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Zusammenfassung

Zusammenfassung

Die Trinkwasserqualitdt in den stdlichen Stadtrandgebieten der &thiopischen
Hauptstadt Addis Ababa ist bis heute ein groBes ungeléstes Problem. Ausgehend von
der voéllig unkontrollierten Ablagerung und Einleitung sowohl fester als auch flussiger
Abfélle in verschiedene Oberflachen Gehwasser stellt die Verschmutzung des Trink und
Brauchwassers eine groBe Gefahrdung der Gesundheit und des allgemeinen
Wohlbefindens der dort lebenden Bevélkerung dar. Die wichtigsten Verursacher der
Gewasserverunreinigungen im  Akaki-Becken sind  Gerbereien, Brauereien,
Destillationsbetriebe, Marktplatze, Lebensmittelhersteller, Chemieindustrie,
metallverarbeitende Betriebe, aber auch die landwirtschaftlich genutzten Flachen sowie
wilde Hausmuillablagerungen. Die in dem Becken gelegenen landlichen Siedlungen sind
von den starken Verunreinigungen des Oberflachen und Grundwassers besonders
betroffen. Durch Schwermetalle und andere anorganische Verbindungen wie
beispielsweise Nitrat belastetes Trinkwasser ist fir die hohe Anzahl von
Krankheitsféllen in diesem Gebiet verantwortlich. Hier treten vor allem im Wasser
gelbste, aber auch partikelgebundene Schwermetalle und andere Elemente wie Cu, Zn,

Ni, As, Pb, Mn und Fe besonders haufig und unzulassigen Konzentration auf.

Diese Arbeit stellt einerseits die Ergebnisse einer hydrochemischen Charakterisierung
von Oberflachen und Grundwasser aus Teilgebieten des Akaki-Beckens vor und
bewertet andererseits ein innovatives Verfahren zur Entfernung von Schwermetallen aus
entsprechend verunreinigtem Wasser unter Verwendung von einheimischen
vulkanischen Gesteinen. Im April 2003 wurden Proben von Oberflachen und
Grundwassern entnommen, um die Wasserbeschaffenheit in diesem Gebiet zu
untersuchen. Die Probenahme vor Ort und auch die spater im Labor durchgeflihrte
Wasseranalytik erfolgte derart, dass der Transport von Schadstoffen in geléster Form,
aber auch in Verbindung mit Schwebstoffen und Kolloiden betrachtet werden konnte.
Ausserdem wurden insgesamt zwdlf Materialproben von einheimischen Gesteinen
vulkanischen Ursprungs gesammelt. Davon wurden drei Proben fir eine Detailstudie
hinsichtlich ihrer Eignung zur Entfernung von Schwermetallen aus Wassern ausgewahlt:
DQ (Dika) Scoria, KVA (Kumo) Vulkanasche und ein lateritischer Ton der EBF (Ethiopian

Brick Factory). Flr die entsprechenden Versuche wurden zusatzlich und zu
I
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Vergleichszwecken auch noch zwei Proben aus Indonesien eingesetzt: das Sediment
MnR (Manganese Rich) sowie pyroclastisches Material PYC vom Vulkan Merapi.

Die hydrochemische Untersuchung der Wasserproben erbrachte, dass es sich
hauptséachlich um erdalkalireiche Wésser handelt, wobei die Konzentrationen der
Alkalien, und vorherrschend Hydrogenkarbonat, ebenfalls erhéht sind. Die gemessenen
pH-Werte liegen zwischen 6,7 und 8,0. Die Konzentrationen von geléstem Mn, Fe, Zn
und Pb liegen bei den Grundwasserproben im Bereich der kritischen Grenzwerte der US
EPA MCL, bei den Oberflachenwéassern fir Mn, Fe und Ni jedoch dartber. In allen
untersuchten Wasserproben (bertrafen die Konzentrationen flir Uran den
entsprechenden Grenzwert der US EPA deutlich. Ausgehend von der LAWA-
Klassifikation als Bewertungsgrundlage wiesen alle Wasserproben ebenfalls erhdhte
Konzentrationen von partikelgebundenen Schwermetallen auf. Vor allem die
gemessenen Konzentrationen von Cu, Pb und Zn machen deutlich, dass die
Grundwéasser maBig bis stark, die Oberflachenwasser dagegen ,hur® maBig mit diesen
Schwermetallen belastet sind. Untersuchungen von SPM mit dem Elektronenmikroskop
(SEM) ergaben, dass sich die Schwebstoffe hauptsachlich aus Tonmineralen (vor allem
Montmorillonit), organischen Partikeln und verschiedenen Eisenoxidverbindungen
zusammensetzen. Die chemische und mineralogische Charakterisierung der
verschiedenen Gesteine vulkanischen Ursprungs sowie des Laterits und MnR-Sediments
ergaben, dass diese sich hinsichtlich einer Entfernung von Schwermetallen aus
entsprechend verunreinigten Wé&ssern tatsachlich als potentielle Filtermedien eignen,

wobei allerdings ihre Rickhaltekapazitaten noch weiter bestimmt werden mussten.

Die entsprechenden Untersuchungen ergaben, dass die Reduzierung sowohl der
gelésten als auch partikelgebundenen Gehalte von Cu, Zn, Ni, As und Pb im
wesentlichen von zwei wichtigen Parametern abhangen. Im Labor wurden Uber einen
Zeitraum von 12 Wochen hinweg S&ulenversuche mit kinstlich hergestellten
verunreinigten Wéassern durchgefihrt. Diese S&ulenversuche erfolgten im von oben nach
unten gerichteten DurchfluBmodus unter wassergesattigten Bedingungen und konstant
bei pH = 7,0 und T = 20°C. Das Rulckhaltevermdgen der verschiedenen Filtermedien
bezilglich der oben genannten Schwermetalle wurde miteinander verglichen. Die
durchschnittliche Retention von Cu, Zn und Pb betrug bei allen Filtermaterialien tber

II
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90%. Bei Ni war sie jedoch in Abhangigkeit vom eingesetzten Filtermaterial sehr
unterschiedlich (69 - 98%). Die Entfernung von As war mit 97% nur bei denjenigen
Saulen sehr effektiv, die mit dem MnR-Sediment beflllt waren. Bei den Materialien DQ
Scoria und dem lateritischen Ton EBF war innerhalb der ersten sechs Wochen eine
Retention von immerhin noch 50% zu verzeichnen, wahrend alle anderen Filtermedien
ein nur sehr geringes RuUckhaltevermdégen besaBen. Die anschlieBend erfolgte
Desorption von Mn und Fe war ebenfalls nur bei denjenigen Saulen vergleichsweise
hoher, die mit DQ Scoria und EBF beflllt waren. Das BCR-Extraktionsverfahren
ermdglichte die Beobachtung, dass die Entfernung von Zn, Cu und Ni hauptsachlich auf
einer schwachen Sorption an den Oberflachen der eingesetzten Filtermaterialien

und/oder dem Montmorillonit beruht.

Insgesamt konnte mit dieser Arbeit hinreichend aufgezeigt werden, dass sich die
untersuchten Gesteinsmaterialien vulkanischen Ursprungs sowie ihre
Verwitterungsprodukte grundsétzlich als Filtermedien eignen. Es erscheint naheliegend,
die Filtermedien auch in einem groBeren (technischen) VersuchsmafBstab einzusetzen

und weiter zu untersuchen.

III



Executive Summary

Executive Summary

The drinking water status of the southern margins of Addis Ababa is a crucial
problem at present day. Due to uncontrolled solid and liquid wastes discharged in to
different open water systems, pollution of fresh water sources pose a great danger to
the health and well being of the local people. The main polluting sources in Akaki
Sub-basin are tanneries, breweries, distillers, open markets, food and chemical
processing industries, steel and metal factories, agricultural fields and domestic
wastes. In this basin, rural communities use polluted surface and groundwater for
drinking and household purposes. Drinking water contaminated by heavy metals and
some other inorganic pollutants such as nitrates account for the high rate of health
hazards in this area. Dissolved and suspended particulate matter (SPM) bound Cu,
Zn, Ni, As, Pb, Mn, and Fe are common pollutants in surface and groundwater.

This thesis (1) presented results of the hydrochemical characterization of surface and
groundwater in parts of the Akaki Sub-basin and (2) evaluated an innovative
approach for removing heavy metals from polluted water using local volcanic
materials. In April 2003, surface and ground water samples were gathered to
characterize the water quality in the area. The sampling and analytical efforts were
focused on two phases (1) contaminants transported in the dissolved phase, and (2)
those transported in association with the suspended particles and colloids. Twelve
local materials of volcanic origin were also collected by grab method. Three materials
DQ (Dika) Scoria, KVA (Kumo) Volcanic Ash, and EBF (Ethiopian Brick Factory)
clay/laterites were selected for detailed study of heavy metals removal. MnR
(Manganese Rich) sediment and PYC (Merapi) pyroclastic were also taken from

Indonesia for comparison.

Results of hydrochemical analysis of the water samples showed that the water type
is primarily of alkaline earth rich fresh water with considerable amounts of alkalis,
prevailing hydrogen carbonate, with pH values ranging from 6.70 to 8.00. Dissolved
concentrations of Mn, Fe, Zn, and Pb in groundwater were at the critical limit of the
US EPA MCL while surface water showed Mn, Fe, and Ni exceeding the US EPA
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MCL. In all of the water samples the concentration of U was well above the critical
limit given by the US EPA. All water samples showed elevated concentrations of
suspended particulate matter (SPM) bound heavy metals in relation to the LAWA
classes. Comparison of SPM bound concentrations of Cu, Pb and Zn with the LAWA
classes indicated that groundwater samples are moderately to strongly contaminated
with the respective heavy metals. On the other hand, surface water samples are
moderately contaminated with Cu, Pb, and Zn. As determined by Scanning Electron
Microscopy (SEM), the main compositions of SPM are clay minerals
(montmorillonite), organic mater and some oxides of Fe. Chemical and mineralogical
characterization of the filter media showed that the volcanic materials, laterites and
MnR sediment are potential filter media to further investigate their capacities in
removing heavy metals from polluted water.

In order to purify the polluted water suitability of the filter media were examined. Two
important parameters in this investigation include the reduction of SPM and the
removal of dissolved Cu, Zn, Ni, As and Pb. In laboratory experiment simulated
polluted water was studied for 12 weeks in column experiment. The column
experiments were performed in a downward flow modus under saturated condition at
pH =7, and T= 20°C. The removal capacities of the filter media for dissolved and
SPM bound Cu, Zn, Ni, As, and Pb were compared. The average retention of Cu, Zn,
and Pb by all filter media was above 90%. However, Ni retention was variable (69-98
%) depending on the filter substrate investigated. Removal of As was effected only in
columns filled with MnR sediment (97%) while DQ scoria and EBF laterite retained
50% of As in the first 6 weeks. All the other media showed poor arsenic removal
capacities. The desorption of Mn and Fe from columns filled with DQ and EBF was
also higher compared to the other filter media. From BCR extraction procedure it was
possible to observe that Zn, Cu and Ni removal mechanisms mainly involved weak

sorption including surface precipitation on the media and/or on montmorillonite.

Overall, the project adequately demonstrated the potential applicability of volcanic
materials and their weathering products as filter media, and it appears that the filter

media are appropriate for testing at a larger scale.
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1 Introduction

1 Introduction

Since decades water quality degradation has been one of the critical environmental
problems in Addis Ababa and the surrounding. The fast population growth, the
expansion of urbanization and industrialization, which are targeted in certain
peripheral parts of the city, poor sanitation conditions, uncontrolled waste disposal
and poor awareness of environmental issues pose serious health problems on the
well being of the society. Contamination of drinking water sources in the southern
margins of Addis Ababa is one of the critical environmental issues that need practical

solutions and measures.

The southern margin of Addis Ababa is one example of the most polluted fresh water
sources in Ethiopia. In this catchement most of the water resources for domestic,
irrigation and industrial purposes are surface water and groundwater. Three
important sources of surface water are identified in the southern margins of Addis
Ababa, which are used by the local people: The Big Akaki River, the Small Akaki

River and the Aba Samuel Lake.

Due to uncontrolled solid and liquid wastes discharged in to these open water
systems, pollution of the water sources pose great danger to the health and well
being of the local people. The environmental impacts of urbanization on the release
of heavy metals in river water and sediments are well presented in the works of
Liston and Maher (1986), Sarmani et al. (1992), Murray (1996), Singh et al. (1997),
Fuchs et al. (1997), Estébe et al. (1998). The effects on lake sediments were
published by Striegl (1987), Nriagu et al. (1996), and Chillrud et al. (1999). The
removal of heavy metals in urban runoff by sorption on mulch was found to be
efficient (Jang et al. 2005). Due to the poor water management and waste disposal
system toxic heavy metals, organic pollutants and bacteria heavily pollute waters.

Currently, the water quality problem in Addis Ababa has directly impacted the
population living in the southern margins of the city where there is no municipal water
supply. In the rural parts of Akaki where there is a serious shortage of municipal
water supply, communities rely directly on untreated water from springs, ponds and
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other open water systems. Most of the springs are not developed and therefore are
vulnerable to different types of pollutants. The local people in these communities use
water from the Big and Small Akaki Rivers for drinking and other household
purposes. However, these rivers are the major targets for discharging industrial
effluents as well as private septic tanks. Domestic animals drink freely from the
polluted rivers of Akaki and the Aba Samuel Lake. Irrigation of agricultural fields with
water drawn from industrial wastes to produce vegetables has been practiced for
decades. Though, shallow groundwater wells drilled close to the Akaki Rivers provide
the maximum expected yield, their quality is highly degraded by coliforms, inorganic
and organic pollutants (Alemayehu 2001).

Especially the major industries concentrated in the southern margin of Addis Ababa
are accountable for the water pollution in the area. These include tanneries,
breweries, wineries, distillers, soft drink, chemical and metal work industries, the
Addis Ababa Abattoir Enterprise and the National Tobacco Factory. Municipal drain
water including latrines goes directly to surface water (rivers, lakes, and open water
systems). Water sludge from small-scale industries and factories are disposed
without any treatment in the surface waters or dumped on open fields. Industrial
waste water, irrigation runoffs, and domestic waste water diverted to public land and
to the fresh water resources contain toxic substances and high content of total

dissolved solids.

So far little has been done in alternative measures that will help improving the water
quality that the rural communities of Akaki are relying on. It has been observed that
surface waters are directly tapped from their sources and used with out any
purification or pre-treatment (Alemayehu 2001). The local people are more
concerned on the color and odor of the water sources. Particularly, the overall
inorganic as well as organic constituents of these waters are not considered before
using the water for drinking.

The contaminants of interest are dissolved as well as suspended particulate matter
(SPM) bound Mn, Fe, Ni, Cu, Zn, As, Pb and Cd. In this regard, there is no previous
research work that have been done in characterizing the distribution of some heavy
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metals and arsenic on suspended particulate matters of surface water and
groundwater. In this particularly new approach the following objectives are included:
e Characterization of the contaminated waters in the Akaki area and find out the
contamination levels in the vicinity of the main water resources.
e Mineralogical and chemical characterization of potential local filter materials.
e Laboratory column and batch experiments to study the metal removal
capacities of local materials derived from volcanic deposits.
There have been several researches done in the removal of metals from drinking
water and wastewater. Adsorption using commercial activated carbon (CAC) can
remove heavy metals from wastewater, such as Cd (Ramos et al. 1997), Cr (Ouki et
al. 1997), Ni (Shim et al. 2001), Cu (Monser and Adhoum 2002). In general, the
conventional water treatment technologies applied in municipal drinking water supply
are too expensive and their applications would be more complex for rural people.
Therefore, there is a need to look into alternatives to investigate a low-cost treatment
method that is effective and easily applicable.

The idea of applying low cost materials for the removal of toxic metals from polluted
waters and/or wastewaters has been proved to be a better alternative over the
conventional treatment methods (Bailey et al. 1998). Giridih coal and crushed
coconut shell were found to adsorb cadmium from solution (Bhattacharya et al 1984).
Adsorption of metals to filter materials has been studied using low-cost sorbents
including carbonaceous materials, waste by-products, weathered soils, and
agricultural/natural products such as activated carbon, iron-oxide-coated sand,
zeolites, rice bran and hulls, soybean, peanut husk, saw dust, peat and leaves
(Naidu et al. 1998, Brown et al. 2000a, Brown et al. 2000b, Ricordel et al. 2001, Farm
2002 and Ho et al. 2002). Geochemical process such as adsorption, co-precipitation,
precipitation, ion exchange and redox reactions are mechanisms that are involved in
the removal of heavy metals from contaminated water. The application of natural
media in treating polluted water involves one or combination of these removal
processes. Natural materials such as those tested in this work have shown positive
outcome and have practical as well as economical importance from the point of this
project. The potential positive out come of this investigation can also be adopted
nationally in areas where geogenic and anthropogenic heavy metal pollution of

drinking surface water and groundwater are critical problems.
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2 The Akaki Sub-Basin

2.1 Geography and Climate

The Akaki Sub-Basin is located in the southern part of Addis Ababa between 38°41’ -
38°49°E and 08°47’ - 08°70’N. It is part of the Akaki river catchment area, which is
represented by the city of Addis Ababa and the Akaki well fields (Fig. 2.1). The Akaki
catchment covers a total area of 11,500 km?® and is characterized by a sharp
elevation drop of more than 1000 m towards the Great East African Rift System over
a distance of 30 km. Compared to the low lying southern part of the Akaki catchment,
the northern part of the catchment is characterized by ragged topography and steep
slopes, which resulted in rapids and a high runoff coefficient.

The lower lying part of the Akaki catchment area extends southwards up to the Lake
Aba Samuel, which lies at about 2000 m above sea level (a.s.l.) Contrasting
topography such as the high mountain range of Furi (2839 m a.s.l.) represents the
highest elevation in the area. The eastern part of the water shed is bounded by
mountains ranging in elevations of 2400 - 2500 m a.s.l. (the highest Mt. Range in the
area being Mt Yerer, 3100 m a.s.l.).
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Because of its favorable morphology the southern part of Addis Ababa is the fastest
growing part of the city where several industries are densely established. According
to the Ethiopian Central Statistics Authority (1999), 65% of the total industries in the
country are situated in Addis Ababa.

According to the National Atlas of Ethiopia (1981), five traditional climatic zones have
been drawn in the country. These are: "Kur" (Alpine), 3000 m and above; "Dega"
(temperate), 2300 m to about 3000 m; "Weina Dega" (Sub tropical), 1500 to about
2300 m; "Kolla" (Tropical), 800m to about 1500 m and "Bereha" (Desert), less than
800m.

The Akaki Sub-Basin, which is part of Addis Ababa, is located in the region where the
rainy months are contiguously distributed (Daniel 1977). In this basin, there are
seven rainy months from March to September with intermittent rainy season
occurring from March to May. The heavy rains are from June to September. High
concentration of rainfall usually occurs in July and very high concentration in August.
June, July, August and September represent the wet seasons of Addis Ababa and
most parts of the highlands in the country.

The average annual rainfall that was measured at five different rain gauge stations
within the Akaki catchment was 1250 mm (Ethiopian Meteorology Authority, 1981-
1999). The highest temperature varies on average between 20 °C in the wet season
and 25 °C during the dry season. The relative humidity of Addis Ababa seems to be
minimal during the dry season (70%) while during the rainy season the values rise up
to 90%. Wind speed is generally moderate in the area reaching up to 0.9 m/s.
Average daily sunshine hours in the area reach as high as 9.5 hours during the
months of November and December (Bega or dry season) while during the months of
July and August this value falls to about 3 hours. Monthly evaporation records
obtained from the Ethiopian Meteorology Authority showed that the average pan
evaporation during the dry season (November) is about 180 mm and in wet season
the values goes down to 75 mm. Evaporation in the low lying Akaki areas are

relatively higher than the northern mountain ranges of Entoto areas.
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2.2 Geology and Hydrogeology

2.2.1 Regional Geology of the Akaki Catchment

Wide ranges of volcanic rocks of different ages characterize the area that covers the
catchment of Akaki River including Addis Ababa and the well field (Tsehayu and
Hailemariam 1990, AAWSA and Seureca 1991, Morton et al 1979, Vernier and
Chernet 1985). The rocks in Addis Ababa are highly affected by the rift tectonics that
are very common features of the Ethiopian Rift Valley. The north and northeastern
area (the Entoto Mountain, the northern and north eastern Addis Ababa) are covered
with trachytes, rhyolites, basalts and several episodes of pyroclastic materials of
older volcanism occur on the upper part and foothill sides of Entoto ridge. The central
and southern part of the Addis Ababa area is overlain by younger basaltic rocks (7 -
6.4 My) (Addis Ababa Basalt). Outcrops of ignimbrites north of Bole area (Eastern
Addis Ababa) and Lideta area (Central Addis Ababa) have been observed underlying
the Addis Ababa basalt. Younger volcanic material of trachy-basalt, trachytes,
ignimbrites and tuff belonging to the Wochecha, Furi and Yerer volcanoes are
recognized overlying un-conformably on the Addis Ababa basalt in the western,
southwestern and eastern part of the catchment. Akaki (including the well field),
Dukem and Debre Zeit area are covered with olivine basalt, scoria, scoriaceous
basalts and vesicular basalts. In the upper part, in some places, intercalation of tuffs,
sand and gravels are also recognized. In northeast, east and in smaller extent in the
western part of Debre Zeit, outcrops of trachytes, rhyolitic ignimbrites and tuffs are
recognized covering the area (Fig. 2.2).

The overburden covering the bedrocks includes soils, lacustrine & alluvial deposits.
In the central, southeastern, northeastern, western (Kolfie & Keraniyo) and in
northern (Gullelie) part of the catchment thick in-situ soil type cover is found. The
lacustrine covers Bole, Lideta, Mekanisa, Akaki-Aba Samuel area and Dukem-Debre
Zeit area. Along Big & small Akaki Rivers, in the southern and southwestern parts of
Addis Ababa, some alluvial deposits occur and minor deposits are also present along
Kebena River in the area northwest of Bole (Tadesse 2004).
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Akaki Sub-Basin

Fig. 2.2. Geological Map of the Akaki Catchment
(Girmay et al 1989).
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2 The Akaki Sub-Basin

Some of the most common tectonic features characterizing the Akaki catchment
include the Main Ethiopian Rift System (MERS). The Akaki catchment lies at the
upper western margins of the Main Ethiopian Rift System. Therefore, it is highly
affected by rift tectonics, which is manifested by numerous faults having similar trend
as that of the rift (NE-SW), and faults and lineaments of E-W, N-W and NE-SE trend.

Volcanic rocks and minor alluvial sediments that occur along the banks of both Big
and Little Akaki Rivers are the main aquifer systems where the groundwater occurs in
Akaki catchment. These volcanic aquifers have primary porosities such as vesicles
and joints while faults, fractures and fissures constitute the secondary porosities.
Groundwater circulation and occurrence in these volcanic rocks are associated with
these porosities while in the alluvial aquifers they are in the interstitial spaces
between the sediments. In the catchment area the geometry of the aquifer systems is
highly variable, discontinuous and not well defined. In most areas, the volcanic
aquifers show semi-confined to unconfined natures and in few areas (Kerchelie &

Kality) confined aquifers are common.

North of Akaki Bridge there is interaction between groundwater with surface water of
Big and Little Akaki Rivers. Consequently, the base flow of the rivers is contributed
from the groundwater. The recharge to the groundwater that takes place within the
Akaki catchment to the north of Akaki Bridge is considered contributing to the base
flow. The piezometric surface constructed from groundwater points inventory made
during previous projects showed that the general groundwater flow direction is from
north to south in the upper and central part and towards south & southeast in the
lower parts of the catchment area (Tadesse 2004).

Most soils in this area are highly eroded and form thin soil cover. Most soil profiles
are products of weathering of old basic and acidic rocks that outcrop in the central,
western, and southwestern parts of Addis Ababa. The detrital materials that are
derived from elevated area of Entoto, Wechecha, Furi and Yerer are transported and
deposited in the pedimont and along the stream courses of Addis Ababa. Soils are
black in color and their thickness varies from place to place primarily depending on
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the slope of the area. Clay is the dominant composition of the soils in the Akaki area.
The thickness of the soils varies from 1 m to 20 m around the Akaki Well field.

The alluvial sediments cover large parts of the Akaki River area along riverbanks.
Along the Akaki River and the surrounding the thickness of the exposed soil cover
reached up to 5 m. Grain sizes are variable ranging from sand to gravel showing poor
sorting. The alluvial sediments are characterized by high porosity and intergranular
permeability. These sediments constitute one of the potential aquifers in the Akaki
area.

2.3 Hydrology

The city of Addis Ababa, the Akaki River and four surface water reservoirs namely
Gefersa, Lege Dadi, Dire Dam, and the Lake Aba Samuel, which are located in the
NW, NE, N, and SW of Addis Ababa respectively are the most important hydrological
features of the Akaki catchment. These are the major surface water bodies within and
around the city of Addis Ababa. All the reservoirs have been constructed for Addis
Ababa water supply except the Lake Aba Samuel. The reservoir is a waste-damping
site that collects solid and liquid wastes that drain through various parts of the city of
Addis Ababa.

Several small and relatively big rivers and streams that drain the different parts of
Addis Ababa characterize the Akaki River catchment (Fig. 2.3). The Akaki River that
constitutes the largest part of the catchment area drains the city of Addis Ababa from
the northeastern and eastern direction. Commonly this river is known as the Big
Akaki River. The other equally significant river that constitutes the Akaki catchment
area is the Little Akaki River that drains the western part of the catchment area. The
upper courses of these rivers originate from the northern mountain ridges of the
catchment area and enter in to Lake Aba Samuel at the southern reach (Fig. 2.3).
The Aba Samuel reservoir was built on the Akaki River, 30 km south of Addis Ababa.
The dam has a storage capacity of 65 million cubic meters and an annual out put of
23 million kilowatt. However, due to siltation and pollution it is not functional at
present. On the other hand, Gefersa, Legedadi and Dire Dams are located in the
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upstream part of the Akaki catchment are used as water supply sources of Addis
Ababa. The Akaki River flows further down through a gorge of 100 m deep for about
8 km before joining the Awash River, one of the biggest rivers in Ethiopia that has

been utilized for irrigation.
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Fig. 2.3. The Akaki catchment area includes Addis Ababa, the four artificial reservoirs.

Several tributaries that flow through the eastern and northeastern part of Addis
Ababa join the Big Akaki River. These tributaries include Ginifle, Kebena, Kechene,
Kurtume and Yeka, which are all found within the eastern part of the city boundaries.
The Big Akaki River loses some 600 m water head throughout its course before it

confluents with the Awash River near Dodota, 1880 m a.s.l. (AAWSA et al. 2000).
11
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The Akaki well field is one of the most important groundwater protection zones in the
south outskirt of Addis Ababa. It lies in the lower part of the Akaki River catchment
within the drainage basin of the streams Dengora and Keta, which join to form the
Sakelo. The Sakelo River in turn joins the Big Akaki River. The Akaki well field lies in
a topographic plain with an elevation of about 2100 m a.s.l. and has a flow direction
in general towards southwesterly to the Aba Samuel Lake (2020 m and 2025 m

a.s.l.).

North south running surface water divide separates the total catchment area of the
Akaki River basin. In the catchment area, the streams drain towards south from the
Entoto ridge; southeast direction from Mt. Wechecha and Mt. Furi and towards
southwest direction from Mt. Yerer and other elevated areas of the eastern outskirts
of the city. Some perennial streams in the city are part of the catchment such as Little
Akaki, Bantyiktu, Kurtume, Kebena, Ginfile, and Big Akaki. Other streams are

intermittent in nature.

At the northern sections, streams are dense forming characteristic radial drainage
pattern while on the slope and most parts of the city dendritic drainage patterns are
common. In addition to this, the steep slopes facilitate the processes of erosion that
result in cutting sharp valley floors. On the other hand, in the center and southern
parts of the city, the density of the streams is low and the main rivers or big tributaries
show a wide meandering type of flow. Low lying topography in the southern margins
creates fewer gradients whereby the streams are flowing in meandering course.
Formations of alluvial deposits in the southern margins are due to the decrease in
gradient of the topography, lower eroding activity of the rivers, minimum flow velocity
and transporting capacity (AAWSA, AAU 2003).

In the study area rivers and/or tributaries are located near the watershed and find
their sources from the steeply and rugged ridges of the northern mountain ranges.
Most of the streams flow in rapid movement through the city of Addis Ababa towards
the low-lying areas of the southern margins. Hence, the amount and volume of water
flowing in the streams at the southern margins of Addis Ababa increases after heavy

rainfall. In general, natural as well as man-induced features have affected the
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magnitude of peak flow in the southern margins of Addis Ababa. Flooding of the
Akaki catchment area has been happening at certain periods of the year for several
years. The Akaki areas are also just part of this frequent flooding resulted in several
losses of properties. (AAWSA, AAU 2003).

2.4 Water Quality and Use

The main land use features in the city of Addis Ababa and Akaki areas include
residential areas, open market quarters, industrial areas, small scale agricultural
fields, forest covers, meadows and quarries. Without paying much attention to the
environmental impacts solid and liquid wastes are discharged in to unprotected open
areas where rivers and other open water systems are used for multi purpose

household and agricultural practices.

Most industries, small-scale farmers and factories target their activities on the
geographically low lying Akaki areas, along river channels, and the outskirts of Addis
Ababa. One of the major polluting sources in the city believed to be the open waste
dumping site (0.3 km?) that is located in the western part of Addis Ababa. The landfill
site has not been constructed in such a proper way that it may prevent infiltration of
contaminants in to the nearby surface water and groundwater (Alemayheu 2001).

Regarding water quality, the Akaki River is one of the most contaminated rivers in the
Akaki area mainly by industrial effluents. In the Akaki River just at the inlet to the Aba
Samuel Lake biological oxygen demand (BOD) values up to 13 mg/l has been
reported (Alemayehu 2001). On the other hand, samples taken from the reservoir
outlet shows lower values of BOD (0.8 mg/l). However, the lake is used for drinking
(humans and animals), irrigation and household activities (Table 4.1). The other
important source of water in the area is Little Akaki, which carries the most toxic
organic, inorganic and biological contaminants that are discharged from households,
small industries, factories and open market places. Since the river drains through the
most populated part of the city, its contamination load is high with dissolved oxygen
concentration dropping down to = zero in Aba Samuel Lake (Alemayehu 2001). In

13
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spite of the high contamination level, small communities downstream of the rivers
utilize the river water as their potable water source. Most communities around the
Aba Samuel Lake depend on water wells and sometimes on the most polluted rivers
and the reservoir as their drinking water supply. Personal communications and field
observations showed that, the community at village Dika uses water well in the
village for drinking while the lake water is used for household purposes, drinking for
domestic animals and fishing. At extreme dry conditions, the villagers rely on the
most polluted waters of the Aba Samuel Lake. Some of the drinking water wells are
located few hundred meters away from the lake. In addition to this, most of the
ground water wells are located close to the Akaki River systems in order to get the
maximum yield possible. Depending on the lithology and structural features in the
subsurface, there is a potential groundwater-surface water interaction between the

reservoir and groundwater, and the river systems and groundwater.

More than thousands of rural people also intensively use groundwater for drinking
and household purposes. Wastewater discharged by the Akaki Textile Factory in to
the nearby agricultural field is also part of the pollution problem. Farmers in the area
directly use this water for irrigation to grow vegetables. It has been reported that leafy
vegetables that have been irrigated with liquid waste released from this factory
surpassed the expected tolerable limits of heavy metals (Itanna 1998)

There have been relatively very few published researches in this very critical
environmental pollution issue of the present day Ethiopia. The application of industrial
liquid waste in agricultural field happened to be the most common practices in areas

where water resources are scarce.

