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Abstract

This study was aimed at modifying the design of, constructing, evaluating and comparing chemical contaminant removal
efficiency by, 3 household water treatment filters. The filters were: 1) biosand filter (BSF); 2) the ceramic candle filter
(CCF); 3) bucket filter (BF). The filters were evaluated for their efficiency in removal of calcium, magnesium, iron and
arsenic, nitrates, phosphates, fluorides, total organic carbon and turbidity, by determining levels of these contaminants in
water before and after filtration through the filters. The effects of chlorophyll a concentration (mg/m?) of intake water, as
well as the effects of turbidity of intake water, on the flow rates of the filters was quantified and recommendations on the
quality of water that could be filtered through these filters were made. Chlorophyll @ concentrations in intake water had a
positive correlation with the turbidity of the unfiltered water (» = 0.607).The flow rates of the filters were 0.8 £/h - 6.48 ¢/h
(BSF), 0.05 £/h - 2.495 €/h (CCF) and 106.5 €/h - 160.5 £/h (BF). Because of the large particle size materials used in con-
structing the BF and the design, which caused it to be a rapid sand filter, the biosand filter (BF) was found to have flow rates
significantly higher than those of BSF and CCF (p > 0.05). There was no difference in the efficiency of removal of metals
(average 40% - 50%) by the filters (p > 0.05), as the same removal mechanisms (straining, ammonification, fixation and
adsorption) were believed to be taking place in all of the filters. The CCF removed total organic carbon (TOC) (up to 39%)
better than the BSF and BF (p < 0.05). The filters removed turbidity effectively with the BSF having the highest reduction
(70%). The average turbidity reduction efficiency was in the order BSF (70%) > BF (51%) > CCF (44%). The BSF, CCF and

BF reduced turbidity and other contaminants even after filtering a total cumulative volume greater than 1 000 €.
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Introduction

There are a vast number of problems associated with industri-
alisation, which include high water pollution rates and lack of
adequate potable water, (Wang et al., 2010). Water is contami-
nated with various compounds which pose health risks when
they are excessively ingested by humans. Some pollutants
have aesthetic problems rather than health issues. Amongst
the vast number of pollutants that may be determined in water
are arsenic, iron, calcium, magnesium, fluorides, phosphates,
nitrates and total organic carbon. A list of the diseases that
may be caused by excessive intake of these contaminants
includes, but is not limited to, infantile methaemoglobinae-
mia, miscarriages and infant cyanosis (nitrates) (Bailey et al.,
1986); coronary heart diseases (iron); arsenicosis (arsenic)
(Gregor and Marsalek, 2004); bone damage, lesions of the
thyroid, endocrine glands and brain (fluorides) (Chem et al.,
2006); diarrhoea, hypotension and cardiac arrest (magnesium)
(Shills et al., 2006) and vascular and soft tissue calcification,
hypercalciuria and kidney stones (calcium) (Jackson et al.,
2006). Water-related diseases have been reported to claim
about 2.5 billion lives annually and the lives of approximately
6 000 children daily from diarrhoea (WHO/UNICEF, 2006).
Phosphates stimulate the growth of toxic cyanobacteria in
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water (Kamiyango et al., 2009). There is therefore a need to
remove these contaminants to levels below the recommended
limits. Advanced treatment methods have been developed

to treat microbial and chemical contaminants from polluted
water. These treatment methods include ozonation, deep bed
filtration, depth filtration, membrane filtration, UV light and
reverse osmosis (Noubactep and Care, 2010). The drawback
with these methods is that they are expensive and thus cannot
be afforded by low-income rural people. Therefore there is a
need for the design of cost-effective household water treat-
ment systems (HWTS) and this is one of the main objectives
of this work. The design of the filters should take into account
safe storage of the filtered water since treated water can be
re-contaminated during transportation and storage (Clasen
and Bastable, 2003). There are a number of HWTS that are
already available to the market, which includes ceramic can-
dle filters (CCF), some of which are based on diatomaceous
earth, slow sand filters (SSF), porous pot filters, SONO filters
and bucket filters (Ahamed et al., 2009). A lot of research has
been done in evaluating their efficiency in removing micro-
bial contaminants, but there is still a lack of data on their
performance in removing chemical contaminants which may
also be present in drinking water at high levels and hence
compromise human health. For example, Van Halem et al.
(2009) evaluated the performance of the silver-impregnated
ceramic pot filter in removing bacteria. This study presents
results for the performance of 3 HWTS in removing chemi-
cal contaminants from drinking water. The filters were the
biosand filter (BSF), the ceramic candle filter (CCF) and the
bucket filter (BF).
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Description of filters

Biosand filters (Fig. 1A) are conventional slow sand filters
which function with the aid of gravity. The design of a biosand
filter comprises a concrete-coated metal mould filled partially
with one layer each of large gravel, small gravel, and clean
medium-grade sand. A diffuser plate is placed on top of the
sand and water is poured into the remaining space. Prior to use,
the filter is filled with water each day for 2 to 3 weeks until a
biological layer of bacteria-depleting microorganisms resem-
bling dirt develops on the surface of the sand (Huisman and
Wood, 1974). These microorganisms consume disease-causing
viruses, bacteria, and parasites, while the sand traps organic
matter and particles. Biosand filters have been shown to remove
76 to 91% of arsenic; reducing it to acceptable concentrations
(Sharma, 2005).

