivity, as the filter was more resistant, head loss slightly
increased as shown in Figure 6. Normalized head loss was calculated based on the equation used by
Sugimoto (2014) as following:

Head loss (cm)

Head loss normalization (cm)=
Flow rate (F)

m
xNormalized flow rate (F)

Normalized value will lead into comparable head loss of each filter column.
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Figure 6. Development of normalized head loss at 0.2 m/h in Set 2 and Set 3

CONCLUSION

According to the research work done, it may be concluded that there is no influence of the different
uniformity coefficient to the slow sand filtration performance under the low filtration rate 0.2 m/h
and intermittent operation. This was proved by not only the success of turbidity and TSS removal
which reached above 96 % and 98% respectively, but also by the results p-values from ANOVA
test. Addition of particles into the filter column may increase the resistant which lead into lower
hydraulic conductivity and the head loss must be increased regarding the desired flow rate.
However, in regard to understand the clogging pattern, the filter columns must be operated longer.
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