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Abstract

This study was aimed at introducing multistage filtration (MSF) (a combination of slow-sand filtration (SSF) and pretreatment
system - horizontal flow roughing filter (HRF)) asan alternative water treatment technol ogy to the conventional one. A pilot- plant
study was undertaken to achieve this goal. Evaluating the M SF performance vs. the existing conventional system in removing
selected physical and chemical drinking water quality parameters together with the biological water quality improvement by the
MSF without chemical use was done. Evaluation of the effectiveness of the M SF system utilizing locally available material, i.e.
gravel, improved agricultural waste (charcoal maize cobs) and broken burnt bricks as pretreatment filter material was also done
The benchmark was the Kenya Bureau of Standards (KEBS) values for the selected parameters. Results showed that with proper
design specifications, M SF systems perform better than conventional systems under similar conditions of raw water quality and
environmental conditions. The tested locally available materials can aso be effectively used as pretreatment media with each
allowing afilter run greater than 82 d and therefore could serve as alternatives where natural gravel is not readily available. With
special reference to the bacteriological quality improvement, the MSF greatly improved the bacteriological quality of the water
recording removal efficienciesof over 99% and 98% respectively for E. coli and total coliforms. Despitethe observed performance,
M SF should be complemented with chlorination as afinal buffer against water-borne diseases. However, in this case, the dosing

will be greatly reduced when compared to the conventional system.
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Nomenclature

HRF:  Horizontal flow roughing filter

HRFB: HRF with broken burnt bricks as filter medium
HRFC: HRF with charcoa maize cobs as filter medium
HRFG: HRF with gravel asfilter medium

SSF: Slow-sand filter/filtration

SSFB:  SSF connected to HRFB

SSFC:  SSF connected to HRFC

SSFG:  SSF connected to HRFG

MSF:.  Multistagefilter/filtration

MSFB: MSF combining HRFB with SSFB

MSFC: MSF combining HRFC with SSFC

MSFG: MSF combining HRFG with SSFG

RSF:  Conventional treatment system

CFU:  Colony-forming units

SS Suspended solids concentration
NTU:  Nephelometric turbidity units

Introduction

Over 80% of thewater used in both rural and urban areasin Kenya
is surface water drawn from rivers, streams, lakes, ponds and
springs. The water from these sources is in most cases contami-
nated by human and animal wastes, as well as industrial and
agricultural activities. This scenario thus calls for efficient and
effective treatment of water from such sources before useto avoid
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instances of water-borne and water- related diseases such as
typhoid fever and cholera at reasonable costs. This is important
becauseit hasbeen reported that 70 to 80% of water-borne diseases
are spread through the unavoi dabl eingestion of pathogenic micro-
organisms and parasites in drinking untreated water especially
surface water (Tebbutt, 1992). It has aso been shown that inad-
equate water supply both in terms of quantity and quality coupled
with poor sanitation globally account for approximately 30 000
deathsdaily, many of them infants and 80% of such cases occur in
rural areas (WHO and UNICEF, 1996). A WHO report during the
celebration of world water day on 22 March 2001 (theme “ Water
for Health”) showed that in Kenya, only 49% of the total popula-
tion has access to safe water according to UNICEF statistics.

In providing water on alarge scale, slow-sand filtration and
conventional treatment methods (of coagulation — flocculation —
sedimentation—rapidfiltration—chlorination) aremostly used, the
Kenyan practice, like in most other countries, being to adopt the
conventional water treatment method. This system is, however,
quite demanding in chemical use, energy input and mechanical
parts as well as skilled manpower that are often unavailable,
especialyinrural areasof devel oping countries. Thisscenariocalls
for appropriatetechnologiesthat utiliselocally availablematerials,
skills and other resources in accessing potable water. One such
technology is MSF (Wegelin, 1996). This system consists of a
pretreatment stage followed by SSF. Worldwide experience with
roughing filters and SSFs shows the significant potentia of this
treatment concept in producing potable drinking water from pol-
luted turbid water (Wegelin, 1996). Application of M SFin Europe
has, accordingto Wegelinet al. (1990), shown tremendous success
in Dortmund, Germany (Waterworksof Dortmund), Austria(Graz
Water Supply Authority) and Aeshin Switzerland amongothers. In
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developing countries such asin Asia, Africaand Latin America,
installation and operation of M SFs have shown great applicability
of the system for a sustainable water supply. These include Sudan
Geriza Irrigation Scheme (Blue Nile Health Project), Guder's
treatment plant in Ethiopia, Columbia and India as examples.
Several studieshaveal so shownthat MSFisasimple, efficient and
cheap water treatment technology compared to the conventional
system (e.g. Deshpandeet a., 1997; Galviset al., 1993). Thisisin
termsof technical labour requirement, daily operation and mainte-
nance costs and treatment efficiency and effectiveness. However,
cost analysis shows that initial installation cost of MSF is higher
than that of a conventional system (Wegelin et a., 1986). This
stemsfrom thefact that thelow filtration ratesof 0.5to 1.0 m/h for
HRFand0.1to0.3m/hfor SSFdemand larger land areasthat might
not be available in densely populated urban areas. SSFs aso
contain from 50 to 100 times more volume of graded-sand than
rapid- sand filters and the supply and cost of this materia will be
aproblemwheresand isnot availablelocally (Pescod et al., 1990).
However, these disadvantages of highinitial costsare outweighed
by the low cost of operation and maintenance (Wegelin, 1986).