Ceramic filtration has been reported to be one of the most
popular methods of water treatment at household level (Mwabi
et al., 2011). There are different types of ceramic filters which
include ceramic candles and ceramic pot filters. Ceramic can-
dle filters (Fig. 1B) are made from clays or diatomaceous earth
(diatomite) mixed with sawdust or flour (combustible materials)
to form a homogeneous mixture which is passed into shape
using a mould. Fine pores for water to pass are retained after
the filter is fired in an oven. Ceramic candle filters have micro-
pores ranging from 0.1 pm to 10 um and are effective at remov-
ing bacteria (Franz, 2004). Biological and physical processes
are the main processes that occur during pathogen and turbid-
ity reduction. Ceramic candle filters have been found to be
effective in removing 83% - 99% turbidity (Brown and Sobsey,
2006; Van Halem, 2006), > 90% iron (Van Halem, 2006), 98%
- 100% bacteria (Brown and Sobsey, 2006; Lantagne, 2001),
19% - 100% viruses (Low, 2002), 100% protozoa (Smith, 2004)
and 100% helminths (Smith, 2004) from contaminated water.

The bucket filter (Fig.1C) is a fast or rapid sand filter that is
used mostly by municipalities in water treatment (EPA, 1990).
Coarse sand and fine sand is used in the construction of fast
sand filters (FSF) and these types of filters are gravity driven.
Fast sand filters require frequent cleaning by back-washing.
Fast sand filters have flow rates over 100 {/h and these flow
rates are not affected by the turbidity of the intake water (EPA,
1990). These filters do not have disinfection capabilities dur-
ing the filtration process since they do not remove bacteria and
other microbial contaminants; colour and odour reduction by
FSF is also low (Spellman, 2008).

The BSF and CCF have been extensively evaluated for
microbial contaminant removal in most countries but, to the
best our knowledge, there is no evidence of their evaluation
for chemical contaminant removal. These filters have not been
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tested in South African rural areas (SARA) to ascertain if they

could be a solution for both chemical and microbial contami-

nant removal from drinking water. This study reports results
on the removal efficiency by 3 filters (BSF, CCF and BF) for
chemical contaminants. The choice of BSF, CCF and BF was
based on selection criteria that included cost-effectiveness, and
ease of construction, operation and maintenance of the filter
devices. The availability of construction materials for these
filters in SARA was considered to be an important factor.

This work focused on comparing the BSF to BF (slow
sand filter with biological layer vs. fast sand filter without a
biological layer) and both the BSF and BF (sand filters) to CCF
(clay) for the removal of chemical species from different water
sources, relative to water flow in all of the filters. Surface water
and groundwater with low and high turbidity was filtered with
the purpose of evaluating the effects of turbidity (which vary
with water sources) and chlorophyll a concentrations on the
flow rates of the filters.

This study was aimed at constructing cost-effective
household water treatment systems for chemical contaminant
removal in SARA. The main objectives of the study were to
evaluate the following:

» Efficiency of removal of calcium, iron, magnesium and
arsenic, total organic carbon (TOC), nitrates, phosphates
and fluorides from contaminated water

» Determination of the flow rates of the filters to determine
whether these were within the recommended limits of 54
£/h for biosand filters (Elliot et al., 2008) and 1 /h - 3 £/h
for ceramic candle filters (Franz, 2004). These limits have
been found to be sufficient to provide adequate drinking
water for a 6-member family.

* Determine if the filters can remove suspended particles
(turbidity) from contaminated water and evaluate the
effects of turbidity on the flow rates of the filters

* Investigation of the effects of chlorophyll a on the flow
rates of the filters so that necessary recommendations may
be made on the type of water that could be filtered through
the filters without causing a significant decrease in filter
flow rates.

Methodology
Construction of filters

BSF

The biosand filter (Fig. 2A) was made in the workshop of the
Tshwane University of Technology, Pretoria, South Africa,
with minor modifications based on guidelines given in the
literature (CAWST, 2008). A plastic bucket (cheap and readily
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Figure 2
Steps for constructing a BSF:

A — Hole to fit spigot; B — Bucket
with fitted spigot; C — Bucket
fitted with tubing; D — Packed

gravel and coarse sand layers;

E — Packed coarse and fine sand;
F — Packed fine sand with supports
for diffusion plate; F — Perforated
diffusion plate.

Figure 3
Assembling a ceramic candle filter: A — Filter
house (top bucket) and collection bucket
fitted with spigot; B — Candle filter fitted in
the top bucket; C — Candle filter capped with
a cloth.