Water analysis on the Big Akaki River water samples has shown higher amount of
BOD at the inlet to the Aba Samuel Lake. However, this amount dropped at the outlet
of the reservoir indicating that the lake acts as an oxidation chamber in that the water
regenerates its dissolved oxygen content (Alemayheu 2001). The dissolved oxygen
(DO), biological oxygen demand (BOD) and chemical oxygen demand (COD) for the
Little Akaki Basin, Big Akaki Basin, and some tributaries of these basins are given in
table 2.1.
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Table 2.1. Biological oxygen demand, chemical oxygen demand and dissolved oxygen
concentrations in surface water bodies in Addis Ababa and Akaki area (EEPA
1997).

BOD COD DO

Sample Location
mg/l  mg/l  mg/l

Tributaries of Little Akaki near Asko Shoe Factory 8 48 6.9

Little Akaki near ALERT bridge 8 23 5.8

Little Akaki down stream of Medhane Alem School 301 621 0
Little Akaki  bridge

basin Little Akaki near Mekanissa Bridge 19 56 4.4
Little Akaki near Mekanissa Liquor Factory bridge 254 375 1.3
Little Akaki inlet to Aba Samuel Lake 321 708 O
Outlet from Aba Samuel Lake 0.8 156 7.4
Kebena (French Embassy Bridge) 11 43 6.8

Big Akaki Kebena at Bole Bridge 29 105 7

Basin Big Akaki inlet to Aba Samuel Lake 13 28 52
Outlet from Aba Samuel Lake 0.8 156 7.4

Sample locations are listed from upstream to downstream part of the Small and Big Akaki
Rivers

High concentrations of nitrate are the main problems in most surface water and
groundwater samples. Along with some heavy metals and bacteria this high
concentrations of nitrate is the main cause of child health problems and deaths in the
outskirts of Addis Ababa where the problem is critical.

The chemical, physical and microbiological characteristics of various sources of water
in the surrounding of Addis Ababa were also presented (Worku et al. 1998). In this
study 18 samples were collected from reservoirs that supply Addis Ababa's tap water
(Lakes Gefersa & Legadadi) city taps, city swimming pools, Ambo Mineral Water, rain
water, Akaki and Bulbula Rivers and Lake Aba Samuel (Table 2.2).
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Table 2.2. Mean concentrations of heavy metals (ppb) and pH in Addis Ababa Catchments
(Worku et al. 1998).

Heavy metals Streams Springs Boreholes
pH 7.72 6.61 8.62
Mn 2187 29.8 5.14
Cr 4.24 1.84 1.30
Ni 9.03 0.32 0.51
As 1.2 8.44 0.44
Pb 0.0 4.64 16.6
Zn 0.0 3.05 35.3

The results revealed that samples taken from the Akaki and Bulbula Rivers pose high
health risk because of their high concentration of Cr®*, Ni?*, As**, Pb?**, Mn*" and

Zn2+

Itanna (1998) has shown that the pollution of edible vegetables that were irrigated by
wastewater released from industries in and around Addis Ababa endangered health
of the communities. In the Akaki area, liquid waste released by the Akaki Textile
Factory has been used by the surrounding villagers to produce vegetables and fruits.
ltanna (1998) described the concentrations of metals in leafy vegetables and their
toxicological implications in Addis Ababa. In this study, he pointed out that the
concentrations of As, Cr, Fe and Pb have surpassed maximum permitted
concentrations at Kera farms that are located close to the Small Akaki River. The
metal concentrations of some vegetables irrigated with industrial liquid waste at the
Akaki area has also been investigated (ltanna 1998). In this study, vegetables such
as Swiss chard (Beta vulgaris var cicla L.), onion (Allium cepa L.), potato (Solanum
tuberosum L.), cabbage (Brassica oleracea L. var capitata), and red beet (Beta
vulgaris L.) were tested for their contents of heavy metals that have toxicological
significance. These vegetables are irrigated with industrial liquid waste that is
discharged directly by the Akaki Textile Factory. The concentrations of Cd, Cr, Cu,
Hg, Ni and Zn of potato have surpassed the maximum limits expected at background
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concentration levels (ltanna 1998). Chromium concentrations were also above the
background values in onion and red beet while Hg concentrations in all vegetables
were above the background (Table 2.3). The concentrations of Cd, Cr, Cu, Hg, Ni,
and Zn in potato have exceeded the expected concentration levels set by Weigert
(1991) for food crops. Swiss chard, cabbage, red beet, and onion irrigated with the
same waste water showed elevated concentrations of As, Cu, Cd, Cr, Ni, and Zn
than the mean value stated for vegetables (Weigert 1991). The contents of Hg in all
vegetables surpassed the maximum tolerable level found in foodstuffs.

Table 2.3. Leaf concentrations of arsenic and some heavy metals of different vegetables at
maturity stage, grown with industrial liquid waste at Akaki (lttana 1998).

Metal content (mg/kg)

Vegetables

As Cd Cr Cu Hg Ni Zn
Cabbage 0.105 0.030 1.80 3.28 0.218 0.64 29.7
Onion 0.105 0.108 2.81 5.24 0.201 0.44 15.4
Potato 0.133 0.076 2.26 8.72 0.355 1.75 47.4

Red Beet 0.170 0.057 2.87 8.92 0.142 1.47 27.1
Swiss chard 0.038 0.044 1.25 8.96 0.218 0.79 38.1

The concentrations of total Cr, and Ni in the contaminated soils of Akaki reached
toxic levels according to the critical limits set by Hein and Schwedt (1991), (Table
2.4). In support of this study, the concentrations of total Cr and Ni in the
uncontaminated Akaki soils indicated that these soils are also in the toxic range. This
implies that the geogenic sources of contamination also played major roles in the
pollution problem.

In his report, Itanna (1998) also mentioned that the Akaki area soils have also been
polluted by wastewater that drains the nearby agricultural fields. The total metal
concentrations in treated and untreated Akaki soils are presented in table 2.4. Soils
that have been treated with the wastewater were enriched in heavy metals as

compared to the natural untreated soils.
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Table 2.4. Total metal concentrations of treated and untreated soils at Akaki

(Itanna 1998).

Descrip-

Sample tion Metal content (mg/kg)
As Cd Co Cr Cu Hg Ni Pb Zn

Un-
1 treated 3.62 0.10 264 82.0 31.2 0.02 46.41 9.11 115
2 Treated 3.82 0.19 353 109 40.7 0.08 69.61 9.10 132
3 Treated 3.55 0.18 346 112 39.9 0.06 6220 8.43 142
4 Treated 4.30 0.17 444 116 348 0.08 5323 13.06 137
5 Treated 4.41 0.16 450 81 33.0 0.09 4874 17.02 153
Toxic
limits™* >20 >3 >50 >100 >100 >2 >50 >100 >300

*Treated samples are taken at 25 m interval down slope.

**According to Hein and Schwedt (1991) and Pendias and pendias (1984).

The dominant types of soils the vegetables are grown on are Pellic Vertisol and

Eutric Fluvisol (ltanna et. al 2003). These soils have pH values ranging from 7.1 to

8.3. At the river banks of the Big and Small Akaki Rivers, irrigation of agricultural

fields with the river waters are one of the most common practice. The vegetables

grown this way constitute the biggest proportion in the diets of the people of Addis

Ababa.
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3. Behavior of Heavy metals in Terrestrial and

Aquatic Environments

3.1. Heavy Metal Pollution and Toxicity

Heavy metals are those metals (i) with atomic number 23 (i.e. vanadium) onwards
except Rb, Sr, Y, Cs, Ba, and Fr; (ii) metals with density greater than 5; and (iii)
metals that are toxic to man and other life forms when found in fairly low
concentrations. Copper, Zn, Ni, As, and Pb are among the eight most common
heavy-metal/metalloid pollutants listed by the Environment Protection Agency (EPA).
Rapid developments and increase in mining and industrial activities have gradually
redistributed many of the toxic metals from the earth’s crust to the environment. This
has in turn raised the chances of human exposure to these metals (in excess of their
natural levels) through ingestion, inhalation or skin contact (Nriagu 1988).

Heavy metals are often problematic environmental pollutants, with well-known toxic
effects on living systems. Nevertheless, because of certain useful physical and
chemical properties, some heavy metals, including Pb and Cd, are intentionally
added to certain consumer and industrial products such as batteries, switches, circuit
boards, and certain pigments. Metals are partitioned in the biota by different acid-
base affinities, by their kinetics, by spatial partitioning (e.g., by membranes and
compartments), and by temporal partitioning (Frausto da Silva and Williams 1991)

Lead Zn, Cd, Cr, Cu, Ni are also commonly classified as heavy metals, subset of
elements that occur in low concentration in the earth’s crust (Table 3.1). All soils
naturally contain trace levels of metals. The presence of metals in soil is, therefore,
not indicative of contamination. The concentration of metals in uncontaminated soil is
primarily related to the geology of the parent material from which the soil was formed
(McLean 1992). Depending on the local geology, the concentration of metals in soil
may exceed the ranges listed in table 3.1. The persistence of heavy metals in soils is
a long process (Alloway 1990, Kelly 1996). Heavy metals also include essential
elements like Fe, Mn and Zn.
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Heavy metals may come from many different sources in urbanized areas, including
vehicle emissions, industrial discharges and other activities (Harrison, Gibson and
Thornton 1991). The sources of metal contamination of aquatic ecosystems include
sewage and industrial discharges, domestic wastewaters, base-metal mining and
smelting, atmospheric deposition, etc. Fresh water resources are particularly prone to

external trace-metal inputs.

Another sinks for heavy metals are soils. Heavy metals/metalloids being immobile in
soils accumulate in the topsoil, thus endangering crops and vegetables. Table 3.2
summarizes the most important heavy metals encountered in natural waters. Some
of these are recognized as nutrients required for animal and plant life, including some
that are essential at low levels but toxic at higher levels.

Table 3.1. Content of various elements in soils (Modified after Lindsay 1979).

Selected average contents in

Metal soils ma/kg Common range for soils
Fe 38,000 7,000 - 550,000

Mn 600 20 - 3,000

Cu 30 2-100

Cd 0.06 0.01-0.07

Zn 50 10 - 300

As 5 1.0 - 50

Ni 40 5-500

Pb 10 2 -200

Aquatic contamination by heavy metals is very harmful since these elements are not
degradable in the environment and may accumulate in the living organisms. Heavy
metals can combine and divert many aspects of the physiological systems of life
(enzymes, chlorophyl operations). Due to their affinity for sulfur (a constituent of
some amino acids and, therefore, of protein), they disrupt enzyme activity by forming
bonds with sulfur. In addition to this, carboxylic acid groups and amine groups that
are present in protein also form strong attachments to metals (Manahan 1996).
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Some of the heavy metals are among the most harmful of the elemental pollutants
and are of particular concern because of their toxicities to humans (Luoma 1983).
These elements are, in general, the transition metals, and some of the representative
elements, such as Pb, Cd, Ni, and As (Manahan 1996). Heavy metals that include
the essential elements such as Fe, Mn and Zn also have tremendous affinity to
sulfur, and disrupt enzyme function by forming bonds with sulfur groups in enzymes.
Protein carboxylic acid (-CO2H) and amino (-NH.) groups are also chemically bound
by heavy metals. Cadmium, Cu, Pb, and Hg ions bind to cell membranes, hindering
transport processes through the cell wall. Heavy metals may also precipitate
phosphate bio compounds or catalyze their decomposition (Manahan 1996).

Heavy metals can pose health hazards if their concentrations exceed allowed
maximum limits. Even when the concentration of metals does not exceed these
limits, there is still a potential for long-term contamination, since heavy metals are
known to be accumulative within biological systems. The toxicity of heavy metals is
discussed briefly in Whitton and Say (1975), Alabaster and Lioyd (1980), Laws
(1981), Leland and Kuwabara (1985), Hellawell (1986), Mance (1987), Furness and
Rainbow (1990), Newman and Mclintosh (1991), Kennish (1992), and Depledge et al.
(1994). The cupric ion (Cu®") is the most toxic species of Cu to plants and algae
when present at higher levels. Copper toxicity has also been demonstrated for
CuOH* and Cux(OH) ?* (LaGrega et al. 1994). Lead is one of the most ubiquitous
toxic metals. Lead blood levels as low as <1 - 100 ug/dl in children, and 10 - 100
ug/dl in adults have been associated with a wide range of adverse effects such as
nervous system disorders, anaemia and decreased haemoglobin synthesis,
cardiovascular disease, and disorders in bone metabolism, renal function and
reproduction. Of particular concern is the effect of relatively low exposure on
cognitive and behavioral development in children (Pirkle et al. 1998, USPHS 1997,
Bernard et al. 1995, Goyer 1993, Nriagu 1988). Long term exposure to Ni results in
serious consequences such as chronic bronchitis and reduced lung function (USPHS
1997). Pregnancy complications in Ni-exposed workers including cardiovascular and
musculoskeletal defects have also been reported (Chashschin et al. 1994).
Excessive dietary exposure of Zn in both humans and animals can cause
gastrointestinal distress and diarrhea, pancreatic damage and anaemia (USPHS
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1997, Goyer 1996). Arsenic (e.g., As®*) can be toxic through its interaction with
sulfhydryl groups of proteins and enzymes (to denature the proteins and enzymes
within the cells; Gebel 2000, Graeme & Pollack 1988) and through an increase of
reactive oxygen species in the cells, consequently causing cell damage (Ahmed et al.
2000, Wang et al. 1996, Chen et al. 1998 & Nies 1999)

Table 3.2. Source and behavior of heavy metals and arsenic (Adriano 2001).

Element Sources Effects and Toxicity

Arsenic Mining by-product, chemical waste Toxic, possibly carcinogenic

Copper Metal Plating, mining, industrial Essential trace element, toxic to
waste plants and algae at higher levels

Iron Industrial wastes, corrosion, acid Essential nutrient, damages
mine water, microbial action fixtures by staining

Lead Industrial waste, mining, fuels Toxic, harmful to wildlife

Manganese Industrial wastes, corrosion, acid Toxic to plants, damages
mine water, microbial action fixtures by staining

Zinc Industrial waste, metal plating, Essential element, toxic to
plumbing plants at higher levels

3.2 Chemical Fate and Mobility of Heavy Metals

Metals can be found in the three-phase system: solid, gaseous, or liquid phases in
natural soils, sludges, and solid wastes. The fate and transport of a metal in soil and
groundwater depends significantly on the chemical species and speciation of the
metal (Allen et al. 1991). In surface-and ground-water systems the mobility of metals
is hindered by reactions that cause metals to adsorb or precipitate, or chemistry that
tends to keep metals associated with the solid phase and prevent them from
dissolving. These mechanisms can retard the movement of metals and also provide
a long-term source of metal contaminants (NRC 1994). While the various metals
undergo similar reactions in a number of aspects, the extent and nature of these
reactions vary under particular conditions. The extent of sorption of several metal
cations and anions onto iron oxide is shown as a function of pH for a particular

background electrolyte composition (Fig. 3.1).
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Fig. 3.1. Heavy metal adsorption to hydrous iron oxide gels (Kinniburgh et al. 1976).

It may be seen that Pb sorbs extensively than Zn or Cd to the iron oxide gels at much
lower pH values (Kinniburgh et al. 1976). In figure 3.2, the extent of sorption of metal
anions onto iron oxide is also shown as a function of pH for a particular background
electrolyte composition. The chemical species and speciation of some of the most
important metals such as Pb, As, Zn, Ni and Cu are discussed below. The influence
of chemical species on fate and mobility of these compounds is also discussed.
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Fig. 3.2. Metal anions adsorption to hydrous iron oxide gels (Leckie et al. 1980; Honeyman et
al. 1984).
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Lead occurs naturally in the environment. However, most Pb concentrations that are
found in the environment are a result of human activities. Due to the application of
lead in gasoline an unnatural lead-cycle has consisted. The primary industrial
sources of Pb contamination include metal smelting and processing, secondary
metals production, lead battery manufacturing, pigment and chemical manufacturing,
and lead-contaminated wastes (Evanko and Dzombak 1997). There are different
forms in which Pb is released in to groundwater, surface water and soil. These are
elemental Pb, Pb oxides and hydroxides, and Pb metal oxyanion complexes (Smith
et al. 1995). Pb® or Pb?*" is the most commonly known oxidation states of lead.
However, Pb?* is the more common and reactive form of Pb and forms mononuclear
and polynuclear oxides and hydroxides. Under most environmental conditions Pb?*
and Pb-hydroxy complexes are the most stable forms of lead (Smith et al. 1995).
Lead compounds formed by complexation reactions with inorganic (CI, COs%, SO,
PO,%) and organic ligands (humic and fulvic acids, EDTA, amino acids) are less
soluble (Bodek et al. 1988). When high sulfide concentrations are present under
reducing conditions the most stable form of Pb is PbS while Pb carbonate solids form
when the pH is above 6 (Fig. 3.3). Most Pb that is released to the environment is
retained in the soil (Evans 1989). The primary processes influencing the fate of Pb in
soil include adsorption, ion exchange, precipitation, and complexation with sorbed
organic matter. These processes limit the amount of lead that can be transported into
the surface water or groundwater. The relatively volatile organolead compound
tetramethyl lead may form in anaerobic sediments as a result of alkyllation by
microorganisms (Smith et al. 1995).

The amount of dissolved Pb in surface water and groundwater depends on pH, the
concentration of dissolved salts and the types of mineral surfaces present. In surface
water and groundwater systems, a significant fraction of Pb is undissolved forming
ligand complexes and occurs as precipitates (PbCOs, Pb,O, Pb(OH),, PbSQOy), as
sorbed ions or as surface coatings on minerals, or as suspended organic matter (Fig.
3.3).
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Fig. 3.3. Eh-pH diagram for part of the Pb-S-C-O-H system (Brookings 1988). Assumed
activities of dissolved species: Pb=10%; S=10°; C=10".

Arsenic (As) is a semi metallic element that occurs in a wide variety of minerals,
mainly as As;Os;, FeAsS and can be recovered from processing of sulfidic ores
containing mostly Cu, Pb, Zn, Ag and Au. It is also present in ashes from coal
combustion (Evanko and Dzombak 1997). The most common oxidation states of
arsenic are (As®, As®, As®*, As*®) (Smith et al. 1995) and thus exhibit fairly complex
chemistry. In aerobic environments, As(V) is the dominant species, usually in the
form of arsenate (AsO4>) in various protonation states: HzAsO4, H2AsO4, HASO4Z,
AsO,>. Arsenate and other anionic forms of As behave as chelates and can
precipitate when metal cations are present (Bodek et al. 1988). Metal arsenate
complexes are stable only under certain conditions. Under acidic and moderately
reducing conditions As(V) can also coprecipitate with or adsorb onto iron
oxyhydroxides. Coprecipitates are immobile under these conditions but As mobility
increases as pH increases (Smith et al. 1995).

Arsenite (AsOs;¥) and its protonated forms: HzAsOs;, HoAsOs, HAsOs;* are the

dominant forms under slightly reducing conditions (Fig. 3.4). Arsenite can adsorb or

coprecipitate with metal sulfides and has a high affinity for other sulfur compounds.
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Fig. 3.4. Eh-pH diagram of the system As-H,O-S at 25 °C (Fergusson 1990).

The elemental As and arsine, AsHs;, may be present under extreme reducing
conditions. Biotransformation (via methylation) of As creates methylated derivatives
of arsine, such as dimethyl arsine HAs(CHs). and trimethylarsine As(CHs)s, which are

highly volatile.

Since As is often present in anionic form, it does not form complexes with simple
anions such as CI" and SO4. Arsenic speciation also includes organometallic forms
such as methylarsinic acid (CH3)AsO2H, and dimethylarsinic acid (CH3)>AsO2H.

Many As compounds sorb strongly to soils and are therefore transported only over
short distances in groundwater and surface water. Sorption and coprecipitation with
hydrous iron oxides are the most important removal mechanisms under most
environmental conditions (Krause and Ettel 1989, Pierce and Moore 1982). Oscarson
et al. (1981) hypothesized that the oxides of Mn(lV) and Fe(lll) may be the primary
electron acceptors in the oxidation of As(lll) because Mn and Fe readily participate in

many oxidation-reduction reactions in natural environments. Arsenates can be
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leached easily if the amount of reactive metal in the soil is low. As(V) can also be
mobilized under reducing conditions that encourage the formation of As (lll), under
alkaline and saline conditions, in the presence of other ions that compete for sorption
sites, and in the presence of organic compounds that form complexes with As (Smith
et al. 1995).

Zinc (Zn) does not occur naturally in elemental form. It is usually extracted from
mineral ores to form Zn oxide (ZnO, Zn(OH),) and ZnCQOs3. The primary industrial use

for Zn is as a corrosion-resistant coating for iron or steel (Smith et al. 1995).

Zinc usually occurs in the Zn®* oxidation state and forms complexes with a number of
anions, amino acids and organic acids. The most common Zn precipitates are Zn
(OH)Q(S), ZnC03(S), and ZnS(S).

Since Zn is present as soluble compounds at neutral and acidic pH values, it is one
of the most mobile heavy metals in surface waters and groundwater (Smith et al.
1995). At higher pH values, Zn can form carbonate and hydroxide complexes that
control Zn solubility (Fig. 3.5). Zinc readily precipitates under reducing conditions and
in highly polluted systems when it is present at very high concentration, and may
coprecipitate with hydrous oxides of Fe or Mn (Smith et al. 1995). ZnS is another
form of Zn precipitate. Due its amphoteric properties, Zn forms variety of salts. Zinc
chlorate, Zn chloride, the sulfates and nitrates are readily soluble in water. The oxide,
carbonate, phosphates, silicates, sulfides and organic complexes of Zn are
practically insoluble in water (Weast 1986).
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Fig. 3.5. Eh-pH diagram for Zn-CO,-S-H,O system at 25°C and 1 atm (Wyman 1993).

The primary fate of Zn in aquatic environments is mainly controlled by sorption to
sediments or suspended solids, including hydrous Fe and Mn oxides, clay minerals,

and organic matter.

Compared to other inorganic contaminants of environmental interest, the
geochemical behavior of Ni in soil and groundwater systems has not been studied
extensively (Evanko and Dzombak 1997). However, some works of Rai et al. (1984)
present a detailed review of the aqueous speciation, solubility, and adsorption
reactions that affect the environmental mobility of Ni. In aqueous systems, the most
important oxidation state of Ni is Ni** (Baes and Mesmer 1976). At pH values less
than 10, the uncomplexed cation Ni** is predicted to be the dominant aqueous
species of Ni. At pH values greater than 10, dissolved Ni is present as a series of
hydroxide species (Fig. 3.6). To a limited degree Ni also forms aqueous complexes
with ligands, such as dissolved sulfate, carbonate, and chloride (Rai et al. 1984).
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Under reducing geochemical conditions, Ni may potentially precipitate in soils and
control the maximum concentration of total dissolved Ni. The results of a solubility
study by Mattigod et al. (1997) indicate that solid Ni(OH), (the mineral theophrastite)
may precipitate and control the maximum concentration of dissolved Ni in soils under
alkaline conditions. It was indicated that at concentrations of dissolved Ni less than

10”7 mol/l bunsenite (NiO) is oversaturated at basic pH values.
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Fig. 3.6. Eh-pH diagram for part of the system Ni-O-H-S-C. Assumed activities for dissolved
species are: Ni=10™, S=1073, C=107 (all in mol/l), at 298 K and 1 bar (Bermanec et

al. 2000).
Surface sorption processes likely control the concentrations of Ni in most soil

systems. Nickel is known to be adsorbed by Fe and Mn oxides and clays (Rai et al.
1984 and references therein). The adsorption of the uncomplexed cation Ni?* will be
greatest at high pH values less than 11, decrease with decreasing pH, and be
minimal at acidic conditions. At pH values greater than 11, the adsorption of Ni to soil
may decrease if the dominant aqueous species is anionic, such as Ni(OH)> (Fig.
3.6). Recent studies by Nachtegaal and Sparks (2003), Elzinga and Sparks (1999,

2001), Scheckel and Sparks (2000, 2001), and other related papers by these authors
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demonstrate that the sorption of Ni to some clay minerals results in the formation of
Ni hydroxide or Ni aluminum hydroxide surface precipitates on clays. The formation
of such surface precipitates will reduce the migration and remobilization of Ni in soil-
water systems.

Copper (Cu) is mined as a primary ore product from Cu sulfide and oxide ores.
Mining activities are the major source of Cu contamination in groundwater and
surface waters. Other sources of Cu include algaecides, chromated copper arsenate
(CCA) pressure treated lumber, and Cu pipes. Anthropogenic releases of Cu from
industrial wastes are also potential Cu sources in the environment (Evanko and
Dzombak 1997).

In ground-water systems, solution and soil chemistry strongly influence the speciation
of Cu. CuCOs is the dominant soluble Cu species in aerobic, sufficiently alkaline
systems. The cupric ion, Cu?*, and hydroxide complexes, CuOH* and Cu(OH),, are
also commonly present (Fig. 3.7). Copper forms strong solution complexes with
humic acids. The affinity of Cu for humates increases as pH increases and ionic
strength decreases.
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Fig. 3.7. Eh-ph diagram for Cu-H,O-0,-S-CO, System (Garrels and Christ 1965).
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In anaerobic environments, in the presence of sulfur, the formation of CuS(s) is
highly favored. The mobility of Cu in the environment is decreased by sorption to
mineral surfaces. Cu®* sorbs strongly to mineral surfaces over a wide range of pH
values (Dzombak and Morel 1990). The cupric ion (Cu?*) is the most toxic species of
Cu. The importance of redox potential in determining metal solubility and transport
can be clearly seen for Cu in the Eh-pH diagram for the Cu-H>0-0,-S-CO, system
(Fig. 3.7, Garrels and Christ 1965).

3.3 Treatment of Heavy Metals Contaminated Water

Many researchers have investigated the removal of heavy metals from contaminated
industrial wastes using economically feasible materials (Deans and Dixon 1992). The
direct release of these wastewaters in to the environment may result in the
contamination of various portions of the environment. Since industrial wastes contain
in many instances toxic heavy metals there is high probability they will incorporate in
the important environmental portions such as soil, water and air.

There are various dynamic transformations that may occur when a heavy metal
contaminated water passed through a filtration pond (natural media) (Leeuwang 1990
and Johnston 1993). Different transport processes may happen from one
compartment to another, e.g. from water to sediments or biota or suspended solids or
vice versa. In calm waters particles that are denser than water will settle down. The
formation of flocs should be effected for particles, which are light or less dense than
water, for sedimentation processes to become possible. Particles of clay and organic
mater that have surface electronic charge aggregate to form flocs and generally
settle more rapidly than do individual particles (Hakanson and Jansson 1983). Flocs
may also adsorb other types of suspended particles including heavy metals.
Increased pH, turbulence, and concentration of suspended matters, ionic strength
and high algal concentration enhance flocculation. Because of their larger surface
area they have proportionally greater adsorption potential. The hydrous oxides of Fe
and Al carry a positive electrical charge necessary to neutralize the negative charges
of colloidal particles resulting aggregation and sedimentation. Sedimentation is a
physical process that takes places after other mechanisms aggregate heavy metals
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into particles large enough to sink. In this way heavy metals are removed from
wastewater and trapped in filter media (or in filtration pond).

In sediments heavy metals are adsorbed to clay and organic matter by electrostatic
attraction (Patrick et al. 1990). Unlike organic pollutants, which will ultimately
decompose, heavy metals will remain as metal atoms once adsorbed on to humic or
clay colloids. As the organic molecules decompose or as sediment conditions change
metal speciation may change with time. There are many factors that affect the extent
to which metals ions are adsorbed by cation exchange or non-specific adsorption.
These include properties of the metals concerned (valence, radius, degree of
hydration and co-ordination with oxygen). Other factors are physico-chemical
environment (pH and redox conditions), the nature of the adsorbent medium
(permanent and pH-dependent charge, complex-forming ligands), and the
concentrations and properties of other metals and soluble ligands present (Alloway
1990). For instance, more than 50% of heavy metals can easily be adsorbed onto
particulate matter in wetland and thus be removed from the water component by
sedimentation (Muller 1988). The adsorption of metal ions on to mineral surfaces is
mostly described either by the Langmuir or the Freundlich adsorption isotherms.
Metal adsorption onto Mn oxide, for instance, can be described by the Langmuir
equation for a range of metal concentrations, over about one order of magnitude only
(Van den Berg 1982).

Another important mechanism in contaminated water treatment is co-precipitation of
heavy metals with secondary minerals, including the hydrous oxides of Fe, Al and
Mn. Heavy metals such as Cu, Mn, Ni, and Zn are coprecipitated in Fe oxides while
Fe, Ni, Pb and Zn are co-precipitated in Mn oxides. The precipitation of Fe*" may
occur initially in the form of gelatinous stable forms, such as goethite. Through the
decrease in Eh or pH ferrihydrite is more likely to be subsequently dissolved than
goethite again. Ferrohydrite co-precipitates other ions and as a result of its large
surface area acts as a scavenger sorbing both cations, such as heavy metals and
anions, especially HPO4** or HPO," and H,AsO,. In reducing conditions pyrite
(FeS,) forms when sulfate becomes reduced to S%, producing H.S which then reacts
with Fe?* to form FeS and FeS,. The oxidation of S* such as pyrite causes marked
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acidification in soils and sediments. This causes heavy metals to be released into
solution. Specialized bacteria, e.g. Thiobacillus ferroxidans and Metallogenum spp
are involved in the transformations of Fe and Mn respectively. Fe and Mn oxides
occur as coatings on soil particles, fillings in voids and as concentric nodules. The
oxide coatings are normally intimately mixed with clay and humus colloids and,
although mineralogically distinct, form part of the clay-sized fraction. The heavy
metals normally found co-precipitated with secondary minerals in soil sediments are
(Sposito 1983):

Fe oxides: Mn, Ni, Cu, Zn

Mn oxides: Fe, Ni, Zn, Pb

Ca carbonates: Fe, Ni, Cd

Clay minerals: Ni, Zn, Pb, Mn, Fe

When reducing conditions cause the dissolution of hydrous Mn and Fe oxides, the
concentrations of several other elements in the sediment solution are likely to
increase. In this case Cu, Ni, Fe, and Mn are generally more bioavailable from gleyed
(periodically water logged soils) than from drained wetlands soils on the same parent
material (Matagi et al. 1998). However, Cu and Zn do not undergo redox reactions
themselves but are coprecipitated by hydrous oxides.

Precipitation is one of the major mechanisms by which metals are removed from
water deposited in sediments. Precipitation is affected by several factors. Solubility
product (Ksp) of the metal species involved, pH and concentration of metal ions and
relevant anions are some of the most important factors that affect precipitation.
Under reducing conditions, carbonates, hydroxides and sulfides of metals are
precipitated and their precipitation is also pH dependent. More specific for sulfides is
that they are insoluble at neutral pH and therefore accumulate in fresh water
sediments. For the carbonates, the solubility is also influenced by partial pressure of
CO.. For example the solubility of PbCO3; can be increased several fold in the
present of CO,. The bioavailability of heavy metals to many aquatic ecosystems is
mainly controlled by the formation of insoluble heavy metal precipitates.
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lon exchange is another removal mechanism that takes place in water treatment. It
can occur between the counter ions balancing the surface charge on the sediment
colloids and the ions in solution. Negative charges on mineral surfaces are
responsible for cation exchange, in which exchange of a hydrogen ion for the metal
occurs. The extent to which the sediment constituents can act as cation exchangers
is expressed as the cation exchange capacity (CEC), measured in meg/100 g. The

negative charges on the surface of minerals are of two types:

(a) Isomorphic substitution (permanent charge): These are results of the
isomorphous substitution of a clay mineral constituent by an ion with a lower valence.
Isomorphic substitution is the replacement of one atom by another of similar size in a
crystal lattice without disrupting or changing the crystal structure of the mineral. In
many soils the solid phase carries a net negative surface charge. For clay minerals
this charge is a result of isomorphous substitution, where structural cations of higher
valence are replaced by cations of lower valence (e.g. Si** is replaced by AI**). As a
result, clay minerals have a permanent negative surface charge (Sposito 1984).