Objectives of the study

Thegeneral objectiveof thiswork wasto eval uatethe performance
of MSFsvs. the conventional system in removing selected param-
etersguiding drinking water quality while operating under similar
conditions of raw water quality (same source) and environmental
conditions. Thespecific objectivewasto eval uatetheeffectiveness
of the MSF system utilising locally available material as pretreat-
ment media.

Experimental work

To undertake the study objectives described above, a pilot plant
was built at Moi University main campus (Waterworks). Moi
University Waterworks is a conventional water treatment plant.
Thelocation of the pilot plant at the Waterworks was for conven-
ience and logistic reasons. The plant could, however, have been
sited anywhere else.

In this study, HRFs were selected as the pretreatment filters
followed by SSFsasthefinal filters. There was no disinfection of
the filtrate. The choice of HRFs as the pretreatment filters was
based on previousresearch findingsthat for tropical regions, HRFs
perform better than other pretreatment systems (Boller, 1993).
HRFs also have advantages of simplicity in design, cleaning, and
operation and in their ability to handle higher turbidity ranges of
between 50 and 200 NTU with short turbidity peaksof 500to 1 000
NTU. Thisisasaferangeinthetropicswhereturbiditiesashighas
5000NTU canoccur (Boller, 1993). Slow-sand filtersonthe other
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hand have shown unrivalled ability to improve biological water
quality with over 90% efficiency in micro-organism reduction.
They are also simple to design, operate and maintain (Wegelin,
1996). Threelocally available materialsweretested for suitability
as HRF material. These were gravel, broken burnt bricks, and
improved agricultural waste (charcoal maize cob). The HRF filter
medium was composed of relatively coarse material ranging from
5mm to 15mm in size. The three HRF materials were tested
simultaneously using the same raw water. Each HRF unit then had
its own SSF to feed. The SSFs were filled with river sand of
effective size 0.25mm and uniformity coefficient of 2.4. The
parameters investigated were turbidity, SS, E. coli and, total coli.
The selection of these test parameters was based on the KEBS
recommendations (KEBS, 1996) on basic parameters that define
drinkingwater quality and alsoonrecommendationsof Galvisetal.
(1993) on the key parameters that are useful in the study of the
performance of an M SF system. Monitoring of head |oss devel op-
ment in SSFsasan indicator of filter runlengthwasalso done. The
pilot plant was checked daily to correct for any possible external
interference that resulted from curious on- lookers and visitors to
the Waterworkswho would at timesinterferewith the set filtration
rates. This had to be corrected for immediately so as to obtain
credible results.

Pilot-plant unit
Horizontal flow roughing filters (HRF)

The design and sizing of the pilot-plant HRFs were guided by the
Wegelin design criteria (Wegelin, 1986) based on the preliminary
raw water quality data obtained prior to the commencement of the
full pilot-plant study. The filter was divided into three parts:

e Theinlet structure.

e Theoutlet structure.

e Thefilter bed.

The inlet and outlet structures were flow-control installations
required to maintain a certain water level and flow along thefilter
aswell asto establishanevenflow distributiona ong and acrossthe
filter. Thefilter bed was composed of threefilter medium packs of
different sizes. Thefilter medium was placed in separate compart-
mentsstartingwiththecoarsest tothefinest, inthedirection of flow
and operated in series. Thefirst compartment wasfilled with filter
material of effective size 15 mmfollowed by 10 mm in the second
compartment and 5 mm in the last compartment. Perforated wall
segmentsto avoid mixing during cleaning separated each fraction.
The filter bed was provided with under-drain systems to enable
hydraulic sludge extraction to be carried out after acertain running
period. Figure 1 shows the pilot-plant scale HRF unit used.
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S OWSANDALOT ALTER
|N.:Lcwzﬁ TABLE 1
Max __ ovERALOW Operation velocities of the various pilot-plant components during the
study period
PIIZOMEI'ERb\ -
Period Component
§§ SUPERNATANT HRFB | HRFC | HRFG | SSFB | SSFC | SSFG
DRAIN (m/h) | (m/h) | (mm) | (mm) | (mmh) | (m/h)
Min /%*TERTAP Commissioning to maturation 0.75* 0.75 0.75 0.2 0.2 0.2
Efg:,‘r’j amim | | 2 Maturation onwards 075 | 075 | 075 | 0.29* | 0.23 | 0.18
ik (Source: Field test data, 2000)
g * - Design filtration rates
Pilot-plant operation