Figure 4
Steps for preparing
buckets for the
construction of a
bucket filter: A —
Drilling of hole to
fit spigot; B and
C — Drilling of
holes on the lid of
the bottom bucket
through the base of
the top bucket; D —
A complete bucket
filter.

available in South African supermarkets) was used as a
filter house instead of concrete so that the filter could be cost-
effective. The BSF consisted of 6 discrete zones (inlet,
standing water, biolayer, biological layer, fine sand and
gravel zone) which play an important role in the filtration
process. Briefly the filter was made as follows: A hole (to fit
a spigot) was drilled 25 cm from the base of a 25 £ bucket
(Fig. 2A) and a spigot was fitted into the hole (Fig. 2B).
Clear tubes were cut and connected to each other and the
spigot using insert elbows (Fig. 2C). The bucket was then
packed with gravel, coarse sand and fine sand (Fig. 2 D - F).
Thin tubes (10 cm long) were inserted on top of the fine
sand (Fig. 2F) to support a diffusion plate (Fig. 2G). The
diffusion plate (which entraps suspended particles (Barnes,
2009)) was made by cutting the edge of the lid until it fit-
ted into the bucket. Holes on the diffusion plate were drilled
using a drill.

CCF

The ceramic candle filter was obtained from Just Water, South
Africa. A 25 € bucket was stacked on another (Fig. 3A) and a
hole was drilled from the base of the top bucket through the
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lid of the bottom bucket (serves as collection vessel). The filter
was fitted into the 2 buckets using screws (Fig. 3B) and was
capped with a cloth (Fig. 3C). The cloth traps large particle-size
suspended sediments such as grass and leaves and prevents the
filter from clogging.

BF

The bucket filter is a fast sand filter and consists of 2 buckets
like the CCF. The top bucket contains the filter media and the
bottom bucket serves as a collection vessel. A hole was drilled
5 cm from the base of a 25 € bucket (Fig. 4A) and a spigot was
fitted. The collection bucket was fitted with a spigot that was
placed as low as possible at the base. The base of the top bucket
was perforated using a 2 mm drill bit through the lid of the col-
lection bucket (Fig. 4B - C). The seal between the lid and

the bottom of the top bucket was ensured using PVC glue

(Fig. 4D). The top bucket was then filled with filter media
which comprised 2 layers. The first layer was unmodified
gravel with particle size of 5 mm - 7 mm while the second layer
was unmodified fine sand of particle size 0.95 mm. The gravel
layer thickness was 5 cm and the fine sand layer thickness was
20 cm.
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Sample collection

Water samples were collected from 4 different sites in 3 prov-
inces of South Africa. Surface low-turbidity water (SWL) was
sourced from the Apies River (Gauteng Province), ground-
water of low-turbidity (GWL) was sourced from Delmas
(Mpumalanga Province), surface high-turbidity water (SWH)
was sourced from Hartbeespoort Dam (North West Province)
and groundwater with high turbidity (GWH) was sourced
from Wallmannsthal (Mpumalanga Province). Collected water
samples were stored in 50 { containers and immediately trans-
ported to the laboratory where filtration and all analyses were
performed. Sample collection was performed 6 times from each
sampling site.

Filtration and flow rate determination

Filtration was done upon arrival in the laboratory and lasted for
3 h. Contaminated water (20 {) was passed through the filters
and allowed to collect in the collection vessels for 1 h after
which (first-hour’s collection) analysis was done. The collection
vessel was allowed to collect filtered water again for an addi-
tional hour after which the filtered water was analysed (second-
hour collection). The third-hour collection was obtained in

the same manner as the first- and second-hour collections.
Collecting water at 3 different times (i.e. 1 h, 2 hand 3 h of
filter run) was done in order to quantify if there was a differ-
ence in the performance of filters with time so that recommen-
dations (if there are differences in the hourly performance) may
be made regarding collections which may serve for drinking
and cooking. Filtration was done 4 times in a week (skipping 1
day after filtration) for a period of about 15 weeks.

Multiple flow rate tests were performed at the time of col-
lecting filtered water at each hour of filter run, by measuring
the volumes of collected water at each hour of filter run for BSF
and CCF. The flow rates ({/h) were expressed as the volume of
filtered water () divided by the time taken to filter (h). Upon
measuring the flow rate, it was noted that the flow rate of the
BF was high and filtered water was collected before an hour
had lapsed. The flow rate (BF) was then determined by measur-
ing the volume of water collected in 1 min (m{/min) and this
was converted to {/h.

Turbidity testing

Turbidity tests were performed on all environmental water
samples filtered through the filters. All turbidity values are
reported in nephelometric turbidity units (NTU). A Cyber-Scan
NTU-100 turbidity meter was used for all turbidity analysis.
Clear vials were filled to the mark with water samples to be
tested. The vials were then inserted into the turbidimeter slot
and a black cap was placed on top of the slot to cover the vial
and ensure there was no light entering externally. Triplicate
readings of each sample were taken for statistical evaluation.
The same turbidity determination method was applied for the
evaluation of turbidity in unfiltered water. Turbidity reduction
by the filters was obtained by comparing turbidity of unfiltered
water with that of filtered water.