(b) pH dependent charge occurs on the edges of layered silicates, on variable
charged minerals such as oxides of Fe and Al, and organic matter. It is called pH
dependent charge because it increases in magnitude as the pH of the aqueous soil
environment increases. The pH-dependent charges on the oxides of Fe, Al, Mn, Si
and organic colloids are positive at pH below their iso-electric points and negative
above their iso-electric points. Under most conditions hydrous Fe and Al oxides have
relatively high iso-electric points (> pH 8) and tend to be positively charged whereas
clay and organic colloids are predominantly negatively charged under alkaline
conditions (Alloway et al. 1997). With most colloids, increasing soil pH, at least up to
neutrality tends to increase their CEC. Due to the dissociation of protons from
carboxyl and phenolic groups humic polymers in the sediment organic matter fraction
become negatively charged. The concept of cation exchange implies that ions will be
exchanged between e.g. mineral surface (double diffuse layer) and the surrounding
water (Alloway et. al 1997). The relative replacing power of anion on the cation
exchange complex will depend on its valence, diameter in the hydrated form and the
type and concentration of other ions present in water with the exception of H*, which
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behaves like a trivalent ion, the higher the valence, the greater the degree of ion
exchange. lons with a larger hydrated radius have a lower replacing power than ions
with smaller radii. For example K* and Na* have the same valence but K* will replace
Na* owing to the greater hydrated size of the Na* ion.

In soils the overall electroneutrality is maintained by an excess of electrostatically
attracted counterions in proximity to the charged surface. In the case of negatively
charged surfaces a diffuse double layer will result where cations are in excess of
anions. For individual sediment constituents, the order of replacement of the heavy
metals is (Alloway 1990):

Montmorillonite clay: Pb > Cu>Cd>Zn
Ferrihydrite: Pb > Cu > Zn > Ni > Cd
Peat: Pb > Cu > Cd >=Zn

Clay minerals in general have higher CEC values whereby adsorptions of heavy
metals are facilitated (Table 3.3).

Table 3.3. Cation exchange capacities (CEC) for several clay minerals (Grim 1968).

Mineral CEC (meg/100 g)
Chlorite 10 - 40
Halloysite.2H,0 5-10
Halloysite.4H,O 40 - 50

llite 10 - 40

Kaolinite 3-15
Sepiolite-Attapulgite-Palygorskite 3-15

Smectite 80 - 150
Vermiculite 100 - 150
Organic matter 50-100

The redox state of a heavy metal in solution is an important speciation parameter
because it can drastically affect its toxicity, adsorptive behavior and metal transport
(Mertz and Cornazer 1971, Florence et al 1983). The redox state of heavy metals
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varies depending on whether there are anoxic or oxic conditions in aquatic
environments. For instance, the oxidation of sulfides is catalyzed by microorganisms,
such as Thiobacillus spp in water. In the case of pollution by tailings from
metalliferous mining, particles of ore minerals in soils, such as, PbS, ZnS and
CuFeS; become oxidized, releasing metal cations Pb?*, Cu?*, Zn?** and Cd?* into the
sediment when they are adsorbed. Charges in redox potential Eh under reducing
conditions allows the metals to precipitate as metal sulfides.
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4 Methods and Materials

4.1 Logistics and Planning

The main objective of this PhD work is to propose a concept to purify contaminated
water in the Akaki area that is used for drinking and other household purposes. The
need to conduct sampling in the area was necessary. In order to carry out sampling
of different water sources and potential filter media around the Akaki area preliminary
information have been gathered from different governmental and non-governmental
institutions. The institutions were also co-operative to provide such information as
previous data on contamination analysis, geological and topographic maps of Addis
Ababa and the surrounding area. Geological maps (1:50,000) of Addis Ababa, the
Akaki area, and the southern and southwestern peripheries of Addis Ababa were
provided by the Ethiopian Mapping Authority (reprinted August 2000). The maps

were used as basis for traversing the target areas.

To assist our sampling campaign and research work mutual collaborations have been
established between the University of Karlsruhe, Institute of Mineralogy and
Geochemistry (IMG) and, Addis Ababa University, Department of Geology and
Geophysics. In this regard, a co-operation memorandum has been signed between
the two parties to carry out mutual research activities, technology transfer and
exchanging graduate and postgraduate students between them.

4.2 Sampling Procedure

Between April and May 2003, a field trip to Ethiopia had been employed to carry out
sampling and some field measurements in the study area. The samples were
collected during the dry season in a short tropical monsoon rainy season. This period
represents end of the dry season and beginning of short rainy season in the region.
The sampling campaigns included (l) collection of water samples from groundwater,
rivers, lakes, ponds and industrial wastewater and (Il) gathering of natural filtering
media from the study area and the surrounding. The sampling of filter media has also
been employed from the areas located between the Addis Ababa - Awassa town.
Whenever possible, the potential targets to collect filter materials were selected as
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close to the contaminated water resources as possible. This enables the local
communities to access the filter materials without further transport cost. On the other
hand, water samples representing the wet season pollution level of the Akaki waters
were collected between September and October 2005.

4.2.1 Water Samples

During the April-May, 2003 sampling campaign 22 water samples out of which 6
surface water samples, 15 groundwater samples and 1 industrial wastewater sample
were collected from the Akaki Sub-Basin (Table 4.1). Samples collected during the
wet season (October 2005) included 10 groundwater and 2 surface water samples
(appendix | and II). All water samples were collected by grab method from the
southern portion of the Akaki area near the Aba Samuel Lake.

Water samples were also collected from the two river systems draining the city of
Addis Ababa: Big Akaki and Little Akaki Rivers at different sampling points.
Groundwater wells close to the Akaki Rivers and Aba Samuel Lake were also
sampled. These water wells were basically drilled very close to the river systems to
get maximum yield not taking much attention to the possible contamination. Samples
were treated in the field and at laboratories of Chemistry Department, Addis Ababa

University.

4.2.1.1 Sample Preparation

The sample equipment and containers used during sampling are made up of
polyethylene. During field water parameter measurements and sampling of the
surface and groundwater samples proper preservation and storage were applied for
minimizing the irreversible changes that may happen due to the reaction with
atmospheric oxygen. Field measurements of the following parameters have been
made at the time of sample collection on a portion of each water sample, and
recorded in field logbook: pH, temperature, specific conductivity, and dissolved
oxygen.
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Table 4.1. The types of water samples, sampling sites, and water use (Tolera 2003).

Sample
Code  Sample sites  Location Sample Type Ultilization
N E m
Ku1 Small Akaki 08°51.080 38°46.906 2062 River water Irrigation, Drinking
De2 Dewera Guda 08°48.415 38°44.625 2075 Wellwater  Drinking
Dk3 Dika 08°46.991 38°41.840 2014 Wellwater  Drinking
Dk4 Aba Samuel 08°47.128 38°42.094 2005 Lake water Irrigation, Household
Dk5 Aba Samuel 08°47.255 38°42.505 2016 Lake Outlet Irrigation
De6 Dewera Guda 08°48.415 38°44.625 2075 Wellwater  Drinking
Gr7 Gerado 08°47.523 38°46.947 2172 Pondwater Drinking, Household
Be8 Berehi 08°94.124 38°48.527 2076 Well water Drinking
Sd9 Sidamo Awash 08°50.493 38°49.032 2072 Wellwater  Drinking
E10 EEPCO 08°53.145 38°45.441 2114 Well water Drinking, Factory
Juii Jugan B. Akaki 08°53.181 38°44.823 2076 River water Irrigation
TH2 Tilinto 08°53.523 38°47.903 2147 Well water Drinking
Ivi3 Indian Village 08°2.860 38°47.175 1999 Well water Drinking
Ak14 Akaki Textile F 08°52.674 38°47.064 2010 Effluent Waste water
Ah15  Aba Hana 08°52.579 38°47.049 2015 Wellwater  Drinking
Ls16 Lesperance 08°53.127 38°47.633 2089 Wellwater  Drinking
Ak17 Akaki Metal F 08°51.571 38°47.774 2027 Well water Drinking, Factory
EN8 ELICO 08°56.543 38°45.651 2162 River water Factory
EI19 ELICO 08°956.543 38°45.651 2162 Effluent Irrigation
Td20 Tulu Dimtu 08°50.907 38°48.503 2035 Wellwater  Drinking
Am21  Akaki Merenu 08°49.146 38°48.521 2067 Well water Drinking
Ab22 Akaki Babu 08°50.070 38°48.159 2013 Well water Drinking
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Dissolved oxygen was measured by the WTW Oxi sensor calibrated by an air-
calibration chamber that permits calibration of the DO sensor at the temperature of
the water in which DO concentration is to be measured. During the calibration
procedure, the interior of the chamber was kept just moist. The instrument system
used to measure DO was tested before each field trip and cleaned soon after each
use.

The electrical conductivity of the water samples were measured in-situ with the WTW
Conductivity meter. Calibration of the sensor was performed before the water-quality
field trip and checked several times. Surface water conductivity has been measured
in situ, whenever possible; otherwise, the determination of conductivity in discrete
samples collected from a sampling beaker. The conductivities of samples were
measured as soon as possible after collection of the samples. The reported values
were determined on unfiltered samples.

pH measurements were performed directly on surface water bodies while
groundwater samples were determined in a sampling beaker. The instrument system
that was used to measure pH was tested before each field trip, and it was cleaned
soon after use. During the pH measurement, buffer solutions of pH 4 and pH7 were
used for calibration. In order to avoid pH changes that could be caused by different
reasons, the measurements of pHs of the water samples were carried out
immediately after withdrawal of discrete samples directly from the water sources or

sampling device on unfiltered samples.

During the sampling period, three sets of water samples were collected in 50 ml, 50
ml and 20 ml sampling bottles for analysis of major cations and trace elements,
alkalinity, and anions measurements respectively. The overall sampling procedures
for all sample types are described below.

Samples for the analysis of heavy metals were collected in thoroughly pre-cleaned
polyethylene sampling bottles. The PE bottles were first cleaned with a mixture of
super pure nitric acid and distilled water. Sampling bottles were kept screw capped in
a dry and clean place before samples were poured in to them. Samples were tapped
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directly from surface waters with a 100 ml beaker and injected through 0.45 pum
cellulose nitrate filter papers (Sartorius AG, Germany) in to the 50 ml polyethylene
bottles. For further analysis of heavy metals on the suspended particulate matter the
filters were also collected on plastic dishes and kept under +4 °C storage at the
Department of Chemistry, Addis Ababa University. In order to preserve the samples
at pH 2, 0.1 ml of concentrated HNOg3 (suprapur) was injected in all samples. The
samples were kept in a cool dry place under +4 °C before they were measured.

The alkalinities of the water samples were quantified on site after collecting water
samples. Samples were filtered through 0.45 um filter membrane before measuring
the alkalinity. The method used to determine alkalinity required electrometric titration
of a sample with incremental additions of 0.1 M of concentrated HCI (Gran 1952).
The titration procedure applied is summarized as follows.

First, the pH system was calibrated accordingly. Representative samples were
collected and sub samples were filtered through 0.45 pm membrane filter. Samples
were maintained at ambient water temperature until titration. The electrodes,
sensors, beaker, stir bar and delivery tube were rinsed with distilled water. 10 ml of
filtered sample was transferred into a beaker using pipette. Conductivity electrode
and temperature sensor were inserted away from bottom or sides (Gran 1952). The
sample was stirred gently in order to avoid splash of solution and vortex. The initial
time, pH, sample volume, titrant normality and conductivity reading were recorded.
After adding the titrant, the solution was stirred for 15 - 30 seconds and the final pH,
temperature, and conductivity were recorded. The determination of alkalinity was
finally done with the help of the Gran function method.

Onsite measurements of ammonium, nitrate, and phosphate were carried out at the
Department of Chemistry, Addis Ababa University using a photometer. Test reagents
of nitrate, ammonium, and sulphate were used to convert the samples into coloured
compounds in a specific reaction. The anions that are found in varying concentrations
in the water samples react with the corresponding test kit reagents to produce
colored products. The principle behind the reagent tests is that the reagents

necessary for the colour reaction are combined in the form of liquid concentrates or
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solid substance mixtures. In these tests, a few drops of the respective reagent
concentrate were added to, for example, 5 ml of water sample. The reagent-sample
mixture were shaken well and let for 2 - 3 minutes before inserting the cuvette in the
photometer. The accuracy of measurements was checked by comparing the
measured values with the measuring range specified for each individual anion.
Concentrations were read directly from the display of the photometer.

4.2.2 Filter Media

4.2.2.1 Sampling Site

The filter media represent natural materials of different mineralogical and chemical
composition gathered from several localities in Addis Ababa. The sample locations
were selected in such a way that they were close to the target area. Twelve natural
media of different chemical and mineralogical composition and filtering capacity were
collected from Ethiopia. Sample locations were chosen close to the study area
whenever possible. However, three filter media were selected for in depth study of
their capacities in removing heavy metal from polluted water. These filter media were
DQ scoria, KVA volcanic ash, and EBF clay/laterite. For the same investigation,
Merapi volcanic materials (PYC pyroclastics) collected from Indonesia were also
evaluated. Manganese rich sediment (MnR sediment) as Mn-oxide was also taken for
metal removal experiments. The latter, which were supplied by the Institute of
Mineralogy and Geochemistry, are also available in other parts of Ethiopia. MnR
sediment and PYC pyroclastics have also been investigated by other researchers at
IMG to enhance the water quality in small villages in Indonesia.

The exact location of the filter materials including their sample codes and some
physical description are presented in table 4.2. Samples were collected by grab
method in clean plastic bags. Two-three kg of local materials were sampled. Sample
codes and date of collection were written on the sampling bags immediately after
sample collection. The samples were kept in airtight plastic bags at room temperature
until they were further prepared and analyzed.
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4.2.2.2 Sample Preparation

Further characterizations of filter materials in terms of permeability, porosity, and
water content were performed at IMG laboratory. Determination of water content at
saturation was conducted by carrying out gravimetric water content analysis after
drying the filter materials in oven at 105 °C for 24 hours. Porosity, bulk density and
permeability were then calculated from the water content values. Curves of grain size
distribution were constructed to show the percentages of each size fraction in the
filter materials. These were shown after constructing the granulometric analysis curve

for each filter material.

Table 4.2. Types, sources, and locations of filter materials.

Sample code  Locality  Description N E Elevation (m)
KVA vol ash Kumo road Pumice 08°29.839 39°11.051 1634
DQ scoria Dika Scoria 08°47.128 38°42.094 2005
EBF laterite E.B. F. Clay 09°04.524 38°41.175 2623

MnR sediment Indonesia Mn rich sediment

PYC pyroc Indonesia Volcanic ash

QTZ sand IMG lab Quartz sand

Six samples have been analyzed for grain size distribution according to the
prescription DIN 4022 by sieving dry. Sieves of a mesh size of > 1.6, 1.6,1, 0.5, 0.25,
0.125, 0.05 mm were used in the grain size analysis. Prior to sieving the samples
were well dried. The hydraulic conductivity (kf-value) was calculated using the
empirical formula by Hazen (1892). Empirical equations have been developed based
on grain size data to estimate the hydraulic conductivity (k) of granular materials such
as granular soils used for earth dams and sand filters. After Hazen, the hydraulic
conductivity,
ki = Cd1o°;
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With: t = temperature [° C], proportional factor C = (0.7 + 0.03 *t) / 86.4 = 0.0116 at t
= 10°C (~ groundwater temperature), dio = grain size [mm] of the sediment at the
intersection with the 10% line of the sum curve. The formulation is only valid if dgo/d10o
is smaller than five (deo is the grain size [mm] of a sediment at the intersection with

the 60% line of the sum curve).

Sequential extraction procedure of metals according to (Zeien and Brimmer 1989)
was carried out to ascertain that the filter materials do not contain heavy metals in the
mobile and easily supplyable phases at critical concentrations. In order to distinguish
between the fractions that were (1) mobile, (2) easily supplyable, (3) bound to Mn
oxides, (4) organically bound, (5) bound to poorly crystallized Fe-oxides and (6)
bound to crystallized Fe-oxides, different reagents were used to extract the filter
media (Table 4.3). The residual fraction that is usually included in the Tesier
sequential extraction procedure (Tesier et al. 1979) was excluded while it was not the
objective of this work to characterize the residual fractions of heavy metals in the filter
materials. Samples of 2 g each of filter material were investigated in this way.
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Table 4.3. Fractions and extraction solutions used during sequential extraction (Zeien and
Brimmer 1989) and (Krliger and Schneider 1994).

Fraction

Extraction solution

Ecological meaning

Mobil fraction

Exchangeable fraction

Mn-oxides fixed fraction

Organically bound

Poorly crystallized Fe
bound

Ammonium nitrate

Ammonium Acetate

Hydroxil Ammonium
Chloride

Ammonium EDTA

Buffer of Ammonium

Oxalate

Mobilization is given by acid input

Input of acids and bases: soil-
Carbonate buffer (Ulrich 1991)

Soluble during more acid input

Soluble with solution or
precipitation of humic substances

Poor soluble fraction, Al-Fe- soil
buffer (Ulrich 1991)

Solution of Ascorbic
acid+ Ammonium- -
Oxalat Buffer

HNO3 + HCIO4

Crystallized Fe-bound

Residual Fraction (Insoluble fraction)

4.3 Column Experiment

4.3.1 Column Set up and Procedures

The column experiment was performed at the Institute of Mineralogy and
Geochemistry (IMG), University of Karlsruhe using highly contaminated simulated
water that was representative of the pollution scenario in the study area. Thus,
Synthetic Polluted Water (SPW) with roughly the same composition as that of the
Akaki Rivers and Aba Samuel Lake was prepared in laboratory according to OECD
Guidelines for Testing of Chemicals (OECD 1999). Accordingly the following
chemicals were dissolved in a liter of tap water in order to prepare the SPW: Peptone
(160 mg), Meat extract (110 mg), Urea (30 mg), K:HPO, (28 mg), CaCl».2H.O (4
mg), NaCl (7 mg), and MgS0O4.7H.,0. The resulting DOC (2.7 mg/l) value of the
simulated water is typical of tropical rivers (Meybeck 1982). Each 30 ml of the SPW
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solution was added in to a 50 ml PE bottle and kept under freezing in order to avoid
biodegradation. In a 5L Erlenmeyer flask initial metal solutions were prepared using 2
PE bottles of SPW (each 30 ml) as background solution mixed with tap water of IMG,
University of Karlsruhe (pH 7). No pH adjustment was necessary while the simulated
water has similar pH as that of the Akaki waters. In order to simulate the high content
of suspended particulate matter (SPM) in the Akaki Rivers and the lake it was
necessary to spike the simulated polluted water (SPW) with Na-rich Montmorillonite
of Wyoming type. The Akaki River and Aba Samuel Lake are loaded with high-
suspended particulate matters (SPM) where montmorillonite is the dominant clay
(Alemayehu 2004). The concentration of SPM in Akaki Rivers ranges up to 5 g/l while
in groundwater it reaches up to 10 mg/l. Heavy metal concentrations spiked into the
SPW were 10° pg/l of Cu, Zn, Ni, As and 250 pg/l of Pb prepared from metal
standard stock solutions. All working solutions were prepared by diluting the stock
solution with double distiled water. Characteristic initial dissolved metal
concentrations and some parameters of the simulated polluted water are given in
table 4.4. During the column experiment, the sorption of heavy metals by
montmorillonite before passing through the columns was also taken into
consideration. The net dissolved metal concentrations were used as initial metal

concentrations in determining removal efficiency of various media.

Laboratory-scale filter columns were used to test if the natural materials would
remove the heavy metals considerably. The simulated polluted water was treated
using eight parallel lab-scale down flow filter columns filled with homogeneous
materials. The materials were mixed with quartz sand in a ratio 1:10 in order to
enhance their permeability during the column experiment. The depth of each column
is 30 cm and the internal diameter is 3 cm (Fig. 4.1). A peristaltic pump was used to
pump the simulated water through the columns from a 5 liter Erlenmeyer flask at flow
rate of 0.12 ml/min in accordance with the DIN V 19736 recommendations for column
experiment specifications (Odensal et al. 2000). A mesh (J 0.5 mm) was placed at
the bottom of the columns to prevent loss of filter materials. Throughout the column
experiment, in order to minimize the early coagulation of the columns by SPM a
magnetic stirrer was placed in Erlenmeyer flask. The flow rate, pH, DOC, spiked
metal and SPM concentrations were kept constant throughout the experiment period.
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Table 4.4 Initial dissolved metal concentration and water parameters of the SPW in ug/l.

Metal Concentrations (ug/l)
Mn 11.6
Fe 36.1
Ni 640
Cu 490
Zn 737
As 920
Cd 1.75
Pb 76.3
pH 7.0
DOC (mg/l) 0.03
SPM (mg/l) 1000

The filter media used to pack the columns were DQ Scoria, PYC Pyroclastic, KVA
volcanic ash, EBF laterite, MnR sediments and QTZ sand.

In the first week of the experiment pH, dissolved oxygen concentrations, and
conductivity were measured every 24 hours and effluents were sampled
simultaneously. Depending on the results observed in the first week of the
experiment, effluents were sampled two times in a week afterwards. Water quality
parameters such as dissolved oxygen, electrical conductivity and pH were measured
immediately after sampling of effluents using the WTW Multi-Line sensors.

After water parameter measurements, the effluent samples were further pre-treated
and preserved before carrying out analytical measurements. For heavy metal
analysis, all effluent samples were filtered through 0.45 um pore size cellulose nitrate
filters and collected in separate pre-cleaned 50 ml polyethylene plastic sampling
bottles. In order to preserve the samples at pH 2, concentrated suprapur HNO3 (0.1
ml) was injected in all water samples. Samples were kept in a cool dry place under

47



4 Methods and Materials

+4 °C before they were measured. Unfiltered samples were also put in to 20 ml
polyethylene plastic sampling bottles for anionic measurements.
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30 cm

SWW le

Column Specifications | _ 4
D=15mm; L =30 mm - Effluent

Flow Rate = 0.12 ml/min;

Flow: down- flow mode

Fig. 4.1 Column experiment setup.
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4.3.2 Sequential Extraction Procedures

Based on the color of the columns sludge, content of organic matter, formation of H>S
(evidenced by foul odor), redox conditions and expected variability in the distribution
of heavy metals within the columns, the sludge has been sampled in 3 - 4 depth
sections (Table 4.5). Distribution of the montmorillonite spiked within the columns
was also one criterion that was considered in depth profiling. The samples were well
homogenized before they were used in the leaching and sequential extraction
procedures.

Table 4.5. Depth sections of samples of filter media after column experiment (cm).

Column sludge I Il 1] v
KVA Volcanic ash 0-5 5-15 15-20 20 - 30
PYC pyroclastic 0-10 10-20 20 - 30

MnR sediment 0-5 5-15 15-20 20 - 30
DQ scoria 0-5 5-15 15-25 25-30
EBF laterite 0-15 15-25 15- 30

QTZ sand 0-5 5-15 15- 30

Metals speciation in the media spent has been characterized after applying BCR
(Community Bureau of Reference) sequential extraction procedure. One gram of
dried sample from each filter material was added to a 50 ml centrifuge tube. The
samples were extracted using the following extractant solutions according to the
method that is well described in (Davidson et. al 1999, 2000).

Step 1. Easily exchangeable, water and acid soluble metals - Acetic acid (0.11 mol/l).
Step 2. Reducible species e.g. bound to Fe/Mn oxyhydroxides - Hydroxylammonium
hydrochloride (0.1 mol/l), pH 2.

Step 3. Oxidizable species e.g. bound to organic matter or sulfides - Hydrogen
peroxide (8.8 mol/l) and ammonium acetate (1 mol/l), pH 2.
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Performance of the BCR extraction procedure

Step 1.0ne gram of each filter media sample spent was extracted with 40 ml of 0.11
mol/l acetic acid per grams of (dry) soil, by shaking for 24 hours at room temperature.
The extract was separated from the residue by centrifugation, filtered, decanted,
acidified with nitric acid and stored in a polyethylene container at 4 °C. The residue
was washed with 20 ml distilled water by shaking and centrifuging. The supernatant

was discarded.

Step 2. The residue was extracted for 24 hours with 40 ml/g, freshly prepared 0.1 mol
/I hydroxylammonium chloride acidified to pH 2 with nitric acid. The extract was

separated and the residue washed as described above.

Step 3. The residue was digested with 10 ml/g, 8.8 mol/l hydrogen peroxide, firstly for
1 h at room temperature and then for 1 h at 85 °C in a water bath. The beaker was
covered with a watch glass during the digestion, and was occasionally shaken. At the
end of the second hour, the watch glass was removed and the solution evaporated to
a few ml. This procedure was repeated with a second volume of hydrogen peroxide.
After cooling, the moist residue was extracted for 24 hours with 50 ml/g, 1.0 mol/I
ammonium acetate adjusted to pH 2 with nitric acid. The extract was isolated as
described before. Trace metal analysis was carried out using HR ICP-MS.

In order to understand how the media spent will react in natural geochemical
conditions after being disposed, a leaching experiment using tap water was
performed. A single step water extraction was employed to characterize the mobility
of water-soluble fractions of metals in the used media. 5 g of media spent was
extracted with 50 ml of tap water at pH=7, which represents the natural freshwater
geochemical conditions for 24 hours. The extract was separated from the residue by
centrifugation, filtered through folded filter paper, decanted, acidified with nitric acid
and stored in a polyethylene container at 4 °C. Trace metal analysis was carried out
using HR ICP-MS.
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4.4 Analytical Technique and Data quality

4.4.1 Water Sample Analytical Procedures

4.4.1.1 High Resolution Inductively Coupled Plasma-Mass Spectrometry
(HR-ICP-MS)

Heavy metal concentrations of Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Mo, Ag,
Cd, Sn, Sb, Ba, TI, Pb, Bi, Th, and U were measured using High Resolution
Inductively Coupled Plasma Mass Spectrometer (HR-ICP-MS) (Axiom, VG) using
external calibration with certified multi-element standards. Accuracy was checked in
each analytical batch by measuring the certified reference material ‘Trace Metal in
Drinking Water’ (TMDW) from High Purity Standards (HPS, USA), and was found to
be within £ 5% of the certified values. To correct for instrumental drifts and non-
spectral affects Rh, In and Th were used as internal standards. Precision was
evaluated by the standard deviation of three individual runs, and was better than 2%
(1s). The specific working conditions of the HR ICP-MS are shown in table 4.6.

4.4.1.2 Total Reflection X-ray Fluoresence Analysis (TRFA)

Suspended particulate matter (SPM) samples collected on 0.45 ym pore size
cellulose nitrate filters (Sartorius AG, Germany) were further treated at IMG
laboratory for heay metals concentration. Each filter was digested with concentrated
HNO3; on a heating plate at an appoximate temperature of 250 - 300 °C. The solution
was let to evaporate slowly until the cellulose filter was completely dissolved and a
relatively homogeneous solution was attained. Analysis of heavy metals in the
prepared solution was carried out using Total Reflection X-ray Fluoresence Analysis
(TRFA).

A drop of the prepared solution (20 pl) was placed on a silica carrier. On evaporation
of the solvent a thin film, a few nanometers thick, remains. In practice, the greater
part of the scattering normally arising from the sample and its matrix is eliminated.
The simplified quantitative analysis has been made possible after adding a 5 pg
Rubidium internal standard into each sample solution considered. By illuminating the
sample with a beam that is being totally reflected, absorption of the beam in the
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supporting substrate is largely avoided and the associated scattering was greatly
reduced. This also reduced the background noise substantially. A further contribution
to the reduction of the background noise is obtained by minimizing the thickness of

the sample.
Table 4.6. Working parameters of the HR ICP-MS.

Instrument VG Elemental (Axiom)

Forward power 1350 W

Reflected power <20 W

Sampling uptake rate 1 ml/min

Scan mode Magnet scan

Torch Quartz torch (Glass Expansion, Australia)
Nebulizer Type Meinhardt (Glass Expansion, Australia)
Spray chamber Conical impact wall (bead)

Temperature of spray chamber 101

Argon gas flow rates Cool gas: 14.2
Auxiliary gas: 0.65
Nebulizer gas: 0.94

Data acquisition parameters

Acquisition mode Pulse counting
Number of runs 3

Dwell time 25 ms

Points per peak width 20

Sweep 1

Internal standard 103Rh

Determination of concentrations of heavy metal in samples Kui1-Be8 was made by
standardizing the Fe concentration that was already measured by FAAS. This is
because of the relatively high concentration of Fe in these SPM samples. Since the
relatively low Fe concentrations in samples Sd9-Ab22 could not be used as standard,
Rb standard was used to determine concentrations of heavy metal of interest in these
SPM samples. Results of Fe, Mn, Cu, Pb measurements indicate good precision.
The relative standard error in quantifying Fe, Cu, and Zn bound to SPM in these
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samples were around 13% while Ni and As showed varying error values (up to 20%)
that might have been caused by errors in sample preparation. The detection limit was

calculated for a representative sample and found to be better than 4%.

4.4.1.3 Flame Atomic Absorption Spectrometry (FAAS)

At IMG laboratory, the concentrations of Na, K, Mg, and Ca were measured in the
water samples with a Perkins - Elmer Flame Atomic Absorption Spectrometry (FAAS)
1100B. Before measuring the samples, a 5% LazO3 solution was prepared along with
standard solutions of metal ions of interest. A five-point calibration was used all
through the measurements. The metal standards were prepared from 1000 mg/l
standard stock solutions as in concentration ranges shown in table 4.7. A blank
solution was measured along side with each metal cation under consideration. Table
4.7 presents the ranges of standard calibration solutions used. The concentrations of
Mg and Ca were determined after DIN EN ISO 7980 (2000) while DIN 38406 - 13 and
14 (1992) was followed to determine those of K and Na.

Table 4.7. Metals stock and standard solutions used.

Metal Metal stock solution Standard calibration solutions
(mg/l) (mg/l)

Na 1000 0.05; 0.1;0.25; 0.5

K 1000 0.05;0.1;0.25; 0.5

Mg 1000 0.05;0.1;0.25; 0.5

Ca 1000 0.5;1.0;2.5;5.0

The possible matrix interference effect from aluminum was first checked with a help
of mixture of NO, gas and acetylene before measuring the metal ions in the water
samples. Concentrations determinations were made after drawing calibration curves
that were prepared from the respective metals standard solutions. The relative

standard deviation in all measurements were below 5%
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4.4.1.4 lon Chromatography (IC)

Concentrations of nitrate, sulfate and chloride in surface water and groundwater
samples were measured at IMG Laboratory with Metrohm 690 lon Chromatograph.
The eluent used for separation of chloride, sulphate and nitrate (anions) was
prepared by adding 4.15 g of pthalic acid, 10 ml of acetonitrile and 950 ml of distilled
water. In order to get the salt ionized completely, the pH was adjusted to 3.8. Then
distilled water was added to make the total volume to 1 liter. A sub sample of 100 ml
was taken from this solution and 50 ml of acetonitrile was added and again made to 1
liter.

Before injecting the sample into the chromatograph, the eluents were pumped
through the ion exchange columns so that the resin exchange sites could contain the
eluent ions. The samples were diluted 5 to 10 times, depending upon the
concentration of CI to facilitate the measurement of other anions and cations present

in lower concentrations.

4.4.1.5 Scanning Electron Microscope (SEM)

In order to characterize the morphology and chemical compositions of the suspended
particulate matter (SPM), the filtered particles of the water samples have been
analyzed by Scanning Electron Microscopy (SEM) LEO 1530 Gemini at the University
of Karlsruhe. For this analysis, SPM samples were prepared by wetting them using C
instead of Pt and accelerating voltage was 15 kV. The cellulose filter paper was
spread on a double-sided adhesive tape held on a sample holder. Later it was coated
with carbon to minimize charges buildup and was examined under the SEM. Different
photomicrographs were taken at a magnification of 1000X. Relatively magnified
photomicrographs were then taken based on features observed at different areas of

the matrix.