Figure 2
Schematic layout and design details of
slow-sand pilot filters (Scale: 1:20)

Slow-sand filters (SSFs)

The sizing of the pilot plant SSF units in this study was done in
accordancewiththeset guidelinesindesignmanuals(e.g. Wegelin,
1996 and Visscher et al., 1997). The basic components of the SSF
are shown in Fig. 2 and consist of the following:

¢ Asupernatantlayer of raw water to providethestoragecapacity
abovethe sand bed for therequired head to drive the raw water
through the bed of filter medium, while creating a detention
period of several hours for the raw water.

e A bed of fine sand (filter medium) that achieves the filtration
and other effects.

¢ A system of under-drains to
alow unobstructed passage
of treated water and to sup- =
port thefilter medium so that -
a uniform filtration rate is
maintained over the whole ‘
area of thefilter.

« Filter regulation and control Bawater o0 Tnletweir
devices. intake e tank
¢ Aninlet and outlet structure.
e Afilter box tohousethefilter
medium, supernatant water Eqal
and under-drains. distribution
chamber
General pilot-plant layout
(schematic)
See Fig. 3.
Figure 3

Schematic layout of the pilot plant (not to scale)
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Table 1 showsthe operation velocities of the plant during the study
period.

The staggering of the filtration rates was deliberate, in an
attempt to check thefilters’ sensitivity tofiltration ratesin termsof
the head loss development and overall performance.

Data analysis

Laboratory tests, secondary dataand field recordings were used to
analyseand interpret datafor both M SF and RSF units. Percentage
removal of the unitsfor the sel ected drinking water quality param-
eterswasobtained asameasure of performance. Comparison of the
final MSFs' effluent and conventional treatment system effluent
quality wasdone. The KEBS standardswere al so used to check the
final MSFs' effluent vs. theconventional treatment system effluent
for meeting the drinking water standards as set. Analysiswasdone
considering dry and rainy season periods. Resi stance devel opment
in the various SSF units was also monitored in thefield. Thiswas
to aid the assessment of the filter run period (time between two
successive cleaning cycles) for the SSFs under the set operating
conditions.
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TABLE 2
Range of raw water quality parameters
Period SS Turbidity Bacteria
(mgle) (NTU) (CFU/100 me)
E. coli | Total coli
Lowpesk | 9.2-31.7 | 12.4-29.62 32-72 | 94-324
High pesk | 30.1-116 | 30.65-123.8| 52 -110| 108 - 420

(Source: Field test data, 2000)

Results and discussions
Quality of raw water

Table 2 shows a summary of the range of raw water quality
parameters during the study period.

From Table 2, it can be observed that great variationsin raw
water quality parameters were experienced in both low peak (dry
season) and high peak (rainy season) periods. Thus, several peaks
and troughs were expected in the performance trends going by the
recorded ranges. The lower levelsin SS and turbidity in the dry
season, for instance compared to the rainy season, were attributed
to the effect of runoff from fields during the rainy season causing