Removal of chemical contaminants
Standard methods were followed in the analysis of all chemical

contaminants. A Varian 220 FS was used for calcium, magne-
sium, iron and arsenic analysis. The support gas for calcium
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and arsenic analysis was nitrous oxide. The ion selective
electrode method (APHA, 1995) was adopted for the analysis of
fluorides and the fluoride electrode was utilised together with a
Metrohm 713 pH meter for the analysis. A SPEKOL 1300 was
employed for nitrates, phosphates and chlorophyll a analysis
and standard methods (APHA, 1995) were followed when
preparing samples for analysis. Total organic carbon (TOC)
was analysed using a TOC combustion analyser (Tekmar
Dohrmann Apollo 9000).

Statistical analysis

All statistical analyses were performed using Stata V10
(Tshwane University of Technology, Research Innovations).
Statistical analysis of chemical contaminant data was carried
out on the removal efficiency for chemical contaminants (%)
and interpretation of results was performed at the 95% confi-
dence limit. One-way analysis of variance was used to compare
more than 2 groups (e.g. comparing the flow rates (£/h) of BSF
to CCF). Correlation between chlorophyll @ and filter flow rates
and/or turbidity was also determined using the Pearson correla-
tion test.

Results and discussion
Flow rates

Figure 5 shows the recorded flow rates for the 3 filters. During
the course of the study, the filters had flow rates between 0.8
£/h and 6.48 ¢/h (BSF) (Fig. 5A), 0.05 ¢/h and 2.495 ¢/h (CCF)
(Fig. SA) and 106.5 £/h and 160.5 ¢/h (BF) (Fig. 5B). The flow
rates depended on the water head and were high when the fil-
ters were filled with water. The flow rates of the BF were higher
because the particle size of the filter media (sand) was larger
than the particle size of the filter media of the BSF. This is in
agreement with a study by Elliot et al. (2008) who stated that
flow rate of filters is determined by the particle size of the filter
media. The design of the BSF also ensures that the flow rate

of the filter remains minimal, to ensure enough contact time
between the media and contaminated water. Standard biosand
filters have flow rates of up to 54 ¢/h (Elliot et al., 2008). The

Flow rates of BSF and CCF

Flow rate (t/h)

SN W R oo N

Flow rate (BF)

cleaned
cleaned

B Accumulative volume of watertreated (£)

Figure 5
Flow rates of BSF, CCF and BF;
effects of filter cleaning on filter flow rates
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flow rate of our biosand filter was lower than the flow rates of
standard biosand filters. This may be as a result of the smaller
size of the filter and the very fine sand particles (0.15 mm) used
in this study, compared to 0.7 mm for standard biosand filters
(CAWST, 2008). The most important differences between the
BSF and standard BSFs were in terms of the materials used for
construction, size of the filter and the particle size of the media.
Ceramic candle filters generally have flow rates between 1 ¢/h
and 3 €/h (Franz, 2004) and these flow rates have been found
by Shafiquzzaman et al. (2010) to be sufficient for the produc-
tion of drinking and cooking water for a family of 6 members.
The flow rate of our CCF was between 0.05 ¢/h and 2.495 {/h
(Fig. 5A). The filters were ordered in terms of flow rateas fol-
lows: BF > BSF > CCF (p = 0.000). The flow rates of the filters
were noticed to be higher when the filters were filled with water
to be filtered and decreased with a decrease in the volume of
water in the filter, accounted for by the drop in hydrostatic
pressure. The flow rates of the filters were observed to decrease
as the volume of water which had been filtered increased and
this could be as a result of persistent clogging each time the
filter was used. Accumulation of microorganisms on the sur-
face as biofilm, and accumulation of organic and inorganic
particulate matter resulted in sealing of the surface of the
filters (Bouwer et al., 2000). Accumulated matter on the upper
sand layer of the BSF and BF is believed to have undergone
humification and to have gradually clogged the pore space of
the sand, hence reducing the permeability of the filter (Siegrist
and Boyle, 1987). Clogging of the BF was delayed, possibly
because of the larger sand bed and the larger particle size of the
filter media (Achak et al., 2009). Filter cleaning was observed
to result in an increase in the flow rates of the filters (Fig. SA-B)
as the finer particles resulting in clogging were removed when
the sand was washed. Although the filters’ flow rates decreased
with increasing volume of intake water or clogging, the BF
provided high flow rates for a longer period.

Turbidity

There was high turbidity reduction by the filters (Fig. 6) on
filtering water with low and high turbidity (1.47 NTU - 42.93
NTU). There was, on average, 70%, 44% and 51% turbidity
reduction by BSF, CCF and BF (Fig. 6), respectively. Biosand
and ceramic candle filters have been reported to greatly reduce
up to 90% turbidity in contaminated water (Brown and Sobsey,
2006; Van Halem, 2006). Turbidity reduction by the filters

was 19% - 98% (BSF), 5% - 99% (CCF) and 4% - 93% (BF).
The higher turbidity reduction (through physical retention) by
the BSF compared to CCF and BF could be due to the smaller
particle-size sand (0.15 mm) which was used as the filter media
that covered the largest area of the filter house. The lower tur-
bidity reduction by BF compared to the BSF and CCF could be
accounted for by the large particle-size sand (0.95 mm) used as
the filter media in the construction of the BF. There was a sig-
nificant difference in overall turbidity reduction between BSF
and CCF (p = 0.01), BSF and BF (p = 0.04), but there was equal
removal of turbidity by CCF and BF (p = 0.41). The filters were
ordered in terms of turbidity reduction as follows:BSF (70%)