4.4.2 Filter Media Analytical Procedure
4.4.2.1 X- Ray Diffraction (XRD)

Five filter media samples of different sources have been analyzed by XRD. Initially

bigger aggregates were crushed and homogenized. The samples were dried at 105
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°C in an oven for about 24 hours then were milled with a Labotech milling machine to
less than 3 um. In order to get a preferable crystal orientation during analysis, the
specimens were smeared into a plastic sample holder before measurement. The
specimens were well homogenized before they were pasted on the plastic sample
holder. Analysis of the prepared specimens was carried out using a Simens (D500)
diffractometer, which applies a Cu target (wavelength for the K1 radiation: 1.5418 A).
The scanning range is between 3°to 63° at a speed of 0.5%minute, with a step width
of 0.01°. During analysis, the measurement conditions were kept at 45 kV, 25 mA.
Mineral identification was done by considering the ‘d’ spacings, after applying the
Bragg’s law (nA = 2d sin, where 'd’ is the distance between successive atomic plane
of a certain crystal, A is the monochromatic wavelength of the incident beam and 6 is
the incident angle) (Warren 1981).

4.4.2.2 X - ray Fluorescence Analysis (XRF)

Measurement of heavy elements was carried out using energy dispersive
fluorescence (EDXRF) that applies electronic sorting of pulses of different amplitude
produced by x-ray photons of different energies (Williams 1987). Whole filter material
samples were prepared by using procedures similar to those described for EDXRF
analyses of silicate minerals. Samples were ground to fine powders using an agate
mortar. The samples were kept at constant particle size to avoid the risk of variation
in fluorescence intensities. The powder samples were put in plastic sample cups and
were covered by thin plastic sheets very tightly with the help of plastic bands. The
covered surface was kept very smooth to avoid scattering of X-rays. All intensity
measurements were made on a Spectrace 5000 spectrometer. The samples were
measured against the soil standard GXR-2 (Govindaraju 1994) using Cu and Pd
filters in Spectrace 5000 spectrometer. Details on the analytical procedure and

detection limits for the bulk samples are referred to Kramar (1997).

Determination of the major rock-forming elements in the filter media was carried out
using wavelength dispersive x-ray fluorescence (WDXRF), which applies crystals to
disperse the component wavelength of the X-ray spectrum emitted from the samples.
The WDXRF technique utilizes a lithium tetraborate fusion disc sample for
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presentation to a 13-channel simultaneous wavelength dispersive x-ray fluorescence
spectrometer.

Glass transformed samples were prepared for WD-XRF analysis by mixing 1 part of
dry sample with 4 or 10 parts of lithium tetraborate flux. After properly mixing, they
were heated using gas burners for a period of 30 minutes. Heating was done in
platinum crucibles. During fusion, the melt was agitated for the production of
homogeneous glass. The glass-transformed samples are favored for the
measurement of major element, as the decomposition of a portion of sample and flux
produces a homogeneous glass and it eliminates the particle size and the
mineralogical effects (Tertian and Claisse 1982). The ideal specimen shape for XRF
measurement is a flat polished disc and this was obtained by casting the molten
glass in a circular mould of required size. The samples were measured against the
BE-N standard in the SRS 303 AS instrument. The measured standard deviations of
the major elements were between 1 - 3 mass % while for trace elements it was

generally below 5 ppm.

4.4.2.3 Carbon sulfur analysis (CSA)

Leybold 5003 carbon sulfur analyzer (CSA) was used to measure total carbon and
sulfur in percentage. It was calibrated with respect to the 0.42% carbon containing
free cutting steels. The other constituents of the standard are sulfur (0.147%), silica
(0.46%), phosphorous (0.0831%), and manganese (1.15%). For the analysis,
approximately 100 mg of dry bulk sample was added to approximately 500 mg of iron
chip accelerator. To this mixture, tungsten (wolfram) was added such that the ratio
between tungsten accelerator and iron cheap accelerator was 3:1. The instrument
oxidizes the carbon and sulfur present in the sample with a constant flow of O,. The
detection limit was estimated to be 0.01%.

4.4.2.4 Carbon water analysis (CWA)

Organic carbon in the bulk samples was estimated through measurement of total

carbon and inorganic carbon content by Leybold 5003 carbon water analyzer (CWA).

By calculating the difference between values of the total carbon and the inorganic
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carbon, the content of organic carbon was determined. For inorganic carbon analysis,
the instrument was calibrated with respect to CaCO3. Approximately 250 ml of dry
sample was used for the measurements. The sample was burnt with a steady flow of
N2 and the carbonates were converted into CO.. The output was obtained in terms of
percentage of CO,. The relative standard deviation measured was below 2%.
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5 Results

5.1 Akaki Water Samples

Water parameter measurements taken on site have shown that most groundwater
samples have pH values ranging between 6.5 and 7.5 while values are variable in
the surface water samples (6.7 - 8.0). Comparison of water parameters of surface and
groundwater samples collected at the two different sampling seasons is presented in
appendices | & Il. The Akaki Rivers and Gerado pond water have shown relatively
higher pH values than the Aba Samuel Lake (Table 5.1). These pH values are in the
acceptable range of water quality criteria set by US EPA. Other water parameter
measurements also indicate that most groundwater samples show variable dissolved
oxygen concentration and conductivity depending on the proximity of these water
sources to the polluted surface water. Specific conductance (Table 5.1 and 5.2)
indicate low dissolved ion concentrations upstream from the Akaki Rivers, and an
increase in the lower lying Aba Samuel Lake area. Most of the surface water samples
show lower dissolved oxygen amounts as compared to the groundwater samples.
The polluted Akaki River at sample site Ku1l shows the lowest dissolved oxygen
concentrations (0.2 mg/l).

5.1.1 Water Types

Results of chemical analysis on the surface water and groundwater samples are
presented in table 5.1, 5.2, and appendices | & II. Concentrations of Na, K, Mg, and
Ca are compared between selected water sources that are in close connection with
the Aba Samuel Lake. The dissolved concentrations of Na, K, Mg, and Ca in Akaki
River at sample site Ku1 were 62 mg/l, 26 mg/l, 15 mg/l, and 38 mg/l respectively,
which are similar to concentrations in Aba Samuel Lake at Dk4 (Table 5.1). In
surface waters, the highest Na and K concentrations are measured in the Akaki River
at EI18 (ELICO). Concentrations of Na up to 86 mg/l and K 40 mg/l are measured at
El18. Concentrations of Mg and Ca are similar in the different samples taken from the
Akaki River (Table 5.1).
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The Small Akaki River at EI18 showed relatively higher concentrations of all major
cations except Mg compared to that of samples taken downstream of the river. As
compared to the other surface water samples, the Akaki Textile Factory (Ak14)
wastewater samples show the lowest K concentrations (Table 5.1).

The major cationic compositions of surface water and groundwater samples with their
respective location in the study area are presented (Fig. 5.1a and 5.1b). Upstream of
the Small Akaki River (EI18) the major cations are relatively higher than the Aba
Samuel Lake and the outlet. This can be explained by the high waste effluents
discharged by the ELICO Tannery and other industrial sources. Concentrations of
Na, K, Mg, and Ca are however similar among the Aba Samuel Lake (Dk4) and the
outlet of the lake (Dk5) samples (Fig. 5.1).

Table 5.1. Water parameters, major cationic and anionic compositions of surface water.

T pH Cond. Na* K" Mg* Ca* CI' NOsy SO
Sample mg/l  °C uS/cm mg/I
Kut* 026 21.0 6.9 437 620 26.0 150 378 314 18 179
Dk4 2.86 221 7.2 756 50.0 29.0 16.0 440 546 0.0 401
Dk5 242 201 7.4 611 46.0 150 140 40.0 456 1.0 282
Gr7 849 29.0 8.0 523 140 470 23.0 275 109 0.0 7.4
Jut1* 325 19.0 7.3 516 38.0 20.0 40.0 26.0 46.6 148 43.7
Ak14 04 260 7.3 1029 68.0 5.0 195 705 576 00 71.9
EL18* 0.04 21.0 7.5 1058 86.0 40.0 20.0 56.0 46.6 14.8 43.7
EL19 0.06 27.0 6.8 1037 29.0 4.0 245 320 46.6 148 43.7

*Samples were taken from downstream - upstream direction in the Small Akaki River.

On the other hand, the concentrations of Na and Ca in most groundwater samples
are higher as compared to K and Mg (Table 5.2). In groundwater samples, higher Na
and K concentrations are measured at Dewera Guda (Ge2) water well. Except for
De2 (18 mg/l) and TIH2 (10 mg/l) there are no significant differences in

concentrations of K between the groundwater samples. In almost all groundwater
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samples, K concentrations are below 10 mg/l. The highest Na and K concentrations
in groundwater samples are measured at De2 (86 mg/l and 18 mg/l respectively).
The lowest concentrations are measured at Dk3 (3 mg/l) (Table 5.2). High
concentration of Na up to 84 mg/l is measured in groundwater at Ls16.
Concentrations of Mg and Ca are variable in most groundwater samples (Table 5.2).
Calcium concentrations are the highest in groundwater samples taken from V13 and
Ls16 (74 mg/l and 42 mg/l respectively). In most of the groundwater samples, the
concentrations of Mg are relatively higher than that of the surface water samples

except at sample site Jui1i.

61



5 Resulis

Table 5.2. Composition of major cations in the groundwater samples including samples from the Akaki well fields.

O

T

pH

Cond.

Sample Na* K'* Mg* Ca? cr NO; SO/
mg/l °C uS/cm
mg/I
De2 213 29 728 676 86.00 18.00 13.00 39.50 36.87 3.78 91.13
Dk3 363 25 670 410 6.00 3.00 14.00 4350 3948 279  91.11
Be6 354 30 7.33 678 82.00 9.00 13.00 47.75 - - -
Be7 564 22 730 773 19.00 3.00 2250 3850 543 1346 6.20
Sd9 555 21 758 625 26.00 4.00 2500 4950 1576 43.26 17.31
E10 497 30 690 585 27.00 3.00 2400 49.00 7.02 21.18 10.96
TH2 217 22 698 563 66.00 10.00 39.00 55.00 4.80 567 9.42
lv13 077 25 6.60 852 28.00 6.00 42.00 7400 3433 18.68 36.98
Ah15 137 22 7.01 866  28.00 5.00 21.00 73.00 36.37 19.17 36.02
Ls16 382 25 735 609 84.00 7.00 2250 42.00 5.04 858 10.14
Ak17 5.4 20 756 560 50.00 6.00 23.00 30.00 841 11.34 12.20
Td20 634 23 716 528 20.00 3.00 32.00 3250 6.82 20.79 10.30
Am21 565 23 715 475 2500 4.00 16.00 43,50 545 13.23 63.30
Ab22 526 23 729 512 11.00 3.00 850 2125 537 16.38 8.05
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The Little Akaki River at Ju11 and EI18 show much higher concentrations of CI', NO3

and SO4* than those of the groundwater but are lower as compared to the effluents
of the Akaki Textile Factory at Ak14 (Fig. 5.2).
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Ku1 D

Fig. 5.2. Concentrations of CI', NOs and SO,* during the 2003 field campaign were highest in
surface water as compared to groundwater samples.
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Fig. 5.3. Concer_ltrations of CI', NOs and SO, in groundwater samples during the 2003 field
campaign.

Only NO3™ was found in concentrations exceeding the U.S. Environmental Protection

Agency (US EPA) maximum contaminant level (MCL). The concentrations of NO3'in

groundwater samples are higher than the USEPA MCL (10 mg/l) in 50% of all water

samples collected (Fig. 5.3). On the other hand, the concentrations of NO3" in surface
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water samples are two times higher than the USEPA MCL (10 mg/l) in 87% of the
samples collected. Industrial effluent sample collected from the Akaki Textile Factory
wastewater at Ak14 show high CI" and SO,* concentrations (60 mg/l and 72 mg/|
respectively) while NO3s™ concentration is close to 0 mg/I (Fig. 5.2).

Results of hydrochemical analysis of the surface water and groundwater samples
show that the type of water in the study area is alkaline earth metal fresh water with
higher contents of alkali ions and prevailing hydrogen carbonate.

From the piper diagram (Fig. 5.4) it can be observed that the surface water and
groundwater plot in the same region. However, the surface water samples are evenly
dominated by the alkali and alkaline earth metals and hydrogen carbonate while they
are slightly enriched in CI, NOs, and SO,* anions. On the other hand, the
groundwater samples are mainly composed of alkaline earth metals and prevailing
HCO5 anion. The groundwater samples are also slightly enriched in CI" and SO4*
anions. Regarding the concentrations of anions, HCOg3' is the dominant one in both

surface and groundwater samples.
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Fig. 5.4. Water type classification in a Piper Diagram.
5.1.2 Dissolved Heavy Metals and Arsenic

In water samples collected in 2003 and 2005, dissolved cations and several heavy
metals are detected more commonly and in higher concentrations at sites in areas
around the Akaki Rivers and Aba Samuel Lake than at sites in the Akaki well fields
and upstream part of the sub-basin. Iron, Mn, Co, Ni, Cu, Zn, Pb and U
concentrations are higher in samples from sites downstream of Addis Ababa
compared to those of the upstream. Arsenic concentrations are not higher both in
surface water and in groundwater samples. Concentrations of heavy metals and As
generally increase in water samples that are taken close to the Akaki Rivers and the
Aba Samuel Lake.

66



5 Resulis

Concentrations of dissolved heavy metals are close to and above the US EPA MCL
(US Environmental Protection Agency Maximum Contaminant Level'). In the Akaki
River at Ku1 the dissolved concentrations of Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Ba,
and Pb in pg/l are 0.36, 352, 1.66, 5.46, 2.89, 174, 1.40, 0.03, 95.7, and 0.19
respectively (Fig. 5.5 and 5.6). Comparisons of heavy metal concentrations between
samples collected during the two sampling campaigns are presented in appendices
1&I1.

Relatively high dissolved Zn concentrations are measured in surface water samples
at Gr7, E10, THH2 and Ls16. In these samples, dissolved concentrations of Zn reach
up to 1.3, 1.6, 2.7, and 3.2 mg/I respectively. Despite the fact that the concentrations
were very close to the secondary standards? set by US EPA, the continuing improper
industrial waste release in to the open water system can increase the concentrations

to critical values.

The dissolved concentrations of Fe and Mn in groundwater samples are also well
above the secondary standards that are set by the US EPA - 0.3 and 0.05 mg/| for Fe
and Mn respectively (Fig. 5.6). In the Aba Samuel Lake, dissolved Mn concentrations
are five fold higher than the secondary standards set by US EPA. These
concentrations are even ten fold higher than the limiting standards at sample site
Gr7. Dissolved concentrations of Fe and Mn are also higher in the Small Akaki River
at Ju11, about 90 pg/l and 834 g/l respectively.

Comparison of the dissolved concentrations of heavy metals and As between the
Aba Samuel Lake (Dk4) and its outlet (Dk5) show that concentrations are always
higher in the lake than in the outlet. In the lake, the dissolved concentrations of Mn,
Fe, Ni, Cu, Zn, As, Cd, and Pb are 2835 pg/l, 98.3 pg/l, 9.7 pg/l, 2.1 ug/l, 43.4 ug/l,
2.8 pg/l, 0.02 pg/l, and 0.14 g/l respectively. Since the residence time in the lake is
long enough for most transport controlling reactions such as oxidation-reduction to
take place and the fact that the lake has very low dissolved oxygen, metals can be

! Maximum Contaminant Level (MCL) - The highest level of contaminants that is allowed in drinking water.

* National Secondary Drinking Water Regulations or secondary standards are non -enforceable guidelines
regulating contaminants that may cause cosmetic effects (such as skin or tooth discoloration) or aesthetic effects
(such as taste, odor, and color) in drinking water.
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released due to anaerobically enhanced reactions. Complex formation with organic
ligands may also be responsible for the relatively higher dissolved heavy metal and
As concentrations.
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Fig. 5.5. Dissolved metal concentrations in relation to US EPA MCL standards for heavy
metals and arsenic (groundwater).

10000

—e—EPA
1000 - m Kuil
A Dk4
100 -
T Dk5
(@]
= 10 -
= 2 b4 e Gr7
&) . b g -
18 e ¢ 6| o Juit
B2 Surface water s
0.1 ) P'S ’ ® Akt
- ‘ 4
2 ' ¢ EI8
001 T T T T T T T T T

Cr Mn Fe Ni Cu Zn As Mo Cd Pb TI U

Fig. 5.6. Dissolved metal concentrations in relation to US EPA MCL standards for heavy
metals and arsenic (surface water).
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In the Aba Samuel Lake outlet (Dk5) the dissolved concentrations of Mn, Fe, Ni, Cu,
Zn, As, Cd, and Pb reach 0.37 ug/l, 1153 pg/l, 27 pg/l, 2.33 ug/l, 7.32 ug/l, 2.7 ug/l,
23.9 pg/l, 1.73 pg/l, 0.02 ug/l, 120 pg/l, and 0.09 pg/l respectively. This could be
explained by the fact that the lake outlet acts as an oxidation chamber for most of the
heavy metals and As that lead to low dissolved concentrations.

5.1.3 Heavy metals Bound to Suspended Particulate Matter (SPM)

Heavy metals bound to SPM in surface and groundwater vary in wide ranges.
Concentrations up to 37,000 pg/g Fe, 3000 pg/g Cu, 18,000 pg/g Zn, 2000 ug/g As,
and 2000 pg/g Pb are measured in the suspended particulate matter (SPM) of
groundwater sample at Dk3 (Table 5.3b). These represent the colloidal fractions of
heavy metals in the drinking water wells.

Concentrations of Fe and Mn bound to SPM in groundwater samples are higher at
sample site E10 (140,000 pg/g and 6000 pg/g respectively). Iron as high as 150,000
Hg/g and 400,000 ug/g are also measured from the suspended particulate matter at
sample sites Ah15 and Ak17 (Table 5.3b). This is an indication that in the Akaki Sub-
Basin most heavy metals are associated with the suspended particulate matter.

High As concentrations up to 500 pg/g, 200 ug/g, and 120 ug/g are measured in SPM
of groundwater samples at site E10, Ah15, and Ab22 respectively. At the same sites
Pb 500 pg/g, 197 pg/g and 121 ug/g are also measured (Table 5.3b). At Dewera
Guda (De2) and Dika village water well (Dk3) concentrations of As bound to SPM
reach up to 883 ug/g and 1413 ug/g. These values rise up to 2400 pg/g in the SPM of
Gerado pool (Gr7). Compared to the groundwater samples, the Akaki River and Aba
Samuel Lake show relatively lower concentrations of As bound to SPM, the lowest
being at sample sites Dk5, Ju11, Akt14, and EI18 (Table 5.3a). However, relatively
elevated concentrations of As in SPM of surface water samples are found only in
samples taken from the Aba Samuel Lake at Dk4 (307 pg/g).
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Table 5.3a. Concentrations of heavy metals bound to SPM in surface water (ug/g).

Sample Fe Cu Zn Mn As Pb Ni
Ku1 74213 39.8 626 1200 10.3 nd 11.7
Dk4 314000 434 3853 12020 307 267 389
Dk5 16000 18.5 249 837 21.3 19.8  16.00
Gr7 6187 5.34 198 221 1.36 nd 8.16
Juii 8361 4.46 70.0 137 1.45 nd 0.98
Ak14 1433 2.53 17.4 53.7 0.84 1.17 1.71
El18 21.8 5.74 6.84 0.91 1.22 nd 0.89

Table 5.3b. Concentrations of heavy metals bound to SPM in groundwater (ug/g).

Sample Fe Cu Zn Mn As Pb Ni
Dk3 36750 2613 15403 920 838 965 1198
De6 54267 5303 13775 8034 910 1299 1012
Be8 16364 4212 5011 593 558 679 712
Sd9 1623 68.33 441 69.3 125 73.0 51.2
E10 138175 5846 37574 5902 10611 6216 4363
TH2 2515 18.23 518 165 40.6  40.63 4306
Iv13 1557 111 646 41.8 30.2 4286 44.29
Ah15 151373 187 2274 7810 195 196.94 218
Ls16 1787 172 447 257 51.0 46.0 355
Ak17 394017 347 12594 13991 68 0.001 477
Td20 1391 67.1 379 70.6 115 67.9 60.7
Am21 19800 57.1 1323 101 48.6 69.3 54.3
Ab22 2968 155 398 118 118 122 138

nd = not detected

Both in surface water and groundwater samples Ni concentrations bound to SPM are
variable. In surface water the maximum Ni bound to SPM is measured in Aba Samuel
Lake at Dk4 while the lowest is in the Small Akaki River at EI18 (Table 5.3a).
Compared to the surface water samples, groundwater samples at E10 and TI12 show
the highest Ni concentrations bound to SPM (4360 ug/g and 4300 ug/g respectively).
In groundwater, the lowest Ni concentration bound to SPM is measured at sample
site Sd9 (50 pg/g).

The concentrations of Cu, Zn, and Pb bound to SPM are compared to the
(Bund/Lander-Arbeitsgemeinschaft Wasser (LAWA) 2000) classification. Table 5.3
shows the LAWA classifying metal contamination of SPM in water samples (Irmer
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1997). The comparisons are presented in figure 5.7 and 5.8 for Cu, Zn, and Pb in
surface water and groundwater samples. For As and Ni there are no LAWA classes
available. In comparison with the LAWA classes, the concentrations of Cu, Zn, and
Pb bound to SPM are well above the LAWA class | that shows no contamination.

Table 5.4. The LAWA classification of heavy metals bound to SPM (Irmer, 1997).

LAWA Classes Cu Zn Pb

v Very strong contaminated 640 3200 800
[lI-1IV Strongly to very strongly contaminated 320-640 1600-3200 400-800
Il Strongly contaminated 160-320 800-1600 200-400
[-111 Moderately contaminated to strongly contaminated 80-160 400-800 100-200
Il Moderately contaminated 40-80  200-400 50-100
-1l Unpolluted to moderately contaminated 20-40  100-200 25-50

I Uncontaminated <20 <100 <25
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Fig. 5.7. Comparison of concentrations of Cu, Pb, and Zn bound to SPM based on the LAWA classes (*), from the “Very strongly contaminated”
left upper corner to the “Uncontaminated” lower right corner (surface water).
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Figure 5.7 and 5.8 show the LAWA classifying metals contamination of the SPM in
surface water and groundwater. The obtained results show that 40% of the surface
water samples are moderately contaminated class Il with Cu and 28% moderately to
strongly contaminated class Il - Il / Ill with Zn. Contamination due to Pb bound to
SPM fall in the strongly contaminated class Il in only 14 % of the surface water
samples. According to the LAWA classification, in all water samples concentrations
of Cu, Zn, and Pb bound to SPM are higher than the threshold value (class I) that
indicates no contamination. The results also show that 70% of the groundwater
samples are moderately to strongly contaminated classes Il - Ill / Il with Cu while
54% of the samples are strongly to very strongly contaminated classes Il - IV with
Zn. Around 46% of the groundwater samples are moderately to strongly

contaminated classes Il - Il with Pb.

The calculated distribution coefficients (K4) of heavy metals and As in the two-phase
system (water-solid) reveal that the highest proportions of Cu, Zn, Ni, As and Pb are
bound to the suspended particulate matter (Fig. 5.9a and 5.9b). The K4 values of Fe
bound to SPM are the highest calculated. Since concentrations of Fe bound to SPM
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Fig. 5.9a. The distribution coefficients (K4) of Cu, Zn, As, Pb and Ni tend to increase in
samples taken close to the Aba Samuel Lake and the Akaki River (Groundwater).
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are much higher than those of Cu, Zn, Ni, As and Pb, it is difficult to plot the Kd
values for Fe in the same plot. In comparison with the other heavy metals and As the

Kd values of Mn are also significantly higher.
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Fig. 5.9b. The distribution coefficients (Ky) of Cu, Zn, As, Pb and Ni (Surface water).

In surface water samples, the highest log Kd values 7.04 and 6.93 are determined
for Ni and As respectively while the lowest K4 values 3.51 and 3.58 are calculated for
Zn at sample sites Gr7 and Dk5. On the other hand, groundwater samples show
highest K4 values for Pb (7.26) at De2 and Ni (6.81) at Sd9. Similar to surface water
samples lowest K4 values are also measured in groundwater samples for Zn (2.50)
at T12 and Cu (3.72) at E10. Comparison of Kd values between surface water
samples (Fig. 5.9b) show that concentrations of Ni and Pb bound to SPM are the
highest measured at the downstream part of the sampling area (e.g. E10). This
sample site is a water well drilled very close to the Little Akaki River near Jugan at
sample site Ju11. In groundwater, Ni increased from 50 ug/g at sample site Sd9 to
higher concentrations of 4300 pg/g at sample site TI12. At the Akaki well fields,
concentrations of heavy metals bound to SPM are lower as compared to the
upstream and downstream parts of the study area.

In water samples collected in 2003 suspended particulate matter (SPM) and several
heavy metals are detected more commonly and in higher concentrations in Akaki
Rivers and Aba Samuel Lake than at sites that are located upstream of the sub-
basin. The highest concentrations of suspended particulate matter (5340 mg/l) are
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measured in the small Akaki River at Ju11 (Fig. 5.10). Other surface water samples
at sites Gr7, Kul1, Dk4 and Dk5 also show high concentrations of suspended
particles that reach 4000 mg/l, 3800 mg/l, 620 mg/l and 568 mg/l respectively.
Considerable amounts of SPM are also measured in groundwater samples taken
from water wells close to the Akaki Rivers and the Aba Samuel Lake. In
groundwater, concentrations of SPM that are represented by the colloidal fractions
are as high as 7 mg/l in samples taken from site Be8 (Fig. 5.10). Nearly the same
amounts of suspended particulate matter/colloidal fractions are also measured in
groundwater samples taken from sample sites at Ls16 and Ak17. Relatively the
lowest amounts of SPM/colloidal matter are measured in groundwater sample at site
E10. In other groundwater samples, concentrations of suspended particulate

matter/colloidal fractions fall in the range between 3 to 5 mgl/l.
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Fig. 5.10. Concentrations of SPM in surface water and groundwater samples (mg/l).

Results of the SEM analysis of suspended particulate matter samples from the Akaki
River at sample site EI18 are presented below. The SPM in this part of the Little

Akaki River contains several fecal and clay sized patrticles (Fig. 5.12 and Fig. 5.13).
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(for magnified photo see Fig. 5.12)

MAG= 1.00 KX |1°”m| EHT =10.00 kv
WD= 6mm Date :31 Mar 2004  UNI KARLSRUHE LEM:fpw

Qutput dev = Default Printer

Fig. 5.11. SEM photo of the matrix of SPM taken from the Little Akaki River at sample site EI18 (ELICO).
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Fig. 5.12. SEM photo of SPM taken from the Little Akaki River at sample site EI18 (ELICO). Fecal pellets constitute part of organic particulate
matter as seen in the middle of the photo.
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Fig. 5.13a. SEM photo of the matrix of SPM taken from the Little Akaki River at sample site EI18 (ELICO). Elongated plant leaves represent
organic matter.
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Fig. 5.13b. SEM photo of SPM taken from the Little Akaki River at sample site EI18 (ELICO).
Elongated plant leaves and other remains of organic matter represent organic
fraction.

Organic matter and silicates constitute the major part of the suspended particle
matter with few Fe oxide fractions. As determined by scanning electron microscopy
the main compositions of SPM are clay minerals (montmorillonite), organic matter
and some silt fractions. Fe oxides also constitute considerable amounts of the
suspended particulate matter.

5.2 Characterization of Filter Media

5.2.1 Mineral Phases and Chemical Composition

The chemical composition and some physical properties of filter materials collected
during the 2003 field trip are listed in table 5.5. Based on their chemical,
mineralogical and hydrogeological parameters and their proximity to the target area
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three filter materials taken from Ethiopia are selected for in depth study of heavy
metal retention capacities. These filter media are DQ (Dika) scoria, Kumo (KVA)
volcanic ash, and Ethiopian Brick Factory (EBF) laterite. For similar investigation, two
materials collected from Indonesia are also evaluated: Manganese rich (MnR)
sediment and PYC (Merapi) pyroclastics.

It is clearly observed that silica and alumina are the main chemical compounds in
almost all filter materials except in MnR sediment. Mineralogically KVA volcanic ash
is mainly characterized by amorphous phases (75%). The type of volcanic glass is
largely composed of rhyolitic, dacitic, and andesitic tephras. According to Yamada
and Shoji (1983), morphology of volcanic glass varies depending on chemical
composition, gas content of magma and type of volcanic eruption. Small amounts of
quartz SiO, (4%), anorthoclase (3%), albite (8%) and clino pyroxene (5%) are
present in KVA volcanic ash. A considerable amount of clay fraction (5%) is also

measured.

Characteristic minerals in DQ scoria include albite (13%), clino pyroxene (5%), kaolin
(12%), and hematite (10 - 20%). Quartz is present in minor amounts (7%). The main
chemical compounds in DQ scoria are silica (46%) and alumina (16%). In addition to
silica and alumina, other significant components that constitute DQ scoria include
MgO (10%) and Fe>O3 (13%).

Similarly, the main chemical compounds in EBF laterite are also silica and alumina
where the later is the highest in EBF laterite (Table 5.5). Chemical composition
analyses reveal that EBF laterite consists of more than 57% SiO,, 21% Al,O3 and
around 13% Fe>O3 Mineralogically the material contains substantial amounts of
quartz (57%) and albite (16%). Some clay minerals including kaolin (12%) and
Montmorillonite (5%) also constitute significant fractions in EBF laterite. The physical
and chemical properties, considerable specific surface area, and adsorptive capacity
of red clay make it a potential material for metals removal from water/wastewater.

In MnR sediment, MnO (35%,) is the dominant chemical component followed by SiO;
and Al,O; that compose 14% and 10% of the total oxide composition respectively.
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Major oxide composition data also show that in addition to MnO, SiO, and Al>Os3,
other components such as CaO (9%) and Fe.Os (8.4%) are also present in MnR
sediment (Table 5.5). The main mineral phase that constitutes MnR sediment is
birnessite (40%). Other fractions that represent the amorphous phase are mangano

oxihydroxide phase.

Table 5.5. Chemical composition and physical property of the different filter media.

Material KVA EBF DQ MnR PYC
Na,O [%] 4.66 0.45 1.95 0.05 3.30
MgO [%] 1.84 1.01 9.57 0.26 2.72
Al,O4 [%] 13.32 21.13 15.69 10.40 18.91
SiO, [%] 68.32 57.81 45.54 13.63 54.10
P,05 [%] 0.08 0.17 0.38 2.63 0.30
CaO [%] 1.26 0.41 8.58 9.18 10.60
K50 [%] 3.86 1.91 0.58 0.5 2.50
TiO, [%] 0.70 2.17 1.99 1.21 0.74
MnO [%] 0.20 0.39 0.18 34.11 0.20
Fe,03[%] 5.26 13.10 12.58 8.38 7.30
Total [%] 99.5 98.6 97.0 80.4 100.7
Ni (ppm) 1.03 624.71 480.96 20 20.00
Cu (ppm) 10.95 56.97 53.90 54.65 43.27
Zn (ppm) 194.85 94.64 160.13 157.68 81.42
As (ppm) 717 5.00 8.83 14.84 5.43
Pb (ppm) 29.12 5.00 28.47 5 14.22
Density(g/cm?) 0.67 0.85 1.29 1.12 0.39

Mineralogically, PYC pyroclastics is characterized by glassy texture. As in KVA
volcanic ash, amorphous phases also represent the main mineralogy in PYC

pyroclastics. Apart from amorphous phases, the main mineral phase includes
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anhortite. Results of chemical composition showed that SiO, (54%), Al.O3 (19%),
CaO (11%) and Fe»O3; (7.3%) are the major oxides constituting PYC pyroclastics
(Table 5.5).

The background heavy metal concentrations of all filter materials are also presented
in table 5.5. It is possible to observe that concentrations of Ni, Cu, and Zn in all filter
materials are the dominant ones. However, the mobile and acid exchangeable
fractions of these heavy metals are well below the MCL of US EPA, which make

them appropriate in the selection of filter media for water purification.