an increase in sediment and other impurity loadsin the raw
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Figure 5
Comparison of Turbidity levels in raw water and MSFs outlet
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water as opposed to the dry season where the major contri-
TABLE 3 bution to streamflow is from baseflow and therefore fairly
Average overall per cent removal of SS and turbidity for clear water is experienced. The source water is used for
the MSFs vs. RSF various purposes such as animal watering, irrigation and
other domestic purposes. These activities have an effect on
Period Average SS Average turbidity the quality of water, hence the daily variations in the
removal (%) removal (%) observed trends (see Figs. 4, 5, 8 and 9). It is also worth
noting the recorded relationship between SS concentration
MSFB |MSFC|MSFG| RSF |MSFB |MSFC| MSFG| RSF | andturbidity |evelsin both periods. Thiscould beattributed
tothefact that the clarity of water (measured by turbidity) is
Low peak 93 | 93 | 92| 88 | 92 | 92| 93 | 91 | agjirectfunction of theconcentration of SS(especialy those
Highpeak | 98 | 98 | 98 | 96 | 98 | 98 | 98 | 97 in colloidal state) in the water.
Average 95 | 95 | 94 | 91 | 94 | 94 | 95 | 93
Overall performance of MSFs vs.
(Source: Field test data: 2000) conventional system
120 Evaluationof overall performanceof M SFunits
110 4 i vs. theconventional treatment system of coagu-
188 1 ¥ lation — flocculation — sedimentation — rapid-
801 --«--SS in raw water sand filtration herein referred to as RSF was
?E:, ég 1 s SSin MSFB outlet done by comparing thefinal flltr_a_tesfrom both
E ol % SS in MSFC outlet systemswith theraw water conditions. Accord-
g gg 1 o o SSin MSFG outlet ing to KEB_S, SS, turbidity and collfo_rm con-
. o . centrationsinwater arekey parametersindeter-
20 R .0 0e oy o SSin RSF outlet L . .
10 | s0®®oe” Tt g e mining potable water quality. According to
0 | Om Bod 5E8 Gus Rum see B WE om SoA BB @ recommendations of Galviset al. (1993), these
-10 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ parametersareal sokey inthestudy of perform-
°© 10 20 30 40 50 60 70 80 ance of a M SF system. Hence for this evalua-
Figure 4 tion, thepa_rametersconside_redwereturbidity,
Comparison of SS in raw water and MSFs outlet SS and coliform concentrations. The samples
tested werecollected simultaneously fromboth
systems for comparative studies.
130
}fg ] o Turbidity in raw Removal of SS and turbidity
100 4 water . ) )
5 9 & Turbidity in Average per cent removalsin both system; areasgivenin
E 801 MSFB outlet TabIeS_. The'trer)dsobserved areasshowninFigs. 4 e_\nd 5.
< 709 x Turbidity in AsdepictedinFigs.4and5, all thesystemswereconsistent
£ gg ] MSFC outlet in the removal trends for both SS and turbidity with both
€ s o Turbidity in systems recording values close to zero in most cases.
F 304 MSFG outlet Table3showsthat generally all M SF unitsperformed better
20 - = Turbidityin RsF|  than the conventional system (RSF) in removal of SSand
10 A outlet turbidity even though by asmall but recognisable per cent
18 {USI NI et . W e W margin. Figures 6 and 7 show the average performance

(based on Table 3) of MSFsvs. RSF with respect to SSand
turbidity removal.
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Bacteriological quality improvement (MSF)

Bacteriological quality of the end water passing through a treat-
ment system is of utmost concern in terms of efficiency of either
system in producing water suitable for domestic consumption. In
thisregard, consideration wasgiven to eval uating the performance
of MSFsinimproving bacteriological water quality giventhat this
isone of its strongest attributes when compared to other treatment
systems. Average per cent removalsin both seasons were consid-
ered asgivenin Table 4. Figures 8 and 9 show the removal trends
observed for the MSFs in regard to bacteriological quality im-
provement.

On average, it was found that M SFs performed considerably
well in removing E. coli and total coli as depicted in Table 4 and
alsoobservedinFigs. 8and 9. Observationsfrom Figs8and 9 show
that at the start of each filter run, theremoval efficiencieswerelow
in comparison to the subsequent periods. This can be attributed to
the fact that during this period, the filter was establishing itself in
termsof thefull development and establishment of thefilter skin—
Schmutzdecke. This observation could be linked to the filtration
ratesand modeof actioninthissystem. M SFremoval processesare
mainly physical and biological. Coupled with the low filtration
rates in the SSFs, this allows for longer detention time of water
within the filter bed and also assists in the development of the
Schmutzdecke, which playsanimportant rolein SSF straining and
biological activity.

Comparison of final effluent quality parameter levels
(selected) with the KEBS set values

Themain purpose of any water treatment processistoimprovethe
water quality in terms of its biological, chemical and physical
constituents to fit the intended end-use quality. The quality of
drinking water that is the intended end-use in this study is thus
described by its physical, chemical, and biological characteristics.
In comparing the final effluent condition of both MSF and the

TABLE 4
Average overall per cent removal of bacteria
for MSFs

Period Average E. coli

removal (%)

Average total coli
removal (%)

MSFB | MSFC|MSFG| MSFB | MSFC | MSFG

Low peak 87 | 86 | 88 | 86 | 8 | 82
High peak 995| 99 | 996|981 | 984 | 98.8
Average 90.7 1 90.3 | 914 | 90.1 | 89.9 | 87.1

(Source: Field test data: 2000)

conventional rapid filter treatment process, the intention was to
show that MSF, through combining only simple physical and
biological purification processes, can perform better than the
conventional system. In reference to the M SFs, the values used in
comparison were those obtained after the SSFs maturation. This
was done to compare the MSFs' performance with the existing
conventional systemat atimewhenM SFsareat their best perform-
ance. It is also worth noting that the conventional treatment final
effluent sampl eswereobtai ned beforechl orination. Table5 presents
the average and respectiveranges of the effluents’ selected quality
parameter levels vs. the KEBS drinking water standards.