> BF (51%) > CCF (44%); however, taking only statistically
significant differences in turbidity reduction into account the
order was BSF > BF = CCF. Out of 72 samples analysed after
treatment, 33 samples (46%) had turbidity below the recom-
mended limit of less than 1 NTU (SANS 241, 2006). Only 18
(25%) out of 72 samples filtered through the CCF had turbidity
readings below the SANS. 241 (2006) limit. Only 29%
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Turbidity reductions by BSF, CCF and BF

(21 samples) of the 72 samples filtered through the BF had
turbidity readings less than 1 NTU.

Washing of the filter media of the BSF and BF and the
candle filter of the CCF resulted in a slight decrease in turbidity
reductions by the filters as a result of the removal of particles
that clogged the filter. Turbidity reduction by filters is enhanced
by clogging of the filter pores, due to adsorption, attachment
and sedimentation of particles (Mahmood et al., 2011). It
may not be generalised that the decrease in turbidity reduc-
tion by the filters was due to filter washing solely, because the
source water filtered before and after washing were different.
Generally the turbidity of the filtered water in the third hour
(BSF and CCF) and sixth minute (BF) of filter run were high
compared to the turbidity of the first- and second-hour collec-
tions. This might be due to particles being concentrated in a
smaller volume as the flow rates of the filters were lowest in the
third hour (BSF and CCF) and sixth minute (BF) of filter run.
Since the spigot of the collection vessel of the CCF was closed
during the filtration process and opened at the end of each
hour when water was taken for analysis, it was assumed that
particles were trapped in the spigot and released when it was
opened, hence, an overall increase in the turbidity of the water
with time of filter run occurred.

Chemical contaminant removal

Figure 7 shows the average reductions of contaminants from
contaminated water, for the 3 filters.

Results showed that there was an average of 40%, 48% and
46% calcium reduction by BSF, CCF and BF on filtration of
environmental water. The highest calcium reduction efficiency
achieved by the filters was 93% (BSF), 99% (CCF) and 91%
(BF) (Fig. 7A). Statistical results showed that there was no
difference in the hourly removal of calcium by the BSF
(p =0.96), CCF (p = 0.715) and BF (p = 0.948) hence filtrate
can be collected at any time of filter run for various purposes
such as drinking and cooking. Calcium reduction by the filters
was compared and results indicated equal calcium removal by
the BSF and CCF (p = 0.282), BSF and BF (p = 0.411) and CCF
and BF (p = 0.708). This means that any of the filters could be
used for calcium removal from contaminated water but none
produces water with calcium concentrations below the SANS,
241 (2006) limit. The mechanism of calcium reduction by
the filters is not understood, but Modin et al. (2011) predicted
removal of metals (through sorption processes) by activated
carbon and this could explain calcium removal by the CCF.

The BSF, CCF and BF were able to achieve 50% reduction
of magnesium (Fig. 7B). The average removal efficiency by the
filters was 54% (BSF), 50% (CCF) and 51% (BF) and results
showed that there was no significant difference in the removal
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Figure 7
Performance of BSF, CCF and BF
in removing calcium (A), magnesium
(B), iron (C), arsenic (D), fluorides (E),
nitrates (F) and phosphates (G) from
contaminated water

efficiency between the filters (p > 0.05). The performance of
the filters in removing magnesium could be expressed as BSF =
CCF = BF. During the course of the study, magnesium reduc-
tion > 90% was achieved by the filters (Fig. 7B).