5.2.2 Granulometric Analysis and Hydrogeoloogical Parameters

The porosities of the materials are increasing as is written in the following order: MnR
sediment, PYC pyroclastics, EBF laterite, DQ scoria and KVA volcanic ash.
Hydrogeological parameters including bulk density, dry density, porosity and Hazen’s
permeability (ki) of the filter materials are presented in table 5.6.

Table 5.6. Specific hydrological parameters of the filter materials.

Bulk Density ~ Water Dry Density

Materials  (g/cm®  content % (g/cm?®) Porosity % ks (m/s)
KVA 0.67 0.21 0.67 50.0 2.35E-05
DQ 1.35 4.85 1.29 40.0 1.86E-03
EBF 1.05 22.9 0.85 35.0 9.40E-05
MnR 1.13 1.31 1.12 22.7 1.04E-05
PYC 0.79 102 0.39 34.3 1.16E-04
QTZ 1.25 1.50 1.23 42.5 -

Except in MnR sediment, the porosities of the filter materials are above 30% as
shown in table 5.6. The results of grain size distribution analysis show that the
selected materials fall in the grain size range of coarse sand to silt, 1.0 - 0.049 mm
according to the classification by USDA soil textural classification system (Table 5.7).
Based on this classification the coarsest material investigated is Dika scoria (1.0 -

1.99 mm) that corresponds to very coarse sand. The fine grain materials analyzed
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range from 0.1 mm to 0.049 mm (KVA volcanic ash) that belongs to the silt-clay

fraction.

Table 5.7. Classification of the filter materials based on grain size distribution. (USDA soil
textural classification system, Brown 2003).

Diameter DQ EBF PYC KVA  MnR
Name limits scoria  laterite  pyroclasts vol ash sediment
mm Percentage passing (%)
Very coarse sand 1.6 66.58 23.74 21.34 7.98 26.69
Very coarse sand 1 9.97 19.32 15.73 6.17 26.35
Coarse sand 0.5 11.32  23.54 22.24 11.05 23.82
Medium sand 0.25 6.20 13.68 15.19 13.55 9.12
Fine sand 0.125 4.85 7.44 13.02 21.99 3.72
Very fine sand 0.05 1.08 5.23 9.04 23.49 3.89
Silt 0.05-0002 |0.00 3.82 6.33 21.39 10.14
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Fig. 5.14. The percentages of grain size fractions in (a) KVA volcanic ash, (b) DQ scoria, (c) EBF laterite, (d) MnR sediment and (e) PYC
pyroclastics.
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pyroclastics (cntd.).
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According to results of grain size analysis the materials show wide range of grain
sizes and are given in figure 5.14. Furthermore based on the DIN 4022 classification,
KVA volcanic ash fall in to silt/sand fraction while DQ scoria belongs to the fine sand
fraction. EBF laterite shows all size ranges from clay to silt sand. MnR sediment and
PYC pyroclastics also fall in to the silt/ sand fraction with minor clay fractions (Fig.
5.14).

5.2.3 Sequential Extraction

The results of sequential extraction scheme according to Zeien and Brimmer (1989)
of the filter media are shown in figure 5.15. Results of KVA volcanic ash, DQ scoria
and EBF laterite are determined based on this sequential extraction scheme. On the
other hand, results of sequential extraction referred to MnR sediment and PYC
pyroclastics are based on the BCR Three Step sequential extraction (Davidson et al.
1999, 2000). The sequential extractions used in this study are useful to indirectly
assess the potential mobility and bioavailability of heavy metals once the filter media
are used and disposed to the environment. The six chemical fractions used in Zeien
and Brimmer (1989) are operationally defined by an extraction sequence that follows
the order of decreasing solubility (Clevenger and Mullins 1982, Soon and Bates
1982, Lake et al. 1984, Xian 1989). Assuming that bioavailability is related to
solubility, then metal bioavailability decreases in the order: water-soluble >
exchangeable > carbonate > Fe-Mn oxide > organic > residual.

The results in both extraction schemes indicate that the sum of mobile and acid
exchangeable fractions of heavy metal is well below the US EPA MCL. Though, the
highest total concentrations measured after carrying out sequential extractions
according to Zeien and Brimmer (1989) are well below the MCL higher
concentrations of heavy metals are associated to the crystalline and non-crystalline
Fe-oxide fractions as shown in figure 5.15. The heavy metal fractions on the
crystallized Fe-oxide phase exceed that on the other fractions. However, heavy
metals associated with Mn-oxide, organic, amorphous Fe-oxide, and crystalline Fe-
oxide phases are less mobile and available than the water-soluble and exchangeable
phases. The results are in agreement with other sequential extraction schemes
performed on sediments and tailings. From these results, it is evident that the filter
materials are suitable to water purification.
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Fig. 5.15. The distribution of Cr, Co, Ni, Zn, and Cu in different fractions of (a) KVA volcanic
ash, (b) DQ scoria, and (c) EBF laterite as were evaluated by sequential
extraction after Zeien and Brimmer 1989. The evaluation on (d) MnR sediment
and (e) PYC pyroclastics were done after extraction with BCR procedures
(Davidson et al. 1999, 2000). Total metal concentrations are in mg/I.

According to the BCR Three Step sequential extraction higher proportion of heavy
metals are associated to the Fe/Mn oxide fractions of MnR sediment. On the other
hand, association of heavy metals in PYC pyroclastics is more pronounced in the
acid exchangeable fractions than the other filter materials. Substantial amount of
heavy metals are released from the acid exchangeable fraction of PYC pyroclastics.
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5.3 Results of Column Experiment

5.3.1 Hydrochemical Compositions of Filter Effluents
5.3.1.1 pH, Dissolved Oxygen, Conductivity

The pH of the effluent solution shows a significant increase after passing through the
columns regardless of the type of media packed in the columns; the pH change is from
7.0 of initial value to a final value of 8.5 in effluents of all columns (See Appendix). The
highest effluent pH value is measured in the column filled with DQ scoria. In this effluent
the pH remains above 8.4 throughout the experiment. The conductivity of the solution
also increase slightly from an initial value of 184 uS/cm to a maximum of 226 uS/cm in
the column packed with KVA volcanic ash showing an increase in the amount of
dissolved ions. Almost in all of the effluents the concentrations of dissolved oxygen
ranges between a minimum of 3 mg/l and a maximum of 8 mg/l. The lowest dissolved
oxygen concentrations are measured in the effluents of KVA volcanic ash (2.5 mg/l) and
of QTZ sand (2.3 mg/l) at day 42.

53.1.2 Anions CI, SO and NO5

The anions concentrations of effluents show variable trends among the various filter
media. Concentrations of CI, SO, and NOs measured during the 12 weeks
experimental period are shown (Fig. 5.16). In all columns effluent concentrations of NO3’
are almost below the detection limit. However, some high concentrations of NO3™ are
measured in columns filled with QTZ sand (18.7 mg/l) at day 36. There is a similar trend
observed in NO3™ concentrations of effluents over the experimental period. Between day
10 and 11 nitrate concentrations reach up to 10 mg/l in all columns tested. Some erratic
nitrate concentrations are, however, observed in PYC pyroclastics at days 11, 15, 44
and 71 (8.9 mg/l, 7.7 mg/l, 10.5 mg/l, and 10.5 mg/l respectively). In columns filled with
KVA volcanic ash, PYC pyroclastics, MnR sediment, DQ scoria, and EBF laterite 8.9
mg/l, 11.9 mg/l, 10.7 mg/l, and 7.47 mg/l NO3 respectively is measured in the effluents
atday 11.
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Fig. 5.16. The CI" and SO,* concentrations of effluents in (a) KVA volcanic ash, (b) DQ scoria, (c) EBF laterite, (d) MnR sediment, (e)
PYC pyroclastics and (f) QTZ sand. NO3;  concentrations are below the detection limits in all columns.
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Fig. 5.16. The CI and SO,* concentrations of effluents in (a) KVA volcanic ash, (b) DQ scoria, (c) EBF laterite, (d) MnR sediment, (e)
PYC pyroclastics and (f) QTZ sand. NO3;™ concentrations are below the detection limits in all columns (contd.).
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5.3.1.3 Dissolved Heavy Metal and Arsenic Concentrations

Heavy metals Zn, Cu, Ni, and Pb along with As are given emphasis in this column test
while these metals are the dominant pollutants in the Akaki waters both in the dissolved
and SPM bound phases. Comparison of the equilibrium and initial metal concentration
ratios (C/Cy) of Zn, Cu, Ni, and Pb in all column media indicates that except Ni all metals
show strong retention. Zinc, Cu and Pb are found to exhibit higher adsorption by all
media where the maximum concentration ratios are lower than 0.1 for Zn while 0.2 for
Cu and Pb. In column packed with MnR sediment the C/Cy of Zn, Cu, Ni, As and Pb are
the lowest observed (Fig. 5.17d) implying that metals retention is the highest. In this
column all the heavy metals tested are retained well above 95% through out the
experimental period. On the other hand, the highest C/C, ratios are observed in PYC
pyroclastics for Ni (3.4), Cu (0.3), and Zn (0.03) followed by QTZ sand where the ratios
are 0.74, 0.16, 0.08, and 0.33 for Ni, Cu, Zn, and Pb respectively (Fig. 5.17e and 5.17f).
Removal of Ni, however, is variable based on the type of material filled in the columns.
Similar trend of Ni removal is observed in columns packed with DQ scoria and EBF
laterite where C/Cy < 0.15 and < 0.12 respectively (Fig. 5.17b and 5.17c). On the other
hand, Ni removal is relatively reduced in columns filled with KVA volcanic ash, PYC
pyroclastics and QTZ sand (Fig. 5.17). The least performance in removing Ni from the

effluents is observed in columns packed with PYC pyroclastics and QTZ sand.
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Fig. 5.17. C/Cq of Ni, Cu, Zn, and Pb in (a) KVA Volcanic ash, (b) DQ scoria, (c) EBF laterite (d) MnR sediment (e) PYC pyroclastics,
and (f) QTZ sand.
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Fig. 5.17. C/Cq of Ni, Cu, Zn, and Pb in (a) KVA Volcanic ash, (b) DQ scoria, (c) EBF laterite (d) MnR sediment (e) PYC pyroclastics,
and (f) QTZ sand (contd.).
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The performance of the column media in reducing SPM and heavy metal both in the
dissolved phase as well as bound to SPM from the synthetic solutions is assessed by
averaging the removal efficiencies of the columns media over the experimental period of
12 weeks. The following relation is used to determine the removal efficiencies of the
filter media towards each metal tested.

Cc,—-C
Metal removal (%) = %*100
0

where Cq = initial dissolved metal concentration

Cw = dissolved metal concentration after passing through the column media

The MnR sediment is found to be the best performing media in removing almost all of
the heavy metal from the synthetic polluted water. Considering the filter media collected
from Ethiopia the EBF laterite and DQ scoria are found to be better performing media in
removing almost all of the heavy metal except As. More than 90% (mean value, n=17) of
Ni, Cu, Zn and Pb are retained in columns filled with MnR sediment, EBF laterite and
DQ scoria in a decreasing order respectively. The comparison among the removal
efficiencies of all filter media in figure 5.18 and 5.19 indicates that EBF laterite (>90%)
and DQ scoria (>90%) are relatively better performing media than the volcanic ash in
removing As and Ni from the synthetic polluted water. In comparison to EBF laterite and
DQ scoria (90%), the removal of Ni by KVA volcanic ash (80%) is slightly lower (Fig.
5.19). However, considerable amounts of Cu, Zn, and Pb (>90%, mean value, n=17) are
removed by KVA volcanic ash, PYC pyroclastics, and QTZ sand (Fig. 5.19). The ability
to reduce the levels of Cu, Zn and Pb do not show any significant variation among the
filter media. For comparison purposes a selectivity series can be given for EBF laterite
and DQ scoria as follows:

Zn > Cu > Ni>Pb > As.
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Comparison of the apparent heavy metal removal efficiencies of the filter materials is
also shown in (Fig. 5.18). The apparent removal efficiencies represent the removal
capacities of the filter materials without the contribution of Na-montmorillonite and
organic material spiked. This was determined after subtracting the heavy metal removal
capacity of Na - montmorillonite and organic mater spiked from the removal efficiencies
of the bulk column media. The apparent removal capacities of KVA volcanic ash, PYC
pyroclastics and QTZ sand for Cu and Zn reach up to 44% and 71% respectively. DQ
scoria and EBF laterite remove 73% of Zn from the solution while the same media
removed only 48% of Cu (Fig. 5.18). Relatively higher retention of Ni is observed in DQ
scoria (55%) and EBF laterite (56%) compared to QTZ sand that retains 38% of the total
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Fig. 5.18. Apparent removal efficiencies (%) of the filter material (removal capacities exclude

contribution of SPM + organic matter).

Ni in the solution. The apparent removal capacity of KVA volcanic ash for Ni also
reaches 46%. MnR sediment retains significant amounts of Ni (63%), Cu (48%), and Zn
(73%) from the influents. Apparent removal of As by the filter media is only effective in
columns packed with DQ scoria (36%) and MnR sediment (90%). Arsenic removal by
the remaining filter materials is almost negligible. The apparent removal capacities of all

filter media for Pb are the lowest calculated indicating that removal of Pb is almost
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entirely attributed to the spiked SPM and organic matter in the synthetic polluted water
(Fig. 5.19).
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Fig. 5.19. Removal efficiencies (%) of the bulk filter media (including the removal capacities of
SPM and organic matter).

Another interesting phenomenon occurred during the column experiment is the release
of Fe and Mn from the columns. In spite of the fact that the initial concentrations of Fe
and Mn are low in the simulated polluted water release of these metals were observed
during the experiment (Fig. 5.20a - 5.20f). Iron and Mn are not spiked in the simulated
polluted water and have initial concentrations of 0.65 pmol/l and 0.21 pmol/l
respectively. All concentrations are mean values for n=17 samples. In the effluents of
EBF laterite 22.3 pmol/l of Mn is measured while MnR sediment shows the lowest
concentration (0.5 pumol/l). The released Mn is also higher in the effluents of DQ scoria
(11.6 pmol/l) and KVA volcanic ash (6.8 umol/l). Significant amounts of Mn 1.2 umol/I
and 3.4 pmol/l are released from columns filled with QTZ sand and PYC pyroclastics

respectively.

As compared to Mn, Fe is released at lower concentrations from columns filled with DQ
scoria (0.51 umol/l) and EBF laterite (0.53 ug/l). Nevertheless, the highest release of Fe
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is measured from columns filled with PYC pyroclastics (0.83 umol/l) and KVA volcanic
ash (0.55 pmol/l) (Fig. 5.20a). The lowest concentrations of Fe 0.03 pumol/l and 0.4
umol/l are released, however, from columns filled with MnR sediment and QTZ sand
respectively (Fig.5.20b and 5.20c).

Arsenic is also released from almost all columns over the experimental period. High
variations in effluent concentrations of As from columns filled with KVA volcanic ash, DQ
scoria, EBF laterite and QTZ sand are shown that are attributed to desorption from the
respective columns. However, the highest released average concentration of As (14.5
umol/l) is observed in effluents of KVA volcanic ash and QTZ sand. The later shows
release of As that reach 16.1 umol/l (Fig. 5.20d). Similar As release is also observed
from columns filled with DQ scoria and EBF laterite (8.93 umol/l and 5.72 umol/l)
respectively (Fig. 5.20a). On the other hand, the lowest release of As is observed from

columns filled with MnR sediment (0.18 pumol/l).

Though Cd is not spiked in the initial simulated polluted water, small amounts of Cd are
released from all columns. The average released concentrations are determined for
effluent samples collected during the overall experiment (n=17). The lowest desorbed
concentrations of Cd are found in the effluents of MnR sediments (0.001 umol/l) while
the highest are in PYC pyroclastics (0.01 pumol/l). In effluents of KVA volcanic ash and
QTZ sand desorbed concentrations reach 0.07 umol/l and 0.006 pmol/l Cd respectively.
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Fig. 5.20. The release of Mn, Fe, and As from a) KVA volcanic ash, b) DQ scoria, ¢) EBF laterite, d) MnR sediment, e) QTZ sand and
f) PYC pyroclastics. (Initial solution concentrations of Fe=0.65 umol/l; Mn=0.21 umol/l, and As=13.34 umol/l).
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Fig. 5.21. The release of Cd from (a) KVA volcanic ash, PYC pyroclastics, and QTZ sand (b)

MnR sediment, EBF laterite, and DQ scoria (Initial solution concentrations of Cd=0.02
pmol/l).

Concentration of Cd up to 0.0039 umol/l is measured in the effluents of EBF laterite
while DQ scoria show similar concentration (0.0029 umol/l) (Fig. 5.21a and 5.21b).
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5.3.2 Removal of SPM and Heavy Metal Bound to SPM

Heavy metals analysis on filtered suspended particulate matter (>0.45 um) from the
Akaki River and groundwater samples show that up to 74 mg/g Fe is bound to SPM of
the Akaki River. The concentrations of Mn, Zn, Cu, Ni, and Pb bound to SPM in surface
water samples exceed concentrations that are expected in natural unpolluted surface
water (Tolera et al. 2006). On the other hand, groundwater samples also contain
substantial amounts of Fe, Mn, Ni, Cu, Zn, As, and Pb bound to SPM. High
concentrations of Fe (138 mg/g), Mn (5.9 mg/g), Cu (5.8 mg/g), Zn (37.6 mg/g), As (10.6
mg/g), Pb (6.2 mg/g), and Ni (4.4 mg/q) are detected in SPM fractions of groundwater

used for drinking.

Distribution coefficient (Kq4) values of heavy metals in surface water and groundwater
samples also supported the high association of heavy metals with SPM. The Ky values
of As, Ni and Pb determined considering the dissolved and SPM phases of heavy metal
reach up to 3000 I/g, 4000 I/g, and 18,000 I/g in groundwater samples respectively. In
surface waters values up to 428 I/g, 1567 I/g, and 1380 I/g are calculated for As, Ni, and
Pb respectively (Tolera et al. 2005). The amounts of SPM are reduced to a maximum of
100 mg/l from an initial concentration of 1000 mg/I by all columns tested (Fig. 5.22). All
columns remove more than 90% of the spiked SPM through out the experiment period.
The filter media also retained metals that have been already sorbed on the suspended
particulate matter before passing through the column. In columns filled with PYC
pyroclastics and EBF laterite the effluent concentrations of SPM seem to remain
constant through out the experiment. Similar trend in the reduction of the amounts of
SPM by KVA volcanic ash and QTZ sand is shown. In general the lowest concentrations

of SPM are measured in the effluents taken from the MnR sediments.
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Fig. 5.22. Effluent concentrations of SPM in column experiment (a) KVA volcanic ash, PYC
pyroclastics, and QTZ sand; (b) MnR sediment, DQ scoria, and EBF laterite. The
initial SPM concentration in the synthetic wastewater is 1000 mg/I.

However, early clogging of the filter media by SPM was inevitable in columns packed
with KVA volcanic ash and EBF laterite. The amount of SPM within the columns
increased with time as was evidenced by the decreased amount of SPM in the effluents.
Filter media with higher contents of silt and clay fractions might cause clogging earlier
than those such as QTZ sand. This is the case for EBF laterite and KVA volcanic ash.
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Saturation of columns with SPM is noticed at day 44 in columns filled with KVA volcanic
ash, DQ scoria, and EBF laterite. Earlier clogging of the media is even observed in
column filled with EBF laterite that has considerable amounts of kaolin and

montmorillonite.

5.3.3 Sequential Extraction and Leaching of Heavy Metal

Single and sequential extraction procedures performed on the used filter media reveal
the distribution of heavy metal in the columns sludges. Certain possible removal/release
mechanisms of heavy metals associated with the used filter media are speculated. The
water dissolved fractions of Ni, Cu, Zn, As, and Pb are compared in figure 5.23. Results
of single extraction of the used media display that the heavy metals of interest are less

likely adsorbed in the water-soluble fraction.

However, compared to the other heavy metals the water-soluble fraction of As is higher
in columns packed with KVA volcanic ash, DQ scoria, EBF laterite and QTZ sand (65
Hg/g, 72 ug/g, 45 pg/g and 33 pg/g respectively). This indicates that As is weakly bound
to the surfaces of these filter media. Nickel is another metal showing relatively higher
concentrations in the water-soluble fraction. From columns packed with KVA volcanic
ash, DQ scoria, EBF laterite and QTZ sand 60 ug/g, 44 ug/g, and 33 ug/g and 46 ug/g of
Ni are released after leaching the used media with water. The releases of Cu from the
same columns reach 20 pg/g, 27 ug/g, 21ug/g and 17 ug/g respectively. These
concentrations are even lower for Zn (37 pg/g, 12 ug/g, 5 pg/g and 22 pg/g respectively)
in the used filter media mentioned previously. The least amount of water-soluble Cu
(13.1), Zn (1.6), Ni (7.71), As (23.6), and Pb (0.19) are extracted from MnR sediment.
Comparison between the heavy metals indicates that water-soluble fraction of Pb is the
lowest measured from all media investigated. The lowest water-soluble fraction of Pb is
measured in the used media sampled from EBF laterite (0.3 pg/g) while 3 pg/g and 0.6
ug/g Pb are measured from KVA volcanic ash and DQ scoria respectively. The water-
soluble fraction of Pb is mostly negligible in all filter media.
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Fig. 5.23. Partitioning of heavy metals (0 - 10 cm depth section) in water-soluble fraction after
water extraction procedure (modified DIN 38414 S4 1984).

Comparison of the results of single step water extraction procedure confirmed that the
removal of most heavy metals from the water-soluble fraction is confined to the first 5 -
10 cm of the columns (Fig. 5.24). Between 5 and 10 cm depth section of the used KVA
volcanic ash highest concentrations of Ni, Cu and Zn are observed. Distribution of the
water-soluble fraction of Ni and As in the depth section of the used KVA volcanic ash,
DQ scoria and EBF laterite show more or less a similar trend. In the used QTZ sand the
distribution of Ni, Cu, Zn, As, and Pb is uniform throughout the depth profile while in
KVA volcanic ash more than 60% of the heavy metals are bound in the first 5 - 10 cm of
the column (Fig. 5.24). Based on the results of the single step water extraction scheme,

release/mobility of Ni and As are higher than the other heavy metal studied.

Large amounts of Al, Fe, and Mn are desorbed from all filter media used after the
leaching experiment. Concentrations up to 63 ug/g, 178 ug/g, and 40 ug/g of Al are
measured in effluents of KVA volcanic ash, PYC pyroclastics, DQ scoria, and EBF
laterite respectively. The Al concentrations desorbed are lower in MnR sediment (8.5

ug/g) while QTZ sand shows the lowest Al concentration (6 ug/g). The highest desorbed
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Mn concentration (564 ug/g) is measured in MnR sediment, which is Mn oxide rich
fluvial sediment. Desorbed concentrations of Mn are also elevated in the EBF laterite
(176 pg/g) than that of the volcanic materials. Compared to Mn, Fe is released at lower
concentrations from columns sludges of DQ scoria (12 pg/g) and EBF laterite (24 pg/g).
The lowest desorbed Fe concentrations are measured in column sludges taken from
QTZ sand (4 pg/g) and MnR sediment (5 pug/g) (Fig. 5.24d and e).
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Fig. 5.24. Distribution of water soluble fractions of Ni, Cu, Zn, As, Pb, Al, Mn, and Fe in different
depth sections (a) KVA volcanic ash, b) DQ scoria, (C) EBF laterite, (d) QTZ sand,
(e) MnR sediment, and (f) PYC pyroclastics (After modified DIN 38414 S4 (1984))
leaching test).
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Fig. 5.24. Distribution of water soluble fractions of Ni, Cu, Zn, As, Pb, Al, Mn, and Fe in different depth sections (contd.).
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Fig. 5.24. Distribution of water soluble fractions of Ni, Cu, Zn, As, Pb, Al, Mn, and Fe in different depth sections (contd.).
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Fig. 5.24. Distribution of water soluble fractions of Ni, Cu, Zn, As, Pb, Al, Mn, and Fe in different depth sections (a) KVA volcanic ash,
b) DQ scoria, (C) EBF laterite, (d) QTZ sand, (e) MnR sediment, and (f) PYC pyroclastics (After modified DIN 38414 S4
(1984)) leaching test).
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The results of BCR sequential extraction of the filter media used are presented in table
5.8. The three BCR fractions of Cu, Ni, Zn, As, Pb, Fe, and Mn are compared in figure
5.25. In the sludge samples of KVA volcanic ash Ni, Cu, and Zn are mainly present in
the exchangeable fraction (73%, 77% and 73% respectively) while 24%, 20% and 25%
of these metals are present in the reducible fraction. The organically bound metals are
less significant. Similarly sludge samples taken from DQ scoria and EBF laterite show
higher association of Ni (80%), Cu (83%), and Zn (80%) in the exchangeable fraction
while in PYC pyroclastics the exchangeable fractions are 56%, 73%, and 72%
respectively. The exchangeable fractions of Ni, Cu, and Zn in column sludges of MnR
sediment (80%, 70% and 78% respectively) are similar to that of DQ scoria and EBF
laterite. In the sludge samples of all columns the reducible fractions of heavy metal show
similar amounts (~ 20%) except for Pb. The reducible fraction of Pb accounts for 50 % in
sludge samples of MnR sediment while KVA volcanic ash, DQ scoria, EBF laterite and
PYC pyroclastics show 42%, 35%, 35% and 30% respectively. The oxidizable and
water-soluble fractions of Ni, Cu, Zn, and As are below 5% for all column sludges except
in PYC pyroclastics where 30% Ni and 13% Cu are present in the water-soluble fraction
(Fig. 5.25 d, Table 5.8).

The fractionation of Pb in all column sludges is mainly attributed both to the acid
exchangeable and reducible fractions. However, in sludges of PYC pyroclastics and
QTZ sand a slightly higher fraction of Pb in the acid exchangeable fraction (64%) is
measured. A somewhat different association of Pb in MnR sediment sludges is shown
where Pb is almost uniformly bound to the reducible and oxidizable fraction. Compared
to 5% of Pb of the acid exchangeable fraction, 53% of Pb is bound to the reducible
fraction of MnR sediment sludges while the oxidizable fraction accounted for 42%.
Unlike the other heavy metal, the association of Pb in the acid exchangeable fraction is
negligible in sludges of MnR sediment (Fig. 5.25). Though, the fractionation of Pb in the
oxidizable fraction is insignificant in sludges of KVA volcanic ash (6%), PYC pyroclastics
(2.6%) and QTZ sand (3%), considerable amounts of Pb are bound in DQ scoria (14%)
and EBF laterite (10%).
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Like the other heavy metals, more than 80% of exchangeable As is released from all
media except from MnR sediment. In column sludges of KVA volcanic ash and QTZ
sand As is almost entirely present in the exchangeable fraction (90%). Only 56% of
exchangeable As is released from MnR sediment while the reducible fraction accounts
for 43%. Slightly lower exchangeable As is released from PYC pyroclastics (70%). The
highest reducible fraction of As is measured in MnR sediment (43%) while in KVA
volcanic ash, QTZ sand, and PYC pyroclastics, this fraction is below 5%. In EBF laterite
and DQ scoria the reducible fraction of As reached 17% (Fig. 5.25). The oxidizable and

water-soluble fractions of As in all column sludges are insignificant.
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Table 5.8. Comparison between the BCR sequential extraction and water leaching tests in evaluating fractionation of heavy metals in

the column sludge (pg/g).

Sample Fraction Ni Cu Zn As Pb Mo Cd Al Cr Fe Mn
KVAV ash Acid exchangeable 1000 1700 2900 1050 580 420 6.07 380 115 2950 85.3
Reducible 339 440 981 61.3 480 209 203 1928 5 2590 43.5
Oxidizable 441 674  88.3 14.9 728 129 0.14 3270 39 1823 31.6
Water soluble 58 3112 3742 65.08 258 114 022 63.34 0.13 37.02 6.42
DQ Scoria  Acid exchangeable 1800 1400 2500 900 300 3.86 4.20 6600 150 10900 970
Reducible 291 233 396 184 216 101 1.08 10373 21 23649 444
Oxidizable 89.6 51.3 614 13.5 837 404 0.02 9073 64 4398 158
Water soluble 441 2740 1235 7212 305 292 038 197.80 0.19  81.19 188
EBF laterite Acid exchangeable 1100 1150 1420 860 350 3.01 195 1740 140 9500 2140
Reducible 217 193 336 194 230 229 0.56 4624 10 15160 656
Oxidizable 58.3 483 67.0 14.5 66.3 505 0.02 6591 50 2726 94.2
Water soluble 334 2078 535 4488 025 046 0.06 215 0.05 18.16 176
Qtzsand  Acid exchangeable 800 1100 1300 670 350 358 211 500 160 3340 44.0
Reducible 197 207 438 37.5 199 960 0.74 1228 4 1876 24.6
Oxidizable 20.1 320 60.6 3.74 16.4 458 0.02 1392 45 585 9.01
Water soluble 462 16.89 2190 33.38 054 054 0.07 5.92 0.03 4.75 3.67
PYC Vash Acid exchangeable 782 983 1295 772 338 395 177 928 151 3512 58.6
Reducible 165 161 297 24.4 166 279 0.51 2815 4 1913 34.2
Oxidizable 24.2 31.8 487 4.94 13.7 6.04 0.02 3063 48 759 22.1
Water soluble 415 169 157 306 11.8 316 0.52 238 0.2 106 30.7
MnRsed. Acid exchangeable 2443 2103 3834 2349 156 036 180 11127 115 1229 2443
Reducible 556 779 913 1855 167 725 144 12500 32 30767 556
Oxidizable 9.79 371 174 18.6 135 529 0.91 892 35 710 1314
Water soluble 771 13.08 1.55 23.60 019 723 0.04 8.47 0.03 4.50 564
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Fig. 5.25. Partitioning of heavy metals in water soluble, acid exchangeable, Fe/Mn oxide and organic bound fractions of (a) KVA
volcanic ash, (b) DQ scoria, (c) EBF laterite, (d) QTZ sand, (e) PYC pyroclastics, and (f) MnR sediment (0 - 5 cm) as
evaluated by BCR sequential extraction.
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Fig. 5.25. Partitioning of heavy metals in water soluble, acid exchangeable, Fe/Mn oxide and organic bound fractions of (a) KVA
volcanic ash, (b) DQ scoria, (c) EBF laterite, (d) QTZ sand, (e) PYC pyroclastics, and (f) MnR sediment (0 - 5 cm) as

evaluated by BCR sequential extraction (contd).
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Results of the BCR sequential extraction procedure also confirmed that larger proportion
of heavy metals bound to the acid exchangeable fraction are confined to the first 5 - 10
cm depth of the columns. In sludge samples taken from KVA volcanic ash, MnR
sediment and DQ scoria, almost all metals are retained within the first 5 - 10 cm of the
column packs. The depth section distribution of Ni, Cu, Zn, As, and Pb are shown in
figure 5.26. The highest desorbed concentrations of Ni (2443 pg/g), Cu (2100 ug/g), Zn
(4000 pg/g), and As (2350 pg/g) are observed in sludge samples taken from MnR
sediment (0 - 5 cm). Substantial amount of desorbed Ni (2070 pg/g), Cu (2500 ug/g), Zn
(3820 pg/g) and As (1167 pg/g) are also measured from sludges taken from DQ scoria
(0 - 5 cm). Unlike in the previously mentioned sludge samples, the depth section
distribution of Ni, Cu, and Zn seemed to be even in sludge sample taken from PYC
pyroclastics and QTZ sand (Fig. 5.26).