In general, none of the systemsconclusively met theset KEBS
drinking water standards. From theresults, disinfection wasneces-
sary for all the M SFsand conventional system’s effluents. There-
fore, turbidity of lessthan 1 NTU was required. The worst MSF
effluent was off the standard by 4% compared to 50% for conven-
tional systemsin thisregard. For SS concentrations, nil concentra-
tionisthestandard. Inthisregard, theworst M SF effluent was 0.91
mg/£ compared to 1.76 mg/£ for conventional systems. For colif-
orm concentrations, the standard is zero CFU/100m£. MSFs

S
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Comparison of E.coli levels in raw
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TABLE 5

Average and ranges of the MSF and RSF effluents’ selected
quality parameter levels vs. the KEBS drinking water standards

Parameter| Avg. SS Avg. E. coli— | Total coli -
(mg/e) turbidity | CFU/100 m£ | CFU/100 me
(NTU) (range) (range)
M SFB 0.85 1.03 0-1 2-8
= MSFC 0.83 0.99 0-1 1-13
o MSFG 0.91 1.04 0-1 0-11
E | RsF 1.76 15 8-46 | 26-110
£ | KEBS Nil 5but<lfor | Shal be Shall be
effective absent absent
disinfection

(Source: Field test data: 2000; GoK,, 1996)
1 KEBS recommendation
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recorded the least range of 0to 1 CFU/100 m¢ and 1 to
13 CFU/100 me with respect to E. coli and total
coliformsrespectively. Giventhat thefinal RSFfiltrate
hasto be disinfected, in trying to compare the quantity
and extent of disinfection required for both systemsin
thiscase, it would sufficeto say that it would cost more
todisinfectthe RSFfiltratethanthe M SFfiltrateswhen
considering the levels of bacteriological concentra-
tionsin both systems’ outlet.

Head loss (resistance) development in SSFs

Figure 10 showsthefield-observed trendsin filter bed
resistance development in the three SSFs.

As expected, head loss increased gradually and
steadily during thefirst 28 to 30 d (maturation period)
inall the SSFs. At thisstage, thefiltration rateswere set
constant and same for all the SSFs (0.29 m/h). After
maturation, filtration rateswere set constant but differ-
ent in each SSF (SSFB at 0.29 m/h, SSFC at 0.23 m/h,
and SSFG at 0.18 m/h). Head loss trends exhibited a
sharp increase with time after maturation. The trend
increased in relation to thefiltration rate. After 82 d of
operation, none of the SSFs had reached the maximum
recommended head loss of 1 m. Thiswas attributed to
the fact that the HRF effluent turbidity and SS levels
werewithin the required range for optimal SSF opera-
tion (5to 10 NTU).
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Conclusions

It was shown that the M SFsperformed better than the conventional
systemin general removal efficiency withregardto the parameters
put to thetest. With special referenceto the bacteriological quality
improvement, the M SF system greatly improved the bacteriol ogi-
cal quality of the water. In this regard, M SFs recorded removal
efficiencies of over 99% and 98% respectively for E. coli and total
coliforms. Despite the observed performance, MSF should be
complemented with chlorination as a final buffer against water-
borne diseases. However, in this case, the dosing would be greatly
reduced. In terms of the filter run periods, the MSFs at Moi
University can run for more than the recorded 12 weeks before
clogging the SSF units to warrant cleaning when operated at the
pilot-plant conditions. This was aso an indicator of the perform-
ance of the chosen HRF material as suitable filter material aswell
as field operating conditions having been set within the required
specifications. Ingeneral, noneof thesystemsconclusively met the
set KEBS drinking water standards. However, M SF final effluent
quality was closest to the set standards compared to those of
conventional systems indicating the viability of such systems for
adequate treatment of drinking water. We can therefore conclude
that with proper design specifications, M SFs perform better than
conventional systemsunder similar conditionsof raw water quality
and environmental conditions. The locally available materidl, i.e.
broken burnt bricks and improved agricultural waste (charcoal
maizecobs), canal so beeffectively used aspretreatment mediaand
therefore could serve as aternatives where natural gravel is not
readily available.
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