There was greater removal of iron by the filters as removal
efficiency greater than 65% was achieved by all filters (Fig.
7C). The average reductions achieved by the filters (Fig. 7C)
were 73% (BSF), 70% (CCF) and 69% (BF). The BSF and BF
were able achieve > 70% iron reduction. Iron retention by the
BSF and BF could be through biological oxidation of soluble
iron(II), by iron-oxidising microorganisms such as Gallionella
sp., into poorly ordered insoluble iron(IIT) oxides (Michalakos
et al., 1997; Mounchet, 1992). Soluble iron(II) oxidation into
insoluble iron(I1I) could also be through aeration (Stumm and
Morgan, 1981). There was no statistically significant difference
in the hourly reduction of iron by the filters (p > 0.05) and the
3 filters had equal removal efficiency for iron (p > 0.05), even
though the BSF was expected to remove higher levels of iron
due to the presence of the biological zone. This suggests that
there must be another mechanism of iron reduction by the filters
(presently unknown). The results indicate that any of the filters
could be used for the removal of iron and water could be drawn
for use at any time of filter run. The CCF evaluated in this study
had a carbon fibre blanket with pore size of 0.2 pm and the
ceramic component of the filter was 0.5 pm. Activated carbon
filters have been found by Modin et al. (2011) to be effective in
removing more than 90% of cobalt, chromium, iron, lead and
zinc. The activated carbon filter also removed calcium, cad-
mium, magnesium, mercury, manganese and molybdenum, but
not to the same extent. Removal of metals by activated carbon
is believed to be through sorption processes whereby heavy
metals are believed to form complexes with organic matter
(Christensen et al., 1996). The removal of magnesium, calcium
and iron by the CCF could be through these processes.
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The BSF, CCF and BF were able to achieve over 50%
reduction of arsenic (Fig. 7D). There was no difference in the
average arsenic removal by the filters (p > 0.05) and the hourly
reduction efficiency was observed to be statistically insignifi-
cant (p > 0.05). The average arsenic reduction efficiency by the
filters throughout the filtration series was 55% (72 samples for
each filter). These filters (BSF, CCF and BF) were observed
to remove arsenic to a great extent when the initial concentra-
tions were low. Similar to the CCF evaluated in this study, a
simple ceramic filter made from clay and rice bran is avail-
able in rural areas of Bangladesh. This ceramic filter removes
iron from contaminated water and arsenic to a lesser extent.
Arsenic removal is believed to be through partial oxidation of
arsenic (II1) to arsenic (V) during physical-chemical oxidation
of iron (II) to iron (III). This results in higher arsenic removal
efficiency by the ceramic filter (Roberts et al., 2004; Berg et al.,
2006). This mechanism possibly explains arsenic retention by
the CCF.

As mentioned earlier, biological oxidation of iron(II) is
useful in arsenic removal, and this process, when coupled with
ceramic filtration, would be a worthwhile alternative for arse-
nic removal from groundwater (Shafiquzzaman et al., 2010),
because ceramic filters can be manufactured locally, using
locally-available materials at low costs. Inconsistency in the
removal of contaminants by the BSF, CCF and BF indicated the
dependence of the removal efficiency on the initial concentra-
tions of contaminants.

On average, the BSF, CCF and BF had low fluoride removal
efficiency (Fig. 7E). Poor fluoride reduction could be as a result
of cracks in the CCF (Shafiquzzaman et al., 2010) and the poor
ability of sands to retain fluorides. Proposed mechanisms of
fluoride removal include chemical precipitation, ion exchange,
reverse osmosis, adsorption and nanofiltration (Haron and
Yunus, 2001, Hu et al., 2005; Simons, 2003). None of these
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processes could be achieved through the use of sands, regard-
less of the particle size, but fluorides could be exchanged with
other ions on the surface of clays and this could explain some
of the removal that was achieved by the CCF.

There was poor reduction of nitrates by the filters (Fig.
7F); average reduction efficiency was 18% (BSF), 37% (CCF)
and 27% (BF). The mean nitrate hourly reductions, as well as
the hourly reduction efficiencies achieved by the BSF, CCF
and BF were not significantly different (p > 0.05). During the
course of the study, the highest reduction efficiency achieved
by the filters was 90% (BSF), 96% (CCF) and 95% (BF) (Fig.
7F). Nitrates leached from the filter media or walls as there
were higher concentrations in the filtered water compared
to the concentrations of unfiltered water, most of the time.

This could be as a result of desorption of previously adsorbed
nitrates when a more preferred ion competes for the adsorption
site (ion exchange). Achak et al. (2009) reported 81% - 99%
nitrate reduction by sand filters and proposed that total nitrate
removal was through anaerobic denitrification microorganisms
when the filter was supplied with water. This process explains
the removal of nitrates by the BSF, BF and other similar filters
(Longe, 1989; Pell, 1989b). However, our BSF did not remove
nitrates convincingly when compared to the CCF and BF. This
may imply that there were other rejection mechanisms (adsorp-
tion, ion exchange or the nitrates are adsorbed to particulate
matter in the raw water) that took place within the CCF and BF.

On average, the BSF and the CCF displayed low phosphate
removal from contaminated water. The BF was able to achieve,
on average, 21% phosphate reduction but, during the course
of the filter run, 96% reduction by the filter was achieved
(Fig. 7G). Although, on average, the BSF performed poorly
in removing phosphates, a reduction efficiency of 93% was
recorded during the course of the study. There was a significant
difference between hourly reduction of phosphates by the BSF
(p = 0.02) and high reduction was observed in the first hour
of filter run. This could be explained by the fact that the first-
hour collection was comprised mainly of water that had been
in the filter since the previous filtration and hence had spent
more time in contact with the filter media compared to the
newly-poured water. There was no significant difference in the
hourly reduction of phosphates by the CCF (p = 0.795) and BF
(p = 0.553). The performance of the filters in phosphate reduc-
tion was not significantly different. Phosphorus removal is a
complex process that involves settlement, bacteria adsorption
and substrate affinity (Greenway and Wood, 1999; Vymazal,
2007; Kadlec and Wallace, 2008). The removal of phosphates
by the filters is believed to be through biological processes
(Grzmil and Wronkowski, 2006; Morse et al., 1998). Lower
phosphate removals by the filters could be attributed to the
particle size of the filter media as finer particle size materials
have been reported to have higher phosphate sorption capacity
(Brogowski and Renman, 2004). The slight phosphate removal
by the filters could also be through fixation of phosphate ions
by ions of calcium and iron (Guan et al., 2009). The BSF, CCF

and BF cannot be used for the treatment of contaminated water
with phosphate concentrations above the limit recommended
by SANS, 241 (2006).

The BSF, CCF and BF had very low TOC reduction effi-
ciencies (Table 1). The BSF achieved, on average, 17% TOC
reduction (Table 1) while the CCF had 39% (Fig. 5) and the BF
had 11% (Table 1). The CCF was observed to have the highest
TOC reduction efficiency compared to the BSF and BF. There
was a significant difference in the hourly reduction of TOC
by the BSF (p =0.049) and CCF (p = 0.00), but there was no
significant difference in the hourly reduction of TOC by the BF
(p = 0.153). Statistical tests showed that the CCF removed TOC
better than the BSF (p = 0.000) and the BF (p = 0.000). There
was equal removal of TOC by the BSF and BF (p = 0.078). The
greater reduction of TOC by the CCF compared to BSF and BF
shows that clay minerals perform better than sand in removing
TOC from contaminated water. This higher removal could also
be attributed to the small pore size of the CCF (0.5 pum). The
filters can be ordered in terms of TOC reduction as follows:
CCF > BSF =BF.

There are reports in the literature on the removal of chemi-
cal contaminants by the BSF, CCF and BF devices. The BSF
has been reported by CAWST (2008) to remove iron in the bio-
layer zone. Our BSF, which also had a biological layer, removed
up to 90% iron. Van Halem (2006) predicted > 90% reduction
of iron by CCF devices and the CCF filter evaluated in this
study was able to achieve 69% reduction efficiency. The BF
was designed and built by the TUT research group. To the best
of our knowledge, there is no information reported in literature
on the design of such a filter. Therefore evidence of chemical
contaminants removal by this filter could be compared to other
similar filters such as fast sand filters which may use an identi-
cal chemical contaminants removal mechanism as the BF.

The BSF, CCF and BF were able to achieve arsenic reduction
efficiency > 40%. There are no results for arsenic removal by
the CCF and BF and/or fast sand filters reported in literature.
In the case of BSFs, Sharma (2005) reported that these filters
remove up to 90% of arsenic. The filters evaluated in this study
have been reported to achieve very poor removal of phosphates,
nitrates and fluorides. Although the BF was classed as a fast
sand filter, it has to be noted that the particle size of the sand
used (0.95 mm) was much smaller than the conventional sand
size for fast sand filters, which is 2 mm - 8 mm (Ministry of
Agriculture, Food and Fisheries, 1999) and this could explain
why it removed some of the chemical contaminants. Greater
reduction of contaminants by the BSF was noticed in the first
hour of filtration. This could be explained by the fact that the
filter always contained water, in order to ensure the existance
of the biological layer which is fundamental to the reduction of
micro-organisms from water. This implies that the first-hour
collection comprised mostly of the water that had been left in
the filter since the last filtration was done. This water had a
long contact time with the filter, hence the greater reductions
observed. The filters removed calcium, magnesium and iron to

Table 1
TOC reduction by BSF, CCF and BF
Filter BT AT1h AT 2h AT3h Average % No. of
(mg/e) (mg/e) (mg/e) (mg/e) reduction samples
BSF 6.329+1.173 5.213+0.781 (17%) 5.494+0.937 (13%) 5.20441.566 (22%) 17% 12
CCF 6.329+1.173 5.167+0.308 (16%) 4.300+0.765 (32%) 1.759+1.560 (69%) 39% 12
BF 6.329+1.173 5.703+0.516 (5%) 5.671+0.414 (8%) 5.028+0.646 (20%) 11% 12
BT is concentration before treatment (mean + standard deviation), AT is concentration after treatment at 1 h, 2 h and 3 h of filter run.
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Figure 8

Effects of chlorophyll a on the flow rates of filters and turbidity of unfiltered water (correlation)

Figure 9
Dirty filters and a collection vessel: A — BSF with dirty perforated diffusion plate; B — CCF with candle filter and cloth; C — BF showing
filter media and collection vessel; D — Dirty collection vessel with a spigot fitted in a socket

levels below the limit recommended by SANS, 241 (2006), but
not arsenic, nitrates, fluorides and phosphates.

Effects of chlorophyll a on the flow rates of filters
and turbidity of intake water

The effects of chlorophyll a on the flow rates of filters and the
relationship between chlorophyll a concentrations and turbidity
of unfiltered water were evaluated and results are presented in
Fig. 8. Results indicated that at higher chlorophyll a concen-
trations, the flow rates of the filters decreased. Chlorophyll

a generally had an inverse relationship with the flow rates of
BSF, CCF and BEF, as statistical tests indicated correlation coef-
ficients () of —0.556, —0.788 and —0.818, for BSF, CCF and BF,
respectively, between flow rates and chlorophyll @ concentra-
tions. Higher chlorophyll a concentrations in raw intake water
resulted in observations of higher turbidities, hence the filters
clogged quicker resulting in an overall decrease in the flow
rates of the filters. There was a positive correlation between
chlorophyll a in the unfiltered water and turbidity of the water
(r=10.607). Chlorophyll a is used as a measure of the concen-
tration of algae (Gregor and Marsalek, 2004); algae form part of
the total suspended particles in water, and, hence, contribute to
turbidity. Uncles et al. (2000) investigated seasonal variation of
salinity, temperature, turbidity and chlorophyll @ in the Tweet
Estuary. Chlorophyll a concentrations were found to be low
where the turbidity was low. Although the interception of light
by suspended particles (high turbidity) limits phytoplankton
growth resulting in low chlorophyll a concentrations (inverse
correlation) as reported by Boyd (2002), this study supports the
opposite finding, as reported by Uncles et al. (2000).
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Maintenance guidelines for the filters

Investigation of filters’ maintenance requirements was funda-
mental to this study, in order to make recommendations as to
how the filters need to be handled for the production of good
quality water and to ensure a long lifespan.

Collection vessels for all of the filters were cleaned thor-
oughly with deionised water and soap and sterilised with
household bleach. It is recommended that rural households
with limited access to deionised water should use water filtered
through the filter to wash collection vessels. In cases where
household bleach cannot be afforded, thoroughly washed col-
lection vessels may be left in the sun for sterilisation by drying
and heating. The BSF, CCF and BF were cleaned when the
flow rates were observed to have decreased significantly. In
cases where the flow rates of the filters are observed to be high
but the filters look dirty, it is recommended that the filters are
washed as described below. Figure 9 shows how the BSF, CCF,
BF and collection vessels looked when they were dirty.

The BSF was cleaned by removing the top 5 cm layer
of fine sand, which was thoroughly washed and replaced.
Removing the top few centimetres of the top sand bed was
appropriate based on the observation that particles resulting in
clogging could not penetrate deep into the sand bed (Fewster
and Wiessent-Brandsma, 2004).

Washing of the BF’s media was performed in the same
manner as the BSF, except that the top 10 cm layer of sand was
removed, washed and replaced. Removal of 10 cm was justified
based on the larger particle size of the sand used as the filter
media in the BF; particles were observed to penetrate deeper
into the sand.
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Sludge or dirt on the filter (CCF) should be cleaned periodi-
cally when unsatisfactory flow rates are obtained as a result
of filter clogging. Scrubbing with a cloth or soft brush, fol-
lowed by rinsing with hot water once a week, is recommended
(Shafiquzzaman et al., 2010). Care must be taken not to cause
cracks during cleaning. Dirt from the CCF was removed by
scrubbing the candle filter with a soft brush followed by rinsing
with deionised water.

These household filters have been designed to filter water
with turbidities lower than 50 NTU. In cases where the water to
be filtered is highly turbid (> 50 NTU), the water must be left
to settle before it is filtered (CAWST, 2008). To test the turbid-
ity of water, water to be filtered may be poured into a clean 2
€ plastic bottle placed on top of a piece of paper bearing large
print. Failure to see the large print when looking down through
the top of the bottle indicates that the water has turbidity > 50
NTU (CAWST, 2008).

Movement of the filters should be avoided since this dis-
turbs the sand bed in the BSF and BF and the biological layer
in the BSF might be disturbed too. Care must be taken when
opening the taps as leakages may results from detached taps.
The filters cost approximately US$16 (BSF), US$64 (CCF) and
US$17 (BF). The BSF and BF can produce over 60 € of treated
water a day while the CCF would require at least 8 h to produce
25 £/d. All the filters were able to remove contaminants to
some extent even after filtering 1 200 € of contaminated water.
Low-income rural people of South Africa could afford to pos-
sess one of these filters due to their low cost. The filters (BSF
and BF) may be made at home at lower costs and construction
materials are readily available.

Conclusions

Three filters were modified, constructed, evaluated and
compared for their performance in removing chemical con-
taminants from contaminated water. The BSF, CCF and BF
had flow rates within the recommended limits. Due to higher
flow rates, these filters may be used for production of clean
potable water for a family with more than six family mem-
bers. The flow rates of the filters were significantly affected
by the turbidity and chlorophyll a concentrations of raw
intake water. The filters were able to remove > 50% turbid-
ity from contaminated water with turbidity > 40 NTU. The
filters were observed to remove metals although the over-

all removal efficiency was not very high. The filters were
observed to equally remove calcium, magnesium, iron and
arsenic (p > 0.05). The performance of the filters in remov-
ing chemical contaminants was not affected by the contact
time between the filter media and contaminated intake
water. These filters may not be recommended for treatment
of water highly contaminated with nitrates, fluorides and/or
phosphates since they were not able to remove these contam-
inants to levels recommended by SANS, 241 (2006). The fil-
ters are cheap to construct using readily-available materials
and easy to operate and maintain and are thus affordable to
low-income SARA people. The size of the filters is an added
advantage since it makes it possible for household users to
keep them where food is prepared. This will motivate users
to continue using the filters and also to maintain them.
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