The major results of this work include (1) the water quality characterization of surface
water and groundwater in the Akaki Sub-Basin. The type of water in the study area is
alkaline earth metal fresh water with higher contents of alkali ions and prevailing
hydrogen carbonate. Nitrate is measured in higher concentrations in groundwater
samples than in surface water samples. 87% of the concentrations of NOj in
groundwater samples are two times higher than the US EPA MCL. Suspended
particulate matter is the main carrier of heavy metals of concern such as Cu, Zn, Ni, As,
and Pb. (2) The filter media removed all heavy metals of interest except As. Arsenic
removal is not effective by all filter media investigated. Removal of As is the highest in
MnR sediment (>90%) followed by DQ scoria (36%) while the other filter media are
insignificant in removing As from polluted water. The main removal mechanisms
involved are adsorptive filtration that involves the adsorption of soluble heavy metals on
the surfaces of the filter media. Due to the biological layer (biofilm) formed on the
surfaces of the filter media most heavy metals and other contaminants are removed on
the first few centimeters of the columns media. As the simulated polluted water passed
through the column media, suspended particulate matter and heavy metals bound to

them will be removed by physical and chemical filtration processes.
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Fig. 5.26. Depth section distribution of exchangeable fractions of Ni, Cu, Zn, As, and Pb in (a) KVA volcanic ash, b) DQ scoria, (C)
EBF laterite, (d) QTZ sand, (e) MnR sediment, and (f) PYC pyroclastics (after BCR sequential extraction).
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Fig. 5.26. Depth section distribution of exchangeable fractions of Ni, Cu, Zn, As, and Pb in (a) KVA volcanic ash, b) DQ scoria, (C)
EBF laterite, (d) QTZ sand, (e) MnR sediment, and (f) PYC pyroclastics (after BCR sequential extraction).
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6. Discussion

In this study, emphasis has been given to water quality characterization of the Akaki
Sub-Basin in terms of inorganic nutrients and heavy metal contamination. Detail of the
general physicochemical characterization of the surface and groundwater of the Akaki
Sub-Basin are discussed. Some of the geochemical and anthropogenic factors that
determine the overall chemical composition of the Akaki waters are discussed briefly.
The most important contaminants of interest are Mn, Fe, Ni, Cu, Zn, As, Pb and Cd in
dissolved as well as suspended particulate matter (SPM) bound form. In this regard,
there are no previous research works that have been done in characterizing the
distribution of these heavy metals and As on suspended particulate matters of the Akaki
Sub-Basin water. In this work heavy metals removal capacities of local materials have
shown promising outcome, which can be adapted to other areas where surface water

and groundwater are polluted by heavy metals.

6.1 Water Quality Characterization

In the Akaki Sub-Basin, which is mainly characterized by volcanic terrain, water-rock
interactions derived a hydrochemistry specific to the type of rock involved in the
reaction. In headwater areas, such as Legedadi, Gefersa and the Entoto Ridges, ground
and surface water tend to be relatively unpolluted showing less than 500 mg/l of
dissolved solid (Alemayehu 2001). In the lower lying basin areas, such as Akaki, both
surface and ground water tend to be polluted (more than 1,000 mg/l of dissolved solids)
and contain Na*, Ca®**, Mg*, NOj, HCOs, and SO,* as the major dissolved
constituents. There are also water resources that have been directly or indirectly
affected by anthropogenic pollution whereby the major chemistry is influenced mainly by
the input of pollutants. The amounts of dissolved compounds or suspended solids in
river water depend on the solubility of the rocks and soil and the rainfall within a
drainage basin (Interlandi et al. 2003). The major ion composition of surface waters is

controlled by the interaction of precipitation with surfacial geological and biological
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materials. In the Akaki Sub-Basin, the concentrations of chemical compounds are
significantly affected by the weathering products of volcanic rocks as well as the
circulation of thermal water, which is located at the center of Addis Ababa (Alemayehu
2001). The other sources are the anthropogenic inputs of domestic and industrial wastes
that enrich certain anions and cations such as Na*, CI', NOs, SO and some heavy

metals in surface and groundwater.

Specific electrical conductivity is one of the useful indicators of the total content of ions
and of dissolved inorganic components (Hem 1985). Though most groundwater samples
in the Akaki Sub-Basin show fairly normal values of electrical conductivity, some
polluted groundwater samples such as Ivi3 and Ah15 show elevated amounts (870
uS/cm) of conductivity. These amounts are above the Secondary Maximum
Contaminants Levels (500 mg/l as TDS) set by the US EPA 1999 that indicates an
increased concentration of major ions. The electrical conductivity upstream of the Small
Akaki River near ELICO (EI18) reach 1060 uS/cm that shows pollution from ELICO

tannery in contrast to downstream part of the river at sample site Ju11 (516 uS/cm).

Most of the groundwater samples have water temperatures between 20 °C and 30 °C
while some variation might be due to sampling duration. On clear sunny days, surface
water samples are warmer than those collected on cool days. Except for Gerado pool
Gr7 (T=29 °C) and the Akaki Textile effluent Ak14 (T=26 °C) all surface water samples
show temperatures between 20°C and 22°C. The effluents of ELICO tannery (EI19) also
show high temperatures (T=27°C). Relatively higher water temperatures in the effluents
are due to the release of wastewater from the two factories.

The Aba Samuel Lake shows concentration of DO as low as 2.4 mg/l. Dissolved oxygen
as low as 0.2 mg/l is also measured in the Akaki River just before the junction to the Aba
Samuel Lake. High Biological Oxygen Demand (BOD) and Chemical Oxygen Demand
(COD), indicating the presence of organic contaminants (biodegradable and non-
biodegradable) were found at the junction of the Aba Samuel Lake (13 mg/l) and the

Small Akaki River (28 mg/l) (Alemayheu 2001). It is established that the origin of these
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high values are the high load of domestic and industrial wastewater discharged into the
water systems. Low DO causes the water to change from oxidizing (aerobic) to reducing
(anaerobic) conditions and also causes the oxidation-reduction potential to change from
positive to negative values (Weiner 2000). Under this reducing condition, which is the
case in the Aba Samuel Lake (Dk4), the Small Akaki River (Ju11, EI18) and the Akaki
textile wastewater (Ak14) less than 1 mg/l of NOs concentrations are measured. In the
Aba Samuel Lake, in spite of the fact that the concentration of dissolved oxygen (DO) is

very low, variety of aquatic plants and animals exist.

Results of water parameter measurements indicated that the Aba Samuel Lake has
undergone a high eutrophication process that has reduced the NOjs; concentration
(below detection limit, <1 mg/l). Plant productivity caused by nutrients is another factor
of concern in the Aba Samuel Lake. In lakes, nutrient enrichment almost always
increases algal production, a condition known as cultural eutrophication. One effect of
eutrophication is that an abundance of algae may cause taste and odor problems in
drinking-water supplies. A second effect of eutrophication is the increased uptake of
dissolved oxygen by bacteria in response to higher concentrations of organic matter. If
oxygen is taken up by decaying organic matter faster than it is imported from the
atmosphere or produced by photosynthesis, it becomes depleted. Furthermore, oxygen
depletion causes basic changes in the chemical environment that allow materials
(including many metals) that are formerly precipitated or bound to sediments to become

soluble and, therefore, mobile.

During the sampling campaigns, it has been also observed that the suspended load is
much higher in the lake and the two river systems, which is resulted from surface runoff
upstream of the study area. According to the US EPA (1999) standards for drinking
water, domestic water supplies should have pH values in the range 6.5 to 8.5. Except in
the EI19 surface water sample (pH 6.8), the pH values for all surface and groundwater
range between pH 7 and 8 + 0.05 indicating that they are in accordance with the

Secondary Maximum Contaminants Levels set by the US EPA (2000).
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Alkalinity is the acid neutralizing capacity (ANC) of solutes in a water sample, reported in
equivalents per liter (or milliequivalents or microequivalents per liter). Alkalinity consists
of the sum of titratable carbonate and non-carbonate chemical species in a filtered water
sample (filter membrane of 0.45 - um pore size or smaller). Any substance in a water
sample that reacts with strong acid titrant can contribute to the acid neutralizing
capacity. Important noncarbonate contributors may include organic ligands (especially
acetate and propionate) as well as hydroxide, silicate, borate, and less commonly
ammonia and sulfide (Hem 1985). When found in unusually high concentrations, PO,*
and AsO,> may also contribute to the acid neutralizing capacity of natural waters
(Stumm and Morgan 1981). Except for unusual natural waters and waters substantially
affected by human activity, noncarbonate ionized contributors generally are not present
in large enough quantities to affect alkalinity or Acid Neutralizing Capacity. The principal
source of CO. species that produce alkalinity in surface or ground water is the CO, gas
fraction of the atmosphere, or the atmospheric gases present in the soil or in the

unsaturated zone lying between the surface of the land and the water table (Hem 1985).

Alkalinity measurements on the Akaki water have shown that all samples lie in the
alkalinity range of 2 - 2.5 mmoleg/l. Hydroxides and silicates being the common rock
forming minerals in the Akaki area are the most important contributors of alkalinity. The
calculated bicarbonate alkalinity is 250 mg/l. Naturally occurring levels of alkalinity
reaching at least 400 mg/l as CaCO; are not considered a health hazard (US EPA
1992). EPA guidelines also recommend a minimum alkalinity level of 20 mg/l as CaCOs.
According to Weiner (2000), the natural background alkalinity is not reduced by more
than 25% by any discharge. Table 5.1and 5.2 show how the water parameters vary

among the different Akaki water samples.

Particulate matter can be an important contributor to alkalinity and must be removed by
filtration before titrating the sample for the alkalinity determination. Since the particulate
matter load of the Akaki surface water is higher, alkalinity measurements in unfiltered

water samples can be much higher than what is measured in the filtered water samples.
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Natural and human-influenced sources contribute chemicals to the dissolved solids of
the Akaki River and its sub-basin. Based upon their electrical charge the chemicals are
separated into two groups. The major positively charged chemical ions (cations) are
Na*, K*, Ca®*, and Mg?*, and the major negatively charged chemical ions (anions) are
NOs, HCOgs, SO, and CI. The concentrations of the major ions are influenced by
surface runoff. The general chemistry of runoff waters is best described using the
reviews of world average river water composition that have been prepared over the past
few years (Berner et al. 1987). The world average river concentration of major ions is
approximately 100 mg I" (Berner et al. 1987), which is approximately 20 times greater
than the concentration in rain. However, evaporation can increase the total dissolved
solids in rainfall by a factor of two. Hence, the primary mechanism for elevating the ionic

content of surface waters is mineral weathering.

Weathering of watershed is of primary importance in controlling surface water chemistry.
The main source of major elements and ions (Ca, Mg, Na, K, HCOs, SO4, Cl and Si) in
the Aba Samuel Lake is weathering of drainage basin lithology. Gibbs (1970) suggested
that a simple plot of TDS versus the weight ratio of Na/(Na + Ca) could provide
information on the relative importance of the major natural mechanisms controlling
surface water chemistry: (1) atmospheric disposition, (2) rock weathering and (3)
evaporation and fractional crystallization. Surface water samples with Na/Na+Ca ~ 0.41
and an average TDS (conductivity) ~ 746 mg/l are controlled predominantly by rock

weathering.

Comparison of the concentrations of major cations and anions of the Akaki water in
relation to that of the estimated mean composition of the World River waters (Hem
1985) and unpolluted upstream part of the Akaki catchement and the Akaki Sub-Basin
are given in table 6.1. Concentrations of Na and K in surface waters of Akaki are ten
times higher than those of the mean composition of the World Rivers. The highest
concentration of Na in surface water is observed in industrial effluent at sample site
Ak14 (70 mg/l) and Akaki River EI18 (86 mg/l). Of all samples analyzed for their content

of Na, surface water samples show the highest concentrations compared to the
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groundwater samples (Fig. 6.1). The concentration of K in all groundwater samples is
also relatively low as compared to the surface water samples. In surface water samples
the ratio between Na and K versus the total cations (Na+K/TZ") is 64% while
groundwater samples show a ratio of 36% (Fig. 6.1). Anthropogenic as well as geogenic
sources are the possible contributors to the high Na+K/TZ" ratio in surface water. The
partial treatment of wastewater in Ak14 by applying some metal salts might be the
possible source for the increased Na concentrations. On the other hand, domestic as
well as industrial effluents released in to the Akaki Rivers increased Na concentrations
above the background values. The highest concentration of K in Gr7 samples could be a
result of water-rock interactions in the Gerado Pool. The underlying rocks are of volcanic
origin. Since the volume of water in the pool is greatly affected by evapotranspiration,
the concentration of K and other metals are higher. The enrichment of Na in
groundwater samples such as De2, Be6, Tl12, Ls16, and Ak17 is due to the weathering
of Na rich feldspars like albite (NaAISizOg). Since K containing feldspar is as resistant to
chemical weathering compared to other feldspar types, the release of K due to rock-
water interaction into groundwater may not be substantial. Thus, low concentrations of K
are expected under normal geochemical conditions in groundwater. Elevated
concentrations of K in groundwater samples are results of inputs from anthropogenic

sources.

In surface water, Mg and Ca concentrations are also two to three times higher than the
mean composition of world river waters (Table 6.1). Magnesium ions are also
contributed by geogenic as well as anthropogenic sources. The ratio of Ca and Mg
versus the total cations (Ca+Mg/TZ" is 37% in surface water samples while
groundwater samples show 63% (Fig. 6.1). In igneous rock, Mg is typically a major
constituent of the dark-colored ferromagnesian minerals. Specifically, these include
olivine, pyroxenes, amphiboles, and the dark-colored micas, along with various less
common species. Rock-water interactions of volcanic rocks covering wide areas of the
Akaki Basin are responsible for the high Mg concentrations in groundwater compared to

surface water.
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Fig. 6.1. The ratio between Na+K vs. total cation (TZ") and Mg+Ca vs. total cation (TZ") (a) surface water, (b) groundwater.
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Since the Akaki surface and groundwater are dominantly characterized by substantial
Ca and Mg contents, the major cationic compositions comply well with those expected in
many igneous terrains where weathering of igneous minerals, especially of the chain
silicates pyroxene, amphibole, and the feldspars are common (Taylor and McLennan
1985). The plagioclase feldspar group of minerals represents mixtures in various
proportions of the end members albite, NaAlSis0s, and anorthite, CaAl»SizOs. Some Ca?*
is, therefore, expected in water that has been in contact with igneous and metamorphic
rocks. Carbonic acid weathering of silicate rocks is also an important source of Ca**,
HCOg', K*, Mg®, Na* and dissolved Si.

The (Ca+Mg)/(Na+K) molar abundance ratio in silicates of the upper crust is generally
1.0 (Taylor and McLennan 1985). This ratio in the Aba Samuel Lake is 1.2 indicating
that the cations are derived from silicate weathering. For the Akaki River at sample site
Jul1 the ratio is 2.1 implying that the sources of the cations are not only silicate
weathering. However, this ratio is more than 2.0 in 64% of the groundwater samples
indicating that other than water rock interactions, non-natural sources also contribute to

the higher contents of the cations.

The sources of NOs, CI" and SO,* in surface water and groundwater can be broadly
divided as natural and anthropogenic. Natural sources are generally ubiquitous;
however, their contribution is usually low because, over the course of time, natural
systems have established balances between the production and consumption of

nutrients. Anthropogenic sources arise from many activities.

Nitrate ions generally are derived from the oxidation of organic matter with a high
content of protein. Their presence may indicate a pollution source and their occurrence
is usually associated with shallow groundwater sources. Nitrate concentrations in fresh
water do not generally exceed 5 mg/l, although in rural areas, where NOs™ fertilizer is

liberally applied, concentrations may exceed 600 mg/l (Bell 1998).
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Table 6.1. Comparison of estimated mean composition of river water of the world with selected surface water samples in the Akaki
Sub-Basin (modified after Hem 1985).

World Yeka Spring’

S;Z:::Je;t rivers Up-stream Akaki Dk Kui DS Gr7
mg/| mg/l mg/l mg/| mg/l mg/l
Ca 15 6 40 37.8 40 27.5
Mg 4.1 21 16 15 14 23
Na 6.3 8.2 50 62 46 14
K 2.3 - 29 26 15 47
SO4 11 - 40.1 17.3 28.2 7.4
Cl 7.8 2.2 54.6 31 45.6 10.9
NOs 1 55.3 0.0 1.84 1.02 0.0
PO4 0.08 0.11 - 0.13 0.06 0.04

! Relatively unpolluted upstream part of the Akaki catchement
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Concentrations of NO3" in the surface waters of Akaki are ten times higher than those of
the mean composition of the World Rivers in 40% of the total samples (n=8). In the
Akaki Sub-Basin, drinking-water standards are exceeded for NO3™ in both surface and
groundwater. The Secondary Maximum Contaminant Limit (SMCL) for NOs™ (10 mg/l;
U.S. EPA 2000) is exceeded in 9 out of 14 groundwater samples (64%). In 3 of 8
surface water samples (37.5%) NOs exceeded the SMCL. Ground water containing 3
mg/l or more NOg3’ is considered to be affected by human activity (Madison and Brunett
1984).

Except in the Akaki well field, most groundwater wells are shallower than 50 - 60m in
depth. The wells are directly affected by NO3z™ pollution from the nearby surface water
bodies that are loaded with anthropogenic pollutants. Tributaries upstream of the Small
Akaki River have NO3 concentrations up to 700 mg/l (Lideta Spring), 500 mg/l (Ras
Mekonnen Spring), and 200 mg/I (Addisu Gebeya). In most cases, the tributaries of the
Small Akaki River are affected by direct disposal of domestic sewage and industrial
effluents (Alemayehu 2001), which resulted in elevated concentrations of NOgs'. In the
upper and middle courses of the Akaki River drainage, farmers increase the productivity
and yield of their farms by use of animal dung and chemical fertilizers. If more animal
dung fertilizers are applied than are used by the crops, they can be transported into
surface water and groundwater and become a major source of nutrients. The other main
source of NOgz™ in the Akaki surface water and groundwater is human sewage where no
wastewater treatment is applied. In addition to the nutrients derived from human
sewage, municipal wastewater also contains nutrients from such sources as household

cleaners and detergents.

Chloride concentrations are well below the US EPA SMCL (250 mg/l) in both surface
water and groundwater samples. However, concentrations of CI" in the surface waters of
Akaki are five times higher than those of the mean composition of the World Rivers in all
of the samples (n=8). The groundwater CI" concentration is less than that of the surface

water by approximately 10 mg/l at the Dk3 sample site.
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The highest CI" concentration is detected in the Aba Samuel Lake (Dk4) (54 mg/l) while
the groundwater at sample site Dk3 shows the maximum concentration of CI" (40 mg/l).
Concentrations of CI close to 50 mg/l are also detected in the outlet of the Aba Samuel
Lake (Dk5) and the Small Akaki River at sample sites Ju11 and EI18. The effluent

samples taken from ELICO tannery also show concentrations close to 50 mg/l.

The CI' content of most groundwater may be due to the presence of soluble CI" from
rocks and/or contamination by industrial effluent or domestic sewage. Though CI" is a
minor constituent in the earth’s crust, igneous rocks contain sodalite as an essential
constituent that in dissolution contributes to CI" ions. Usually, the concentration of ClI" in
groundwater is 30 mg/l (Bell 1998). Elevated concentrations in the Akaki Sub-Basin may

be the result of anthropogenic pollution.

Sulphate in the Akaki Sub-Basin may have geogenic and anthropogenic sources. High
concentrations could be caused by release from agricultural runoff or seepage. In
surface water the highest SO, concentrations are detected in the Small Akaki River at
ELICO effluent EI18 and EI19 (43 mg/l) and Aba Samuel Lake at site Dk4 (40 mg/l). In
90% of the total surface waters samples of Akaki (n=8) concentrations of SO,* are three
times higher than those of the mean composition of the World Rivers. The sampling
sites represent areas where domestic and industrial waste effluents are discharged
indicating anthropogenic sources of SO,%. The contribution of S to rivers from
anthropogenic sources is assumed to reach about one-half as much as from natural
sources (Berner 1971). The concentration of SO, ions in water can be affected by
S0,% reducing bacteria, the products of which are H,S and CO,. Hence, a decline in
S04 ions is frequently associated with an increase in HCOs. The concentration of SO,*
in groundwater usually is less than 100 mg/l, and may be less than 1 mg/l if SO
reducing bacteria are active (Bell 1998). In groundwater of Akaki the highest SO4*
concentrations are measured at sample sites of De2 and Dk3 indicating the pollution
effect of the Aba Samuel Lake and the Akaki River.

129



6 Discussion

The chemical characteristic of the Akaki River is influenced by the chemical composition
of its tributaries that influence the river water composition. There are some perennial
streams in Addis Ababa that are part of the catchement: Little Akaki, Bantyiktu, Kurtume,
Kebena, and Big Akaki. The major anion and cation contents of these streams indicated
that the streams have been affected by anthropogenic pollution. Alemayehu (2001)
reported concentrations of Na* (147 mg/l), K* (15 mg/l), Ca®** (48 mg/l), and Mg** (18
mg/l) in the Small Akaki River at sample site Behere Tsighe that corresponds well with
our data. In this river, anthropogenic pollution indicators such as PO4* concentrations
are about 3 mg/l. In the Bantiyketu stream, the concentrations of Na*, K*, Ca** and Mg**
are 30 mg/l, 4 mg/l, 10 mg/l, and 5 mg/l respectively while CI', SO,*, and PO,*
concentrations were 50 mg/l, 14 mg/l and 2.2 mg/l respectively. The Kurtume stream
has relatively low major cations concentrations (Na* 30 mg/l, K* 4 Mg/l, Ca** 10 mg/l,
and Mg®* 5 mg/l) as compared to the other tributaries. Downstream from the Kebena
stream (Urael) concentrations of Na*, K*, Ca®** and Mg®* reach 28 mg/l, 17 mg/l, 36 mg/l,

and 15 mg/l respectively.

The chemistry of the Akaki River water can be characterized by a Ca - Mg - Cl and Ca -
Mg - HCOg3 type. However, a hydrochemical shift of the water chemistry towards the
S0,% and CI' types is mostly related to the influence of contaminants into the subsurface
rather than the natural dissolution processes. This is due to the fact that most of the
springs located in the upstream parts of the Akaki catchment (less vulnerable to

pollution) are characterized by high HCO3™ concentration rather than CI” and SO42".

The relatively higher concentrations of HCOs and COs® in the surface waters of the
Akaki Sub-Basin are attributed to the anthropogenic pollution contributed by household
and industrial effluents. Most of the surface water belongs to Na - HCO3; and Na - Ca -
HCOs; types. The relative abundance of the ions can be related to geochemical reactions
that have taken place as the water comes in contact with different minerals of the
prevailing rock types. Moreover, there is also a significant contribution of elements due
to pollution of the surface water and groundwater. As a result, some scattered data

points are observed in the piper diagram (Fig. 5.4). Therefore, the surface and
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groundwater chemical composition represent the influence of natural as well as

anthropogenic-induced materials.

Chemical analysis of surface water and groundwater samples collected from the Akaki
Sub-Basin reveal that Na* and Ca®* are the dominant cations. The major sources of
Ca** and Na* cations in unpolluted surface water and groundwater are the minerals that
constitute basic and acidic volcanic rocks. Rocks containing Na and Ca are more or less
susceptible and upon weathering yield the metal cation and in solution. The resulting
water from mafic volcanic rocks tends to be a Ca - Mg - HCO3 while the dissolution of

acidic volcanic rocks produces Na - HCO3 water with relatively large amounts of SiOx.

From the piper diagram (Fig. 5.4) it is also evident that the HCO3 ions are the dominant
anions in groundwater samples with variation in composition of Ca and Mg. The
resulting groundwater types also vary from Ca/Mg - HCOj3; to Na - HCO3; depending on
the rock-water interaction that prevails in the study area. The relative abundance of
these cations (Na and Ca) indicates the dissolution of minerals that constitute either

mafic or acidic volcanic rocks.

In most cases, surface water is hydraulically connected to groundwater, but the
interactions are difficult to observe, to measure and have been ignored in water
management considerations and polices. Surface water interacts with groundwater in all
types of landscapes as loosing or gaining streams or both. The environment where the
polluted Akaki River interacts with the underlying groundwater varies from place to
place. The water level in the Akaki River is located at higher elevation than the water
level in the aquifer and hence is acting as a discharging river by releasing water in to the
near by alluvial and volcanic aquifers. Elevated concentrations of total dissolved solids
and NOs are some of the indicators that the river - groundwater interaction, affects the

shallow groundwaters close to the Akaki River.
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6.2 Assessment of Heavy Metal Contamination in Akaki Water

It has been widely recognized that the fate and transport of metals within aquatic system
is determined by the nature of their association with suspended particulate matter. The
fate and transport of heavy metals and inorganic anions in the Aba Samuel Lake and the
surrounding water systems are governed by the chemical composition of all the streams
that flow into the lake and the geology of the catchment. Certain rock types contain
elements that may be harmful to humans or animals if they are released and
concentrated in water. In the Akaki Sub-Basin, heavy metals, As and U are detected in
some water samples at concentrations that exceeded drinking-water standards.

Particulate matter is derived primarily from rock weathering processes, both physical
and chemical, and may be further modified by soil-forming processes. Erosion
subsequently transfers sediments or soil particles from their point of origin into
freshwater systems (Chapman 1996). Two major natural sources of sediment to rivers
and lakes can be considered: (i) products of continental rock and soil erosion, and (ii)
the autochthonous material, which is formed within the water body and usually results
from the production of algae and the precipitation of a few minerals, mostly calcite
(Campy and Meybeck 1995).

In regions of very high mechanical erosion, the elemental content of river suspended
matter reflects the principal origins. Depending on the lithological nature of the parent
rock, the composition of river SPM is generally close to the composition of the parent
rocks and it may present some variations in major elements (Table 6.2). In table 6.2
concentrations of Ca, K, Fe and Mn bound to SPM are compared between the Akaki
River and tropical and arid zone basins. The same comparison has also been made

between the Akaki River and basalt river basin (Chapman 1996).
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Table 6.2. Comparison of Fe, Mn, K, and Ca bound to SPM between Akaki surface water and
natural river water.

Surface water Fe Mn K Ca
Ak14 1433 53.7 32.3 330
Dk5 16000 837 358 5013
Dk4 5065 12020 7325 74205
El18 21.84 0.91 6.23 108
Ku1 74213 1200 539 8573
Gr7 6187 221 115 534
Juli 8361 137 60 961
Basalt river basin water’ 52600 1300 35400 19300
Tropical and arid zone basins water’ 61700 890 7500 18300

" Martin and Meybeck, 1979; Meybeck, 1988

Compared to waters of tropical and arid zone basins higher Mn concentrations bound to
SPM are found in the Aba Samuel Lake (Dk4) and the Akaki River (Ku1) (Table 6.2).
The Akaki River at Ku1 has higher concentration of Fe bound to SPM than the basaltic
river basin, tropical and arid zone basin waters. Potassium and Ca bound to suspended
particulate matters are much higher in the Aba Samuel Lake (Dk4) as compared to the
tropical and arid zone basin waters (Table 6.2). The Akaki River particularly is enriched
with all the heavy metals indicated in the table than the corresponding tropical and arid
zone basin waters described by Martin et al. (1979) and Meybeck (1988). According to
Martin and Meybeck (1979) and Meybeck (1988) enrichment factor (EF) is given for
each element. Here, the EF defined as the ratio of the surface water concentration to the
average abundance for the tropical and arid zone basins water for each element. The
enrichment factors calculated for Fe and Mn are 1.2 and 1.3 respectively indicating that
Fe and Mn have been introduced into the Akaki River (Ku1) from anthropogenic
sources. Except for Fe, the Aba Samuel Lake also shows elevated amounts of Mn, K,
and Ca that have enrichment factors of 14, 1 and 4 respectively. The higher enrichment
factors are indication that the lake has been enriched with major elements contributed

not only from geogenic sources but also from anthropogenic sources. Upstream of the
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study area the Small Akaki River has the lowest concentrations of all major elements
described before (Table 6.2 and 6.3). All the other surface water show lower enrichment

factors in comparison to the Aba Samuel Lake and the Akaki River.

Table 6.3. Enrichment factors Fe, Mn, K, and Ca in Akaki surface water compared to tropical
and arid zone basins water calculated after Martin and Meybeck (1979), Meybeck

(1988).

Surface

water Fe Mn K Ca
AKt14 0.02 0.06 0.004 0.02
Dk5 0.26 0.94 0.05 0.27
Dk4 0.08 13.5 0.98 4.06
El18 0.00 0.001 0.001 0.006
Ku1 1.20 1.35 0.07 0.47
Gr7 0.1 0.23 0.02 0.03
Juii 0.14 0.15 0.01 0.05

When chemical alteration exceeds mechanical erosion, the most soluble elements are
carried in the dissolved phase as ions (Ca®*, Mg®*, Na* K*) and dissolved SiO,, whereas
the least soluble ones (Al, Fe, Ti, Mn) remain in the soil that gradually becomes more
enriched.

The composition and concentration of particulate matter in the aquatic environment is
affected by the source and pathway of sediment input (Eisma 1993, Webster et al.
1990). Based on the geology, weathering, and hydrogeochemical conditions prevailing
in the Akaki Sub-Basin the composition of the suspended particulate matter is more

dominated by clay of montmorillonite type, oxides of Fe/Mn and organic matter.

The importance of suspended particulate matter (SPM) in pollutant transport in rivers in
particular, its role in metal speciation in natural waters is well known and widely reported

(Muller et al. 1990, Lynn 1999). In rivers, the behavior of SPM depends on particle
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dimensions. In aquatic systems two main fractions of SPM can be distinguished (i) the
particulate fraction (diameter >1 pm) which is quite quickly settling and transporting
metals to the sediments, and (ii) the colloidal fraction (diameter <1 um) which remains
suspended longer and may facilitate the transport of adsorbed species over appreciable
distances. The colloidal fraction of SPM, usually defined as particles <1 um in diameter
(IUPAC), is the major transporting agent for heavy metals because of its large specific
surface area and hence high potential for the adsorption of trace metal ions (Gustafsson
et al. 1997). The highest concentrations of SPM up to 7 mg/l are measured in the
groundwater samples of Akaki at sample site Be8. On the other hand, the low lying parts
of the Akaki Sub-Basin show the highest surface water concentrations of SPM
compared to the upstream parts. Compared to the up stream parts of the basin, the
release of industrial effluents have been much higher in the low lying parts, which
contributed to the high load of suspended solids and other contaminants. While the
concentrations of SPM in surface water samples are not varying in wide ranges in
groundwater samples variations up to two orders of magnitude has been observed
between samples (Fig. 5.10). These variations could be due to aquifer lithological
differences between groundwater sites, water-rock interactions, well depth and other
factors.

Certain environmental factors influence the degree in which heavy metals and As are
associated with SPM. The concentration and stability of SPM/colloidal matter in aquatic
system are determined by the simultaneous effects of factors such as SPM
concentration, (Honeyman and Santschi 1989, Filella and Buffle 1993, Gustafsson and

Gschwend 1997) salinity, pH, oxygen saturation. Changes in pH can potentially affect
SPM / colloidal stability via an effect on the surface charges of SPM and colloids. The
stability of Mn-Fe oxides (main component of SPM) is controlled by the redox condition
in aquatic system. Under suboxic to anoxic conditions, the insoluble Mn (V) and Fe (lll)

species can be reduced to the soluble Mn (Il) and Fe (ll) forms.

Once released heavy metals would be associated with high concentrations of

suspended particulate matters and/or colloids in rivers and lake systems. Particulates
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and dissolved organic matter and colloids play very important roles in water chemistry
and the binding and transport of metals and organic chemicals. One of the controlling
mechanisms are sorption interactions that are discussed in Stumm and Morgan (1981),
Whitfield and Turner (1987), Newman and Mclintosh (1991), and Baker (1991a, b).

SPM containing high concentrations of organic matter and certain clay minerals (e.g.
montmorillonite with a high cation exchange capacity) has the ability to sorb significant
quantities of chemical components (Louma 1989). However, because of the large
surface areas of silts, clays, and organic matter and the scavenging nature of oxides,
SPM is also the major transport medium for heavy metals in rivers (Louma 1989, Sinclair
et al. 1989). Particulate size and resulting total surface area available for adsorption are
both important factors in adsorption processes and can affect metal bioavailability
(Luoma 1983, 1989). Small particles with large surface-area-to-mass ratios allow more
adsorption than an equivalent mass of large particles with small surface-area-to-mass

ratios.

In the Akaki water, most heavy metals of interest are associated with the suspended
particulate matter. The concentrations of Cu, Zn, Ni, As and Pb bound to SPM in
groundwater samples De2, Dk3, Be8, E10 are higher than that of the surface water. This
might be explained by the dominant proportion of the smaller size fractions of SPM in
groundwater than in surface water. Clays and organic floccules (common constituents of
fluvial SPM) tend to concentrate in the smaller size fractions (Horowitz et al. 1990) and
adsorb relatively more contaminants per unit volume or mass due to their relatively
larger surface-to-mass ratios. For instance, in slightly basic and anoxic marsh sediment
environments, Zn is effectively immobilized and not bioavailable. The pH condition (pH =
7 - 8) persists in most natural water favors the low solubility of Zn and the other heavy
metals regardless of the redox conditions (Gambrell et al. 1991). In surface water and
groundwater of Akaki, the existing pH condition also favors for the general low solubility

of most heavy metals.

The concentrations of Cu bound to SPM in E10, Ah15, and Ab22 water wells are the

highest measured 465 pg/g, 18 pug/g 7, and 155 pg/g respectively. All these water wells
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are used particularly for drinking purposes. Since the water is used without any further
purification by large rural communities, the contaminants on the suspended particulate
matter and dissolved phases will get in to the food chain easily. Therefore, the presence
of the investigated heavy metals in such significant amounts in the suspension phase

contributes to one of the several causes of health risks in the Akaki area.

High Cu, Zn, Ni, As and Pb concentrations in the SPM can result from adsorption on to
oxides of Fe, Mn clay minerals and organic matter (Benoit et al. 1994). Comparison of
heavy metals bound to SPM with those of Fe, Mn, Ca, and K are made in figure 6.2 and
6.3 for surface water and groundwater respectively. During the sampling period of April
2003, almost all of the Cu, Ni, As and Pb loads were associated with SPM in all of
groundwater and some of the surface water samples. Higher association of Ni, Cu, Zn,
As and Pb is shown for Mn bound to SPM that has concentrations ranging between 102
Hug/g and 10* pg/g compared to concentration of Fe bound to SPM (10 - 10° pg/g). This
is an indication that in most waters of the Akaki Sub-Basin Cu, Zn, Ni, As and Pb bound
to SPM are higher in the Mn oxide fraction of SPM than in the Fe oxide fraction though
the concentrations of Fe bound to SPM are much higher than that of Mn. On the other
hand, there is an increasing trend of Zn, Cu, Ni, As and Pb bound to SPM with
increasing concentrations of Mn bound to SPM (Fig. 6.2). Though there is no clear
indication of an increasing trend of these heavy metals and As in relation to Ca and K
bound to SPM, higher association of heavy metals and As with Ca and K bound to SPM

is also shown.
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Fig. 6.2. Heavy metals bound to SPM vs. (a) Fe, (b) Mn, (c) Ca, and (d) K bound to SPM in Akaki waters (Surface water).
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Fig. 6.3. Heavy metals bound to SPM vs. (a) Fe, (b) Mn, (c) Ca, and (d) K bound to SPM in Akaki waters (Groundwater).
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The strong association of Zn, Ni, As, Pb and Cu with Fe, Mn, Ca, and K bound to
SPM in groundwater samples reveals a positive relationship indicating that Fe
oxides, Mn oxides, silicates, and clay minerals could be the most important
components of SPM that bound the heavy metals in the Akaki waters. This is also
confirmed with our SEM data, which reveal that Si, Ca, K, Fe, Mn and organic
matter are the main elements detected in the SPM. In aqueous systems, there are
four major solid phases that can be considered most relevant for metal
sequestration: (i) carbonates, (ii) oxyhydroxide minerals (Fe and Mn), (iii) organic
matter (live and dead) and (iv) sulfide minerals (Tessier et al. 1979). Among these
solid phases, the most important ones that are found in the Akaki waters are

oxides/oxyhydroxides of Fe and Mn and organic matter.

The Fe and Mn oxyhydroxides [e.g. Fe(lll) oxides, FeOOH(s) and Mn(lll,1V) oxides,
MnOOHs)] are highly metal-reactive and are typically widespread throughout most
environmental systems, making them a dominant solid phase controlling metal
behavior in the environment (Benjamin et al. 1980). Oxyhydroxides of Fe and Mn
are redox-sensitive, with the more oxidized form of both elements, Fe (lll) and Mn
(11, 1V), forming a solid phase, while the reduced forms, Fe (Il) and Mn (ll), are
soluble. Thus, changes in redox conditions will profoundly affect the concentrations
of these solids and associated metal behavior. Although it should be noted that
reductive dissolution of both oxyhydroxides proceeds much more quickly with
microbial catalysis than without and that, while abiotic oxidation of Fe (II) to Fe (lll)
and associated hydrolysis and formation of FeOOH(s) solid particles occurs
spontaneously above pH 3 in the presence of oxygen, abiotic Mn (ll) oxidation is
extremely slow below pH 9 (e.g. months to years; Morel & Hering 1993, Stumm &
Morgan 1996).

Natural organic matter (NOM), both living (e.g. micro-organisms) and dead (both
labile and refractory, e.g. humic and fulvic acids), is an efficient, but often
dynamically reversible, metal sequestration pool (Gustafsson et al. 2003, Smiejan

et al. 2003, Jacob & Otte 2004, Boullemant et al. 2004). Sequestration by NOM
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can be especially important in systems of high NOM concentration such as
wetlands and eutrophic lakes, typically through sorption reactions associated with
their highly electrically charged surfaces. Decomposition of organic matter often
leads to release of associated metals into solution and thus the ability of the NOM
pool in any given system to hold onto metals will reflect the relative magnitude of
decompositional processes.

In the Akaki Rivers and Aba Samuel Lake, the high organic matter content of the
suspended particulate matter is expected to have significant impacts on the
speciation and bioavailability of heavy metal pollutants and any subsequent
remediation plan. Heavy metal pollutants such as Pb and Ni are typically
associated with the organic matter. If this is the case, the bioavailability and toxicity

of the metals will be largely determined by complexion with sites on organic matter.

As interactions of dissolved metals with particles are important in their geochemical
cycles (Morel et al. 1991), and both dissolved and particulate trace metal data are
available for the Akaki Sub-Basin, the distribution coefficients (Kq) can be

calculated as:

I'<d = CSPM / Cdissolved

Where, Ky is the distribution coefficient, Cspyis the concentration of metal bound to
SPM and, Cgissoved is the dissolved concentration of the metal.

The calculated Ky values for the heavy metal ions indicated that higher proportion
of Pb, As, Ni, Zn, and Cu are bound to SPM in both surface water and
groundwater. For most of the contaminated surface water and groundwater log Kqg
values of As, Ni, Cu, and Pb are between 5 and 6 I/kg while about 4 I/kg is
determined for Zn. These Ky values are well correlated to the ranges of K4 values
(I/kg) compiled from literature for Ni (3.5 - 5.7 I/kg), Pb (3.4 - 6.5 I/kg), As (2.0 - 6.0
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I’kg), Cu (3.1 - 6.1 I/kg), and Zn (3.5 - 6.9 I/kg) by Allison et al. (2005). The Ky
values calculated for Fe and Mn are so high that comparison with the other heavy
metals is not considered. It might be possible to conclude that most heavy metals
in the Aba Samuel Lake and the surrounding water sources are associated to the
solid phase than the dissolved phase. The direct utilization of these surface water
and groundwater without any treatment makes the toxic heavy metals bio -
available through ingestion and skin contact. Therefore, the high concentrations of
these heavy metals on the particulate matter should be considered as a potential

health hazard to the communities that rely on such water sources.

The evaluation of metal pollution is an important aspect of most water quality
assessment programmes. In the Akaki Sub-Basin except some heavy metals such
as Fe, Mn, Zn, and the radioactive element U, most of the dissolved concentrations
of heavy metals are below and close to the US EPA MCL. Elevated concentrations
of Fe and Mn exceeding the EPA MCL of 0.3 mg/l, 0.05 mg/l respectively are
measured in both groundwater and surface water samples. The dissolved
concentrations of Zn and U are also at critical values compared to the EPA MCL of
5 mg/l and 30 pg/l respectively. Weathering of volcanic rocks and release from
industrial effluents are major sources of Fe and Mn in the Akaki waters. Since Zn is
found in the earth’s crust in considerable amount, weathering processes can
contribute significant amount of Zn in natural water. The United States
Environmental Protection Agency (US EPA) considers eight trace elements as high
priority: As, Cd, Cu, Cr, Pb, Hg, Ni and Zn of which Cu, Zn, Ni, Pb and As are of

high importance in this study.

The absence of Fe and Mn in some priority lists results from their frequent
classification as major elements. In aqueous solution, the occurrence of Fe is
dependent on environmental conditions, especially oxidation and reduction.
Flowing surface water, that is fully aerated, should not contain more than a few
micrograms per liter of uncomplexed-dissolved Fe at equilibrium in the pH range

6.6 to 8.5. However, this value is much higher in surface water samples of Akaki.
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In the Akaki River, the dissolved concentration of Fe is relatively higher than that
of groundwater. In groundwater, however, much higher levels can occur. In anoxic
groundwater with a pH of 6 to 8, Fe?* concentrations can be as high as 50 mg/l and
concentrations of 1 to 10 mg/l are common. The Fe originates by solution at sites
of either reduction of ferric hydroxides or oxidation of FeS (Hem 1989) and the

process is strongly influenced by microbiological activity.

The relatively higher oxidizing condition in most groundwater and neutral pH (7- 8)
cause the precipitation of Fe(OH)s. Hence, the total concentration of Fe in
groundwater is low. On the other hand, the suboxic to anoxic conditions prevailing
in most surface water of the Akaki Sub-Basin (DO less than 3 mg/l) cause the
release of Fe and Mn in to surface water. In contrary to this fact, concentrations of
Fe and Mn in Gerado pool at Gr7 is around 380 pg/l though the prevailing redox
condition is oxic (DO=8.5 mg/l). This could be attributed to the high
evapotranspiration rates that cause the concentration of these metals derived from
the rock-water interaction to be enriched. The Gerado pool water is situated at
2172 m elevated hill that is recharged by rainwater. There is no anthropogenic
influence in this pool, which is located relatively far from the main polluting rivers of
Akaki.

In comparison to Fe, Mn is found in high concentrations in surface water of the
Akaki Sub-Basin, the highest being in Aba Samuel Lake (Dk4). Based on
comparison to typical background levels of Mn in surface water or groundwater it
seems likely that some groundwater and surface water samples where Mn is
detected contain only natural background levels. Although ambient Mn levels are
about 200 ug/l in a number of cases, high levels (in excess of 1,000 ug/l) have
been detected in most surface waters indicating that Mn containing wastes might
play significant role in the contamination of surface water. The transport and
partitioning of Mn in water is controlled by the solubility of the specific chemical
form present, which in turn is determined by pH, Eh (oxidation-reduction potential),

and the characteristics of the available anions. In the Akaki Sub-Basin Mn (ll)
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predominates in most waters (pH 7) but may become oxidized at higher pH values
greater than 8. In relatively oxidized water, the solubility of Mn(Il) may be controlled
by Mn oxide equilibria (Ponnamperuma et al. 1969), with Mn being converted to
the Mn(Il) or Mn(IV) oxidation states (Rai et al. 1986). In extremely reduced water,
the fate of Mn tends to be controlled by formation of a poorly soluble S*. In surface
and groundwater of the Akaki Sub-Basin, the concentrations of Mn in dissolved as

well as SPM phase are higher than those of Fe.

Zinc

One of the heavy metals occurring at the highest dissolved concentrations in the
Akaki water is Zn. In surface water samples the dissolved fractions of heavy metals
are in the following order from highest to lowest: Zn > Ni > Cu > As > Pb while in
groundwater the order is somewhat different, Zn > Cu > Pb > Ni > As. The mean
concentrations of Zn recorded in wet seasons are relatively higher at samples sites
E10, Ju11, T2, Iv13, Ls16, and Ak17 than those in the dry season (Appendix
2). Three metals have been found at critical values compared to water quality
criteria set by the US EPA: dissolved Zn, Pb, and Ni. In groundwater,
concentrations of these metals reach 3200 pg/l, and 7.44 pg/l for Zn and Pb
respectively. On the other hand, concentrations of Zn bound to suspended
particulate matter in Lake Aba Samuel (Dk4) (4000 ug/g) are ten times higher than
Cu and Pb concentrations. In the Lake outlet (Dk5) 250 pg/g of Zn is measured.
The concentration of Zn bound to SPM in Big Akaki River at Ku1 is 630 ug/g as
compared to the lower 70 pg/g in Small Akaki River at Ju11. According to the
LAWA classification, Lake Aba Samuel falls in LAWA class |V indicating that the
lake is very strongly contaminated with Zn. In groundwater samples, Zn bound to
SPM/colloidal is much higher than that of the surface water. The highest
concentrations of Zn bound to SPM/colloids measured are 13000 pg/g, 14000
ug/g, 15000 pg/g, and 38000 pg/g at sample sites Ak17, De6, Dk3, and E10
respectively. Similar to Cu, higher content of Zn bound to SPM in groundwater
might be due to the higher association of Zn with fine fractions of SPM and

colloids. Based on the LAWA classification for Zn most of the groundwater falls in
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the very strongly contaminated category (class 1V). Soil-water interactions are the
main sources of higher concentrations of Zn bound to SPM in the Akaki
groundwater. In natural waters, Zn species are limited to Zn hydroxides, Zn
silicates, Zn carbonates, and the free ion Zn** (Novotny 2002). The noncomplexed
Zn?* ion dominates at pH 8 and uncharged ZnCO; at higher pH. Hydrolysis
becomes significant at a pH>7.5, although the hydroxy complexes ZnOH* and
Zn(OH)2 would not dominate in the presence of carbonate at groundwater
concentration levels (Salbu 1995). Except Zn carbonates, the other forms of Zn are
expected to be present in the Akaki waters at the prevailing redox conditions. The
solubility of Zn begins to decrease around a pH of 6 - 7 (Bethke 1996, Holmstrom
et al. 1999).

Heavy metal analysis on some rock samples taken from upstream part of Addis
Ababa showed elevated concentrations of Zn. The concentrations of Zn in rock
samples taken from northern part of Addis Ababa (6Kilo a, 6Kilo b, and Entoto)
reached 80 ppm, 361 ppm, and 125 ppm respectively. These areas of Addis Ababa
are drained by tributaries of the Big Akaki River. On the other hand, rock samples
taken from parts of Addis Ababa that are drained by tributaries of the Small Akaki
River at sample sites Gojam Berenda and Asmara Road showed Zn
concentrations up to 530 ppb and 217 ppm respectively (Alemayehu 2001).
Weathering of these rocks can mobilize Zn in surface water and groundwater. Very
high abundances of soluble Zn are present under well-oxidized conditions and at
pH 5 to 6.5, whereas low abundances of soluble Zn are present at pH 8 under all
redox conditions and at pH 5 to 6.5 under moderately and strongly reducing
conditions (Gambrell et al. 1991). Zinc concentrations in surface and groundwater
are significant under the prevailing pH condition of the Akaki waters (pH 7 - 8).

Lead
Dissolved concentrations of Pb remained within a relatively small range in almost
all surface water samples. However, in groundwater samples Pb has the most

variable concentrations ranging from 0.08 g/l at sample site Ls16 to 7.44 ug/l at
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De2. The values recorded in E10 and T12 groundwater samples for dissolved Pb
2.5 pg/l and 4.7 ug/l respectively are also high relative to other samples from this
area. For the most part, the dissolved concentrations of Pb in groundwater
samples are higher than that of the surface water samples. In surface water
samples, Pb is well below the US EPA MCL guidelines (15 pg/l). Concentrations of
Pb bound to suspended particulate matter in Lake Aba Samuel (Dk4) reach 267
ug/g while in the Lake outlet (Dk5) 20 pg/g is measured. The mean concentrations
of Pb recorded in wet seasons have been relatively higher at samples sites E10,
T2, Iv13, Ls16, and Ak17 than those in the dry season (Appendix 2). According to
the LAWA classification Lake Aba Samuel falls in LAWA class Il indicating that the
lake is strongly contaminated with Pb. Lead bound to SPM/colloids in groundwater
samples is much higher than that of the surface water. Based on the LAWA
classification Pb contamination of groundwater falls in the moderately to strongly
contaminated (class Il - Ill) in 46 % of the samples. The highest concentration of
Pb (1300 pg/g) bound to SPM are detected at sample site De2 exceeded class IV
of LAWA classification indicating a very strong contamination. Rock-water
interactions are the main sources of Pb in the Akaki groundwater. The
concentrations of Pb in rock samples taken from upstream part of the Akaki
catchment at sample site 6Kilo a, 6Kilo b, and Entoto reach 24 ppm, 23 ppm, and 1
ppm respectively (Alemayehu 2001). Tributaries of the Big Akaki River drain these
parts of Addis Ababa. On the other hand, rock samples taken from parts of Addis
Ababa that are drained by tributaries of the Small Akaki River showed Pb
concentrations up to 15 ppm and 18 ppm at sites Gojam Berenda and Asmara
Road respectively. Other than geogenic sources, some battery manufacturers in
Addis Ababa contribute to the anthropogenic sources of Pb in the Akaki water.
Lead is tightly bound under strongly reducing conditions by S? mineral precipitation
and complexation with insoluble organic matter, and is very effectively immobilized
by precipitated Fe oxide minerals under well-oxidized conditions (Gambrell et al.
1991). Lead adsorption peaks at approximately pH 5, and then precipitates as Pb
carbonate as pH increases.

146



6 Discussion

Nickel

Nickel is an element of environmental concern. It belongs to the suite of toxic
heavy metals (Ni, Cu, Zn, Cd, Pb, and Hg) that are subject to concentration limits
in drinking water (Office of Environmental Health Hazard Assessment, 2001). The
mean concentrations of dissolved Ni recorded in wet seasons are relatively higher
at samples sites Ju11, Iv13, and Ak14 than those in the dry season (Appendix 2).
Recharge of groundwater by surface runoff and the interaction between
groundwater and the Akaki River could be the possible reasons for the relatively
elevated heavy metal concentrations at these sample sites. In contrary to Pb, the
dissolved concentrations of Ni in the Akaki surface water are ten times higher than
that of groundwater samples. In comparison to the low groundwater concentration
of 1.7 g/l at Iv1i3 the concentration of Ni at Gerado pool (Gr7)reaches up to 45
pg/l. Background rock Ni concentrations in the upstream part of Addis Ababa reach
up to 27 ppb, 17 ppb, and 8 ppb Ni in the localities mentioned earlier (Alemayehu
2001). Compared to content of Ni in natural uncontaminated soils (40 pg/Q)
according to Lindsay (1979) the Akaki soils are enriched with Ni (46 - 60 pg/Q).
Nickel is a relatively mobile heavy metal. In natural waters, Ni is transported in both
particulate and dissolved forms. The pH, oxidation - reduction potential, ionic
strength, type, and concentration of organic and inorganic ligands (in particular,
humic and fulvic acids), and the presence of solid surfaces for adsorption (in
particular, hydrous Fe and Mn oxides) can all affect the transport, fate, and
biological availability of Ni in fresh water (Callahan et al. 1979). In the Akaki waters
most of the Ni is associated with the suspended particulate matter, the high
calculated Kq values (1.6 x 10° I/kg) e.g. in Aba Samuel Lake (Dk4) confirms the
higher association of Ni to SPM. Under aerobic conditions and pH < 9, the
compounds that Ni forms with hydroxide, carbonate, sulphate, and naturally
occurring organic ligands are sufficiently soluble to maintain aqueous Ni®*
concentrations above 60 pg/L (Callahan et al. 1979).

The concentrations of Ni in rock samples taken from upstream part of the Akaki

catchment at sample site 6Kilo a, 6Kilo b, and Entoto reach 27 ppm, 17 ppm, and 8
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ppm respectively (Alemayehu 2001). These parts of Addis Ababa are drained by
tributaries of the Big Akaki River. On the other hand, rock samples taken from parts
of Addis Ababa that are drained by tributaries of the Small Akaki River showed Ni
concentrations up to 54 ppm and 10 ppm at sites Gojam Berenda and Asmara
Road respectively. In uncontaminated Vertisols and Fluvisols (0 - 20 cm) of Akaki
the mean concentration of Ni reach 50 ppm and 6 ppm respectively showing that
the values markedly surpassed the reported average soil contents for Ni (Angelone
and Bini 1992, McGrath 1995, Adriano 2001, Pendias and Pendias 2001) of the
world. Erosion and weathering activities may induce Ni in to surface and

groundwater systems.

Arsenic

More than one-half of the surface water and groundwater samples collected had
dissolved As concentrations well below 2 pg/l, the lowest being measured in the
groundwater samples. The principal tributaries generally contained As
concentrations very similar to that of the main Akaki River. The highest
concentrations of As in surface water are measured in Aba Samuel Lake at Dk4
(2.8 pg/l) and Small Akaki River at EI18 (2.13 ug/l). In general, the dissolved
concentrations of As in groundwater samples are below that of the surface water
samples. However, these concentrations decreased downstream from the
confluences through simple dilution, precipitation, or adsorption onto sediment
particles. In groundwater samples the mean concentrations of dissolved As
recorded in wet seasons are relatively lower than that of the dry season (Appendix
2). Recharge of groundwater by surface runoff and the interaction between
groundwater and the Akaki River could be the possible reasons for the relatively
elevated heavy metal concentrations at these sample sites. The relatively low
concentrations of dissolved metals in the surface water especially in the Aba
Samuel Lake and drainages downstream of the Akaki River are due to the high pH,
which acts to reduce metals solubility. Iron and Al precipitate directly, forming
hydrous oxides that are nearly insoluble at neutral pH. Coprecipitation of other

metals is attenuated by adsorption onto the surface of the precipitating minerals.
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Arsenic, for example, adsorbs over a wide range of pH conditions down to 4 or
less.

The concentrations of As in rock samples taken from upstream part of the Akaki
catchment at sample site 6Kilo a, 6Kilo b, and Entoto reach 2 ppm, 4 ppm, and 1
ppm respectively (Alemayehu 2001). These are parts of Addis Ababa that are
drained by tributaries of the Big Akaki River. On the other hand, rock samples
taken from parts of Addis Ababa that are drained by tributaries of the Small Akaki
River showed As concentrations up to 2 ppm and 7ppm at sites Gojam Berenda
and Asmara Road respectively. In uncontaminated Vertisols and Fluvisols (0 - 20
cm) of Akaki the mean concentration of As reach 3 ppm and 1 ppm respectively
indicating that the As contents are lower than the reported average soil contents for
As (Adriano 2001) of the world. In addition to the geogenic inputs, agricultural fields
at the suburbs of Addis Ababa contributed to the higher concentrations of As

bound to SPM in surface and groundwater.

Copper

Dissolved Cu in the Akaki River originates mostly from industrial and municipal
wastewaters released. The dissolved concentrations of Cu in groundwater are
generally lower as compared to the surface water samples. For those groundwater
wells located close to the Akaki River such as Iv13 and E10, concentrations raised
to 5 pg/l and 3.5 ug/l respectively. The mean concentrations of dissolved Cu
recorded in wet seasons are relatively higher at samples sites E10, Ju11, and Iv13
than those in the dry season (Appendix 2). Recharge of groundwater by surface
runoff and the interaction between groundwater and the Akaki River could be the
possible reasons for the relatively elevated heavy metal concentrations at these
sample sites. These relatively elevated values could be caused by pollution effect
of the Akaki River. In the absence of dramatic change in soil properties and
pollution, groundwater concentrations can be expected to be similar to adjacent
bodies of surface water. Copper concentrations measured in the Nile River, as well
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as in the groundwater and drinking water (post-filtration river water) near the
Aswan Dam were similar in all three media, between 5 - 6 pg/l (Ismail 1996). These
are in agreement with concentrations measured in the Akaki groundwater samples
(3.5 - 5 pg/l). Rock - water interactions are the main sources of Cu in the Akaki
groundwater. The solubility of Cu begins to decrease around a pH of 6 - 7 (Bethke
1996, Holmstrom et al. 1999). In the Akaki surface water concentrations of
dissolved Cu generally decrease in the downstream direction, especially near the
confluence of the Akaki River and Aba Samuel Lake. Concentrations of Cu bound
to suspended particulate matter in Lake Aba Samuel (Dk4) reach 434 ug/g that is
twice higher than that of Pb. In the Lake outlet (Dk5) 20 pg/g of Cu is measured
that is similar to Pb. The concentration of Cu bound to SPM in Big Akaki River at
Ku1 is 40 ug/g as compared to the lower 5 pg/g in Small Akaki River at Ju11 and
El18. According to the LAWA classification, Lake Aba Samuel falls in LAWA class
[l - 1V indicating that the lake is strongly to very strongly contaminated with Cu. In
groundwater samples Cu bound to SPM/colloids is much higher than that of the
surface water. This might be due to the strong association of Cu with fine fraction
of SPM / colloids in groundwater in higher proportion. Based on the LAWA
classification for Cu most of the groundwater falls in very strongly contaminated
(class IV). The highest concentration (5846 ug/g) of Cu bound to SPM detected at
sample site E10 exceeded class IV of LAWA indicating a very strong

contamination.

On the other hand, concentrations of Cu in rock samples taken from upstream part
of the Akaki catchment at sample site 6Kilo a, 6Kilo b, and Entoto reach 25 ppm,
25 ppm, and 19 ppm respectively (Alemayehu, 2001). These areas are parts of
Addis Ababa that are drained by tributaries of the Big Akaki River. Rock samples
taken from parts of Addis Ababa that are drained by tributaries of the Small Akaki
River showed Cu concentrations up to 10 ppm and 21 ppm at sites Gojam Berenda
and Asmara Road respectively. In uncontaminated Vertisols and Fluvisols (0 - 20
cm) of Akaki the mean concentration of Cu reach 25 ppm and 6 ppm respectively

indicating that the As contents were lower than the reported average soil contents
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for Cu (Baker and Senft 1995, Adriano 2001) of the world. Copper leaching from
soil affects groundwater concentrations, due to Cu concentrations in runoff water
that eventually percolates through the soil. The median concentration of Cu in
natural water is 4 - 10 ppb. It is predominantly in the Cu(ll) state. Most of it is
complexed or strongly bound to organic matter; little is present in the free
(hydrated) or readily exchangeable form. The combined processes of
complexation, adsorption, and precipitation control the level of free Cu(ll). The
chemical conditions in most natural water are such that, even at relatively high Cu
concentrations, these processes will reduce the free Cu(ll) concentration to
extremely low values. Sediment is an important sink and reservoir for Cu. In
relatively clean sediment, the Cu concentration is <50 ppm; polluted sediment may
contain several thousand ppm of Cu. The form of Cu in sediment will also be site-
specific. Organics (humic substances) and Fe oxides are the most important
contributor to binding of Cu by aerobic sediments. In anaerobic sediment, Cu(ll)

will be reduced to Cu(l) and insoluble cuprous salts will be formed.

6.3 Efficiency of Filter Media for Heavy Metal Removal

The results of XRD, XRF, and sequential extractions of the filter media reveals that
pyroclastic fall deposits, scoria, Mn-rich fluvial deposits and laterite are potential
filter materials in removing heavy metals from polluted surface and ground waters
(Table 4.3). The high Fe-oxide (hematite) content (10 - 20%) and the permeability
(1.9x10° m/s) of DQ scoria make it a potential filter material. EBF laterite with a
slightly lower permeability (9.4x10° m/s) and high content of montmorillonite (12%)
and kaolin (5%) is the other potential filter media that can be applied in water
purification. KVA volcanic ashes with 5% of clay fraction and permeability of

2.5x10° m/s can also be considered as potential filter media.

Soils formed on volcanic ash deposits contain structurally disordered
alluminosilicates and allophane (Sposito 1989). The structure of allophane is
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thought to consist of a 1:1  aluminosilicate layer framework riddled with defects
(vacant ion sites) and containing Al in both the tetrahedral and the octahedral
sheets (Sposito 1989). In this case surface charges are developed either through
the desorption and adsorption of protons in 1:1 clay minerals and "amorphous
materials”, including allophane, imogolite, and oxyhydroxides of Fe and Al (Sposito
et al. 1984). This favors sorption of cations from solutions. The composition of
allophane ranges from that of halloysite (Al/Si = about 1) to an Al - rich composition
with an Al/Si ratio of about 2 (Buol et al 1997). KVA volcanic ash has been formed
on a thick deposit of volcanic material that might partly be transformed to volcanic
soils. EBF laterite is also derived from basic volcanic materials that are rich in
ferromagnesian minerals. These common structures of allophane may also partly
present in KVA volcanic ashes. Bleeker et al. (1990) indicated that clay mineralogy
of oxisols is strongly related to the composition of parent material. In one profile
developed on ultrabasic rocks the clay mineralogy is dominated by goethite and
the other, developed on basaltic rocks, have kaolinite as the major clay mineral. In
contrast, the clay minerals of the soils developed on volcanic ash deposits are
dominated by hydroxy Al-interlayered vermiculite, which, in one soil, is most likely

formed as an alteration product of biotite.

Birnessite is one of the most important sorbing minerals for heavy metals
dominantly found in MnR sediment. It represents 34% of the minerals composing
MnR sediment. The basic building block of MNnOx minerals is the MnOg octahedron.
These can share edges to form sheets, and corners to form tunnel-like structures.
Depending on the number of octahedra on each side of the tunnel, a MnOx
structure can be 1x1, 2x3, etc., where each unit refers to one octahedron. The
MnOx minerals are very fine-grained and poorly crystalline which result in a very
high surface area (Post 1999). They possess very high adsorption capacity and
selectively remove large amounts of heavy metals from these surroundings.
Manganese oxide minerals are highly charged, with the point of zero charge (pH
zrc) of 2 - 4.5, Mn (hydr)oxides are very reactive components of natural

environments and affect the fate, transport, and bioavailability of a variety of heavy
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metals and organic compounds (Davis et al. 1990). Several authors have noted
that birnessite readily participates in cation exchange reactions (Ching and Suib,
1997; Post, 1992; Brock et al., 1998). Most of the adsorption of metal ions occurs
at the surface of the MnOx minerals due to unsatisfied oxygen or hydroxyl bonds
and only a minor amount enters the layers in between sheets (Taylor 1986). A
systematic study, based on natural and synthetic species of Mn- and Fe-oxides in
two background electrolytes showed that Mn - oxides are generally more efficient
sorbents of Pb than Fe-oxides (O’Reilly 2000).

Hematite is the other important mineral constituting DQ scoria. Hematite has red
color an indication of oxidation of Fe(ll) to Fe(lll) and is often found in nature,
particularly in tropical or subtropical soils. Like goethite, hematite is extremely
stable and, hence, often the end member of transformations of other Fe oxides.
Hematite can form in several ways but one common way implies an internal
rearrangement and dehydration of ferrihydrite (Schwertmann et al. 1991). Foreign
cations like Al, Cu, Cr, and Mn can substitute for Fe in hematite (Lim-Nunez et al.
1987, Singh et al. 1992, Cornell and Schwertmann 1996). Compared to goethite
hematite has low sorption capacity. Selectivity sequence of heavy - metal cation
adsorption has been found for hematite in the order Pb > Cu > Zn > Cd > Ni > Mn
(Schwertmann et al, 1989).

Montmorillonite, from a structural standpoint, is a 2:1 phyllosilicate and therefore
possesses two tetrahedral sheets apart from the octahedral sheet (Fig. 6.4; Glven
1988). The negative layer charge resulting from isomorphic substitutions is
balanced by the sorption of exchangeable cations in interlayer sites (Sposito 1984).
The uptake kinetics of cation exchange is fast, and exchangeable interlayer cations
can be replaced by solute ions by varying the concentration of the aqueous ions
(McBride et al. 1975, Sposito 1984, Tang et al. 1993, Chisholm - Brause et al.
1994, Verburg et al. 1995, Papelis et al. 1996, Muller et al. 1997, Schlegel et al.
1999b). Montmorillonite is an important mineral in EBF laterite, which contributes to

the removal of heavy metals from the synthetic polluted water. The sorption of Ni,
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Cu, Zn, As and Pb by montmorillonite has been discussed in (Baeyens, et al.
1995). Na-montmorillonite has been used as cost effective sorbents in the removal
of heavy metals from industrial wastes containing elevated amounts of heavy
metals. In this study the simulated polluted water has considerable amount of
organic matter such as peptone (160 mg/l), meat extract (110 mg/l), and urea (30
mg/l). In addition to the spiked montmorillonite, the movement of the synthetic

polluted water creates a medium where heavy metals will be removed on the clay

organic matter complex biofilm.
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Fig. 6.4. Uptake modes on dioctahedral aluminous clays (V = vacancy). Structure of
montmorillonite after Tsipursky and Drits (1984).

As kaolin represents a considerable fraction of EBF laterite and KVA volcanic ash it
contributes to the retention of heavy metals from the simulated polluted water.
Kaolin is a representative layered alumino-silicate mineral with the structure of the
tetrahedral (Si centre) and octahedral (Al centre) sheet in a 1:1 ratio. The
permanent structural charge of kaolinite is minor, hence cation adsorption takes
place mainly at the proton bearing surface functional group such as silanols and
aluminols exposed at the edge of the sheets.
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Estimated apparent removal rates for each metal from the synthetic polluted water
are different for the particular metal tested. Metal sorption on kaolinite and illite
does not differ much (Lackovic et al. 2004) and it is known to be a rapid reaction
since their exchange capacities are mainly due to external surface and edge sites
readily accessible to cation exchange (Jardine et al. 1984). In fact, cation
exchange on clays without narrow interlayer space such as kaolinite appears to be
instantaneous in comparison to exchange on smectite which can be related to its
freely expanding interlayer space (Jardine et al. 1984) and limited by the rate of

cation diffusion through this region (McBride 1994).

As the dominant mineral in volcanic materials, quartz has physical purifying
capacity in removing suspended particulate matter and some organic matter. Most
slow sand filters work through the formation of a gelatinous layer (or biofilm) called
Schmutzdecke in the top few millimeters of the fine sand layer. The use of filter
media constituted of quartz sand and volcanic materials are often an appropriate
technology for poor and isolated areas. Water treatment using these filter media
require little or no mechanical power, chemicals or replaceable parts, and they

require minimal operator training and only periodic maintenance.

Batch experiments using the spiked Na-rich Wyoming type montmorillonite as
adsorbent in a synthetic polluted water background solution reveal significant
removal capacities for Cu, Zn and Pb. High sorption affinity towards
montmorillonite is observed in this experiment for Pb (94%) while the affinity
decreases for Cu (51%), Ni (36%), Zn (26%) and As (8%). The high SPM
concentration (1 g/l) and dissolved organic matter content (0.081 mg/l) derived
from the synthetic polluted water played significant roles in sorption of metals
within the columns. Heavy metal cations sorb to soil organic matter (SOM) and
other forms of humified natural organic matter (NOM). Soil organic matter is an
important component of the soil since it has a high surface area, and has functional
groups that are Lewis bases (e.g., carboxyl and phenol groups) that metals can

form chemical bonds with (Sparks 1995). There are factors that affect NOM
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complexing of metals such as pH, ionic strength, NOM source characteristics and
competing ligands. Humic substances can be important metal complexing agents
and may also significantly coat the solid mineral controlling the electrochemistry of
the solid phase (Sparks 1995). A detailed analysis of the adsorption behavior of
several inorganic and organic complexing ligands and the effects of these ligands
on trace metal uptake by amorphous Fe oxide has been reported in Leckie (1978).

It is anticipated that the suspended solid surfaces in these column experiments
have been coated by adsorbing organic matter that were derived from the SPW,
which latter contribute in removing certain heavy metals such as Pb and Cu
significantly. There are evidences that have shown the influence of organic matter
in removing some heavy metals from SPW. The low dissolved oxygen content (~
2.3 mg/l) and foul odor of the spent media are indications of reducing condition in
the columns. Observation of the color and smell of the column sludge shows that
formation of H.S is also likely, indicating the role of organic matter and reducing
condition formed within the columns. These hydrochemical characteristics are
typical of the Akaki waters, which in most parts of the year show reducing

conditions, low dissolved oxygen and BOD amount.

6.3.1 Comparison of Removal Efficiencies of Columns

Considering the simulated polluted water multiple-metal-removal experiments,
several important trends can be identified. For QTZ sand, it appears that retention
of Ni and Zn is similar and relatively weak while that of Pb and Cu is as strong as
the other filter media. Retention increased for EBF laterite (Table 6.4), with total
amount removed descending in the following order: Pb = Zn > Cu > Ni >> As. The
greater retention of metals to the EBF laterite compared to KVA volcanic ash and
QTZ sand suggests that the EBF laterite is a better filter media than the other
media collected from Ethiopia. Similarly removal of heavy metals also increased in
columns filled with DQ scoria, with percent sorbed descending in the following
order: Pb = Zn > Cu > Ni >> As (Table 6.4). In MnR sediment the removal of
heavy metals and As is the highest compared to all other filter media. Particularly

the removal of As is strong compared to DQ scoria and EBF laterite. Therefore,
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MnR sediment is the best performing media in removing all heavy metals and As
from the synthetic polluted water. In addition to the spiked montmorillonite MnR
sediment contains substantial amount of Mn oxide mineral (birnessite) that played

greater role in the removal of heavy metals and As.

The two adsorption sequences mentioned here for EBF laterite and DQ scoria did
not exactly follow the order of the electronegativity of the metal cations, which is,
according to Evans (1966), Cu (1.9), Pb (1.8), Ni (1.8), and Zn (1.6). However, the
sequences are in agreement with adsorption sequences indicated for tropical soils
(Veeresh et al. 2003).

Table 6.4. Apparent removal efficiencies of the filter media (%).

Samples Ni Cu Zn Pb As
EBF laterite 92.4 97.4 98.6 94.2 56.0
DQ scoria 74.0 94.7 97.6 96.9 60.9

KVA volcanicash  81.5 94.8 97.7 972 -17.8'
PYC pyroclastics ~ 79.6 912 946 982 -13.9'
QTZ sand 72.8 944 983 961 -24.3

MnR sediment 99.0 99.1 99.3 98.5 90.5
"Negative removal values represent release of the element from the column pack.

The cumulative effect of these sorbing minerals in MnR sediment resulted in the
efficient removal of allheavy metals and As. Unlike QTZ sand and PYC
pyroclastics, EBF laterite contains considerable amounts of clay minerals (kaolinite
and montmorillonite) in addition to the spiked montmorillonite. This in turn
contributes to polar (charged) surfaces that can effectively sorb metals or charged
metal - hydroxides, and this feature of the filter media likely explains its improved
performance relative to QTZ sand and PYC pyroclastics. The best metal removal
from solution is observed for column filled with MnR sediment with percent sorbed

descending in the following order: Zn > Pb > Cu > Ni > As (Table 6.4). The strong
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performance of MnR sediment may be attributable to its relatively large internal
porosity and correspondingly charged surface area. Substantial amount of
hematite in DQ scoria also contributed for the removal of heavy metals and As
from solutions from column filled with DQ scoria. Regarding the filter media
collected from Ethiopia a general removal capacity trend could be established for
Zn, Cu, Pb, Ni, and As: DQ scoria = EBF laterite > KVA volcanic ash > QTZ sand.
However, the MnR sediment is the best performing media compared to all other
media while the PYC pyroclastics is less performing particularly in removing Ni and
As.

Though, there is no remarkable difference in the removal of Pb, Cu, and Zn
between the filter media the results obtained in the batch experiment are in
agreement with those reported in Elliot et al. (1986), Basta et al. (1992), Echeverria
et al. (1998), which showed that Pb and Cu metal adsorption is much greater than
Cd, Ni and Zn adsorption. The adsorption of Cu, Zn, Ni, As and Pb on Na-
montmorillonite in simulated polluted water background solution followed the
following sequence: Pb > Cu > Ni > Zn > As. For comparison purposes the
predicted affinity sequences of metals based on their properties-ionic (Huheey
1972), hydrolysis constant (Baes et al. 1976) and softness (Misono et al. 1967) are

shown in table 6.5.

In the absence of competition, the observed greater adsorption affinity of Pb than
that of Cu, Ni, Zn and As would be related to some relevant metal properties. For
electrostatic adsorption of metals with equal charge (Z) on ion-exchange materials,
metal affinity should be inversely related to unhydrated radii (r). If the metal
adsorption on the clays is entirely electrostatic, ions of higher ionic potentials (Z%/r)

should be adsorbed more strongly.
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Table 6.5. Affinity sequences of divalent metals on the basis of several metal properties.
(from Basta and Tabatabi 1992).

Metal property Metal affinity sequence
lonic potential Ni > Cu>Zn>Cd> Pb

(5.71) (5.48) (5.33) (4.21) (3.39)
Hydrolysis constant Pb>Cu>2Zn>Ni>Cd

(7.8) (8.0) (9.0) (9.9) (10.1)
Softness Pb>Cd > Cu>Ni>Zn

(3.58) (3.04) (2.89) (2.82) (2.34)

The softness concept is derived from the hard-soft acid base (HSAB) theory of
Pearson (1963), in which hard acids tend to associate with hard bases and soft
acids with soft bases. Misono et al. (1967) derived a softness parameter that
numerically expressed the tendency of a metal to form covalent bonds (Table 6.5).
Affinity sequences reported in table 6.5 show that the HSAB does predict the metal
affinity sequence observed (except for the order of Cu and Ni) for Na-
montmorillonite in simulated polluted water background solution. Basta and
Tabatabai (1992) also reported a good agreement between the observed metal
affinity sequence (for Pb, Cu, Ni, Zn, and Cd on soils) with that predicted by HSAB
theory except for the order of Cd and Zn.

The degree to which metals are hydrolyzed, which is represented by the hydrolysis
constant, is likely to be a major factor determining the amount of metal retained at
any given pH. Reactions between metal ions and water to form hydrolysis products
(i.e., MeOH") are common to most metals and can be expressed in general form
(Baes and Mesmer 1976):

xM ™ +yH,0 =M (OH)™ " + yH"

The affinity sequence based on the first hydrolysis constants (formation of MeOH"

complexes) is reported in table 6.5. Metal affinity sequences consistent with the
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adsorption of MeOH" species have been used to describe metal adsorption by
soils and Fe and Al oxides (Kinniburgh and Jackson 1981, McBride 1989). The
high affinity of Pb can be predicted based on metal hydrolysis regardless of the
adsorbent type.

6.4 Heavy Metal and SPM Removal from Polluted Water by Filter
Media

The column tests are conducted using a complex waste solution representing the
natural hydrochemical conditions existing in the Akaki Sub-Basin. The retention of
suspended particulate matters (SPM) within the test columns demonstrated that
natural waters of high SPM concentrations could be purified by the filter media
tested. The adsorption of trace metals onto SPM is influenced by the geochemistry
of the SPM including its clay mineral, Fe-oxide and Mn-oxide content (Bibby et al
2005). The main constituent of SPM in this investigation is Wyoming type Na
montmorillonite. Some general physical and chemical characteristics of Na
montmorillonite are discussed below. In this study we gave emphasis to the
distribution and behavior of the suspended particulate matters (SPM) because
most of the metals are bound to SPM and they are the major controlling factors in
the mobilization of heavy metals in the Akaki catchment. Three of the possible
mechanisms by which trace metals can be concentrated by sediments and
suspended particulate matter include physico-chemical adsorption from the water
column, biological uptake particularly by bacteria and algae, and the sedimentation
and physical entrapment of enriched particulate matter (Hart 1982). Strong
associations of Mn, Fe, Ni, Cu, Zn, As, and Pb have been observed in the SPM

samples taken from the Akaki surface water and groundwater.
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6.4.1 Retention of SPM

The removals of SPM and thereby heavy metals bound to SPM are effective for all
filter media tested. The column experiments also indicated that heavy metals of
concern remain strongly bound to the particulates during the experimental period at
the existing pH condition likely to occur in the Akaki Sub-Basin. On the other hand
the filter media captured heavy metals bound to SPM from the influents over the
experimental period. As expected, the behavior of the total suspended solids and

particulate - bound metals paralleled each other.

The filter media are capable of providing efficient physical removal of contaminants
associated with particulate matter from the synthetic polluted water. The synthetic
polluted water usually moves very slowly through the filter media due to the
characteristic low flow rate (0.12 ml/min) condition and the resistance provided by
spiked montmorillonite that are already trapped by the filter media. Sedimentation
of suspended solids is promoted by the low flow velocity and by the fact that the
flow is often laminar (not turbulent) in the column experiment so as to maintain the

laboratory conditions constant.

6.4.2. Removal Mechanisms of Heavy Metals from Polluted Water by Filter
Media

In order to assess the reactivity of the species or binding forms of heavy metals in
solid materials, various extraction media, electrolytes (CaClz or MgCly), pH buffers
of weak acids (acetic or oxalic acid), chelating agents (EDTA or DTPA), reducing
agents (NH>OH), strong acids (HCI, HNO3, HCIO4, HF) or basic reagents (NaOH,
Na,COs3) have widely been used (Lund 1990). So far, many single or sequential
extraction procedures, mainly based on the Tessier procedure or its different
versions, have been applied to soils and sediments to fractionate metals by using
different extractants. The applicability of an improved version of the BCR Three-

Stage sequential extraction procedure on a sewage sludge amended soil (CRM
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483) was proven to be an effective extraction technique (Rauret et al. 1999, 2000).
In this study a BCR Three-Stage sequential extraction is also conducted to obtain
useful information regarding the possible retention mechanisms involved in
removing heavy metals of interest from the polluted water. Other important aspects
such as the fate and mobility of heavy metals in the used filter media have also
been evaluated. The potential leaching of heavy metals from the used media under
the environmental conditions prevailing in the Akaki Sub-Basin will also be
discussed.

From the BCR extraction procedure it is possible to observe that the metal removal
mechanisms mainly involved weak sorption including surface precipitation on the
media and/or montmorillonite. These are represented by exchangeable fractions
that include weakly adsorbed metals retained on the media surface by relatively
weak electrostatic interaction, metals that can be released by ion-exchange, co
precipitated with carbonates present in many types of sediment. Changes in the
ionic composition, influencing adsorption-desorption reactions, or lowering of pH
could cause remobilization of metals from this fraction. Exchangeable metal ions
are also a measure of those heavy metals that are released most readily into the

environment.

In this study the retention of metals to the filter media can be described using two
surface complexation models. It is considered that the metal retention is due to the
association of these metals with diffuse ion or in outer sphere complex where they
are surrounded by waters of hydration and not directly bonded to the media
surface. This is evident from the BCR sequential extraction results where more
than 70% of the adsorbed heavy metals are released after extracting them with

acid.

In column filled with MnR sediment the acid exchangeable fraction of Ni, Zn and

Cu reach up to 81% indicating that these metals are retained non-specifically at the
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filter media surface. About 70% of Ni, Cu and Zn are also fixed in the acid
exchangeable fraction in columns filled with KVA volcanic ashes and QTZ sand.
The same amount of Cu, Zn, and Pb are retained in the exchangeable fraction of
PYC pyroclastics while Ni fractionation is attributed both to the exchangeable and
water-soluble fraction in which the latter implied that surface accumulation can be
the possible removal mechanism. In columns filled with DQ scoria and EBF laterite
removals of Ni, Cu, Zn, and As are also mainly associated with the exchangeable
fraction (about 80%). The acid exchangeable fraction includes weakly adsorbed
metals retained on the filter media surface by relatively weak electrostatic
interaction and metals that can be released by ion-exchange processes. Changes
in the ionic composition, influencing adsorption - desorption reactions, or lowering
of pH could cause remobilization of metals from this fraction (Ure et al. 2001, Marin
et al. 1997, Ahnstrom et al. 1999, Coetzee et al. 1993 Sutherland et al. 2000,
Clevenger 1990).

The exchangeable species of Ni, Cu and Zn are higher compared to the Fe- and
Mn-oxides bound species in all spent media (Table 5.8 and Fig. 5.25). Compared
to the organically bound (oxidizable) fraction large proportions of Zn, Cu, and Ni
are present in the Fe/Mn oxide bound (reducible) fractions in the spent media. The
amounts of exchangeable fraction of metals are increasing in the following order
Zn > Cu > Ni > As > Pb in all spent media except for samples taken from column
filled with DQ scoria indicating that these metals have been weakly retained and
released by ion exchange processes. It is likely that weak sorption reactions
determined Ni, Cu and Zn retention in the filter materials. In the spent media taken
from MnR sediment the even fractionation of As between the exchangeable and
reducible phases show that removal of As involved non-specific adsorption and
precipitation. In general, As, Cu, Zn, and Ni are mostly found in the acid
extractable and reducible fractions (>90%). This suggests that they have been
either sorbed on various solid phases or associated with Fe/Mn oxides (Tessier et
al. 1979, Hickey and Kittrick 1984, Kim and Fergusson 1991).
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A small amount of Pb, compared to the amount released in the reducible and
oxidizable fraction, is released from the exchangeable phase in column packed
with MnR sediment indicating that removal of Pb involved reaction with Fe/Mn
oxides and organic matter. On the other hand, the removal of Pb is attributed
significantly to the retention by hydrous oxides of Fe/Mn phases and the organic
phase. Compared to the other heavy metals, the removal of Pb from the
exchangeable fraction is negligible in almost all spent media. The observed results
may be either due to strong sorption of Pb or slow release of sorbed Pb. Hydrous
oxides of Mn and Fe that are well known sinks in the surface environment for
heavy metals are extracted together. Retention of metals by these secondary
oxides, present as coatings on mineral surfaces or as fine discrete particles, can
occur by any or a combination of the following mechanisms: co precipitation,
adsorption, surface complex formation, ion exchange, and penetration of the lattice
(Hall et al. 1996). The precipitation of Pb as PbSO4 cannot be overlooked too as a
possible removal mechanism of Pb from the simulated polluted water. Sulphate
anions are released from MgS0O,.7H,0O, which is one of the constituents used to

prepare the simulated polluted water.

Figure 5.26 shows how Pb, Cu, and Zn desorbed from the filter media with strong
acid (acid exchangeable) distributed in different depth sections of the spent media
after leaching them with 40 ml of (0.11 mol/l acetic acid). The depth - profiles
clearly show that the exchangeable fractions of Pb, Cu, and Zn have been
distributed in similar fashion in the columns where Zn showing the highest mobility

from the spent filter media.

Significant amounts of Ni and Zn (18%) are also retained in the reducible fraction
of spent media sampled from column filled with MnR sediment, which might involve
precipitation of metal hydroxides with Mn/Fe oxihydroxides. In spent media taken
from columns filled with KVA volcanic ashes and QTZ sand 20% of these metals
are also retained in Fe/ Mn oxide phases while in columns filled with DQ scoria and

EBF laterite removals of Ni, Cu, Zn, and As are mainly associated with the
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exchangeable fraction (about 80%) while the remaining 15 - 20 % are held in the
Fe/Mn oxide phases. The association of Pb in the Fe/Mn oxide phases reach up to
a maximum of 35%, represents the highest proportion compared to the other heavy
metals. Hydrous oxides of Mn and Fe are released together, which are the well-

known ‘sinks’ in the surface environment for heavy metals (Stone et al. 1996).

The association of heavy metal ions with a ferric or aluminium hydroxide precipitate
is controlled by adsorption or coprecipitation. Adsorption implies the two-
dimensional accumulation of a metal ion at the interface between a solid surface
and the aqueous phase. Coprecipitation implies the simultaneous removal of a
metal ion during the formation of primary metal precipitates (Lee et al. 2002). Due
to the potential for adsorption, coprecipitation and the ion exchange characteristics
of the colloidal hydroxide precipitates, even clear differences in pH for hydroxide
formation are no guarantee avoiding mixed precipitates when metal mixtures are in
solution (Brooks 1991).

Sulfides such as NaxS, H>S, NaHS, or FeS can be used to precipitate metals and
have been applied frequently for metal removal from waste effluents to achieve
emission standard limitations (Brooks 1991, Peters et al. 1988). The lower
solubility of metal sulfides in the acid region below pH value of 7 permits reduction
of metal solubility to values that are orders of magnitude lower than are attainable
by hydroxide precipitation (Brooks 1991).

Sequential extraction yields for Cu, Zn, Ni and As are negligible in the oxidizable/
organic fraction of the spent media. The organic fraction of metals released in the
oxidizable step is not considered very mobile or available since it is thought to be
associated with stable high molecular weight humic substances that release small
amounts of metals in a slow manner (Miragaya et al. 1994). This fraction is one of
the smallest or even negligible in the entire spent media extracted. However, this

is an important fraction, especially in sludges where considerable amount of
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domestic wastes are released. In this case the organic fraction even dominates
trace metal distribution. Compared to the other heavy metals higher proportion of
Pb is associated with the oxidizable phase (about 10% are associated to the
organic phases) (Fig. 5.25). Peptone, meat extract and urea are the main
composition of the synthetic wastewater, which are mainly of organic composition
that might interfere with the adsorptive filtration process by interacting with either
the metals or the surface of the media. Figure 5.25 shows the column performance
in removing Pb from solution in the presence of these organic compounds as

compared to the other heavy metals.

Minor amounts of Zn and Pb (<1%) have been released into the effluents after the
spent media were leached with tap water showing that disposal of the used filter
media do not pose environmental pollution such as of soil, groundwater and
surface water under natural hydrochemical conditions. Since these metals bound
to the water -soluble fraction of the spent media are very low, mobilization by
rainwater or surface runoff is insignificant. Trace elements extracted by H,O are

relatively labile and thus may be potentially bioavailable (He et al. 1995).

The water-soluble fractions of Cu and Zn are 1% of the corresponding Cu and Zn
fractions in all column sludges when expressed as absolute amounts (mg/kg). Hall
et al. (1996) indicated that the water-soluble fraction of a soil or sediment is the first
to be released and is usually negligible, except in areas where evaporites are
present. Results of the single water extraction procedure confirmed that the
removal of most of heavy metals from the mobile fraction is confined to the first 5 -
10 cm in the columns (Fig. 5.24). The most likely explanation is that the high
porosity facilitated the trapping of SPM within this depth profile where the

availability of adsorption sites would be enhanced.

The fractionation and binding behaviours of all heavy metals considered in this

study are summarized in figure. 6.5. From the diagrams it is possible to observe
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that the acid exchangeable fractions of Cu, Zn, Ni, As and Pb seem to distribute
evenly in all spent media except in MnR sediment where the fractionation of Pb is
the lowest. The reducible fraction of Pb also show even distribution in all used filter
media except in PYC pyroclastics where Pb fractionation is higher in the latter.
Results of leaching experiments also indicate that, As is the most mobile element
when the filter media is treated with tap water, an indication that As is weakly

retained on the surfaces of the filter media (Fig 6.5).
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Fig. 6.5. Comparison of the fractionation of Ni, Cu, Zn, As, and Pb in the spent media (0 - 10 cm).
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Many researchers have shown increased Cd and/or Pb sorption in tropical soils
and/or in pure oxidic mineral systems (e.g. goethite) with increasing pH due mainly
to increased negative surface charge, (Naidu et al. 1994). A gradual increase of
the pH of effluents from filter columns receiving simulated polluted water (SPW)
with increasing numbers of pore volume displacements was observed by Fuller et
al. (1976). In the present study the frequent flow of SPW through the columns
might have temporarily caused anaerobic conditions, which are believed to be
responsible for the pH increase. Since reduction process removes hydrogen ions

from the solution, pH of the effluents increases.

The rise in pH of influents passing through the column media is another factor that
contributed to the formation of different hydroxo species based on the hydrolysis

constants of different metal ions as defined in

+ —>
M* +nH:0 <«— M(OH),*" +nH*

and taking only primary metal species expected to be formed. Schwertmann and
Taylor (1989) postulated that pH is the main force governing the adsorption of
metal cations, and the fact that pH of maximum increase in adsorption is found to
be linearly related to the first hydrolysis constant of the metal K; =
(MOH*")/(M?*)-(OH") indicates that the hydrolyzed species (MOH*) is preferentially
adsorbed over the unhydrolyzed one (M?*). At very high pH values, oxo ions (O2)
may occur on the surface of an oxide or silicate in contact with an aqueous
solution. Hsu (1989) also suggested that the exchange retention should be viewed
as the competition between M?* and H* for the surface O on the basis of the cation
relative affinity for this surface O. Since the pH conditions at which the column
experiments have been carried out are in the basic range it might be possible to
state that the removal of Pb, Zn, Ni, and Cu is mostly due to retention on minerals

such as SiO;, Fe and Mn oxides. However, there may also be a possibility of
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adsorption of smaller fractions of heavy metals on mineral surfaces. The other
important factor that might be the reason to higher retention of heavy metals with
increased pH, is the pHpzc of the filter media. The wide range of pHpzc of the
important minerals in the filter media resulted in differences in charge
characteristics that affect the exchange reactions and removals from solid solutions
(Table 6.6). At any pH below pHpzc the surface of metal oxides/oxyhydroxides is
positively charged and at pH above pHpzc the surface is negative (Parida et al.
1996). When the solution pH exceeds PZC, the metal species are more easily
attracted to the negatively charged surfaces of the filter media, favoring

accumulation of metal species on the surface and thus facilitating retention.

Table 6.6. pHzpc of minerals present in the filter media (modified after Parks 1965).

Material PHzrc
a - Al,Og 9.1
a - Al(OH)3 5.0
v Fex0s 6.7
MnO, 2-45
SiO» 2.0
Kaolinite 4.6
Montmorillonite 2.5
Albite 2.0

Points of zero charge of silicate and oxide surfaces have been evaluated in several
studies (Parks 1965, Sverjensky 1994) and range from 2 - 3 (SiOy) to = 12 (MgO).
Lead, and Cu are the heavy-metal cations most strongly retained by surface of the
filter media whereas Ni, and As are the relatively least strongly retained in this

competitive situation. The competition for sorption surfaces among metal ions is
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also another controlling factor that determines the sorption of metals. According to
Frost and Giriffin (1978) precipitation contributes significantly to the removal of Cu
from leachate at pH values above 5, while for Zn, precipitation affects removal only
once the pH exceeds 7. In this present study precipitation and adsorption of Cu by
filter media has also direct relation with the rising of pH. Adsorption and
precipitation could be possible mechanisms responsible for the removal of Cu, Ni,
and Zn in columns packed with volcanic materials. The main sorbing surfaces in
the volcanic ashes may be associated to the oxides of Al, Fe and clay minerals.
The porous and vesicular nature of scoria might also contribute to the available
sorbing surfaces in retaining some of the heavy metals. In DQ scoria hematite and
kaolinite played a significant role in metal removal while in EBF laterite, kaolinite

and montmorillonite contributed to the removal of metals.

Arsenate and arsenite adsorb to surfaces of a variety of aquifer materials, including
Fe oxides, Al oxides, and clay minerals. Adsorption of both As(lll) and As(V) from
groundwater on a low cost ferruginous Mn ore in the pH range of 2 - 8 were shown
(Chakravarty 2002). Some studies have shown that the adsorption and oxidation of
As (lll) can occur on the surface of Fe hydroxides, e.g., goethite, a-FeOOH (Sun
and Doner 1996, 1998), ferrihydrite (Raven et al. 1998), and Mn oxides, e.g.,
birnessite, a-MnO. (Scott and Morgan 1995). Similarly adsorption of As to Fe oxide
surfaces tends to decrease as pH increases, at least between the ranges from pH
6 to pH 9 (Dzombak and Morel 1990). The pH-dependence of AsO*, adsorption to
Fe oxide surfaces appears to be related to the change in Fe oxide net surface
charge from positive to negative as pH increases above the zero-point-of-charge of
about 7.7 for goethite (crystalline Fe oxide) (Stumm and Morgan 1996) or 8.0 for
ferrihydrite (amorphous Fe oxide) (Dzombak and Morel 1990). Where pH values
are above 8, the negative net surface charge of Fe oxide can repel negatively
charged ions such as arsenate. In all columns the effluents pH increased from an
initial solution pH of 7 to 8.5 + 0.1, which might contribute to the poor retention of

As by Fe-oxide and/or clay surfaces of the DQ scoria and EBF laterite.
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6.4.3 Release of Heavy Metals and Arsenic

Although DQ scoria and EBF laterite columns removed the spiked metals from
synthetic wastewater, the release of Fe and Mn from these columns should not be
overlooked. These media are characterized by high contents of basic minerals
such as clinopyroxene, hematite, and clay minerals that could be sources of Fe
and Mn minerals. Release from KVA volcanic ash is also significant. In columns
filled with KVA volcanic ash, the highest release of Fe and Mn reveals some
correlations with the low dissolved oxygen concentrations. Compared to the DQ
scoria and EBF laterite columns the desorption of Fe and Mn from columns filled
with MnR sediment, PYC pyroclastics, and QTZ sand are not significant. The
lowest desorbed Mn concentrations are measured in column packed with MnR
sediment despite the fact that this sediment has high content of Mn oxide
(birnessite). This is an indication that Mn is precipitated with the other heavy metals

under the prevailing basic pH condition (pH = 8 - 8.5).

When Mn (ll) is present in aerobic environments, a complex series of
oxidation/precipitation and adsorption reactions occurs, which eventually renders
the Mn biologically unavailable as insoluble Mn dioxide. However, the kinetics of
Mn (Il) oxidation is slow in waters with pH below 8.5 (Zaw & Chiswell 1999). The
time required for the oxidation and precipitation of Mn ranges from days in natural
waters to years in synthetic waters (Stokes et al. 1988). However, oxidation rates
of Mn increase with increasing pH or the presence of catalytic surfaces such as Mn
dioxide (Huntsman & Sunda 1980). In a stream receiving Mn-rich inflows caused
by acid mine drainage, there was rapid oxidation and precipitation of Mn oxides
(Scott et al. 2002). The sequence of reactions involving the oxidation of Mn (ll) and
subsequent precipitation as Mn dioxide includes simultaneous occurrence of
several Mn forms (i.e., dissolved Mn (ll), hydrous oxides of Mn (lll), Mn (ll)
adsorbed to particulates, and Mn (ll)-ligand complexes), with individual
concentrations dependent on factors that include pH, inorganic C, organic C, SO,

CI', temperature, and time (Stokes et al. 1988). In groundwater with low oxygen
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levels, Mn (IV) can be reduced both chemically and bacterially to the Mn (Il)

oxidation state (Jaudon et al. 1989).

The lower dissolved oxygen contents measured between day 44 and 46 (< 3 mg/l)
are indicators of the reducing condition in all columns that in turn resulted in the
release of Fe and Mn (Fig. 5.20). Manganese and Fe oxides are among the main
electron acceptors that allow bacterial activity in soils under anaerobic conditions,
and Mn and Fe solubilization is a direct result of anaerobic bacterial activity
(Quantin et al. 2001). Solubilization is greatly stimulated by organic matter as
observed in this experiments where Mn and Fe release reach quite high levels. The
reduction of Mn and Fe also resulted in the desorption of As associated to
oxi/hydroxides of DQ scoria and EBF laterite where Fe and Mn contents are
substantial. Mn and Fe oxides, which are favorable for the sorption of Cu and
specially Zn (Hickey and Kittrick 1984, Ramos et al. 1994) can, under anaerobic
conditions accept electrons. Their reduced forms are mobile and can be, at least
partially removed with the effluent. The rise in pH in the columns could also play a
role in the desorption of As from columns filled with DQ scoria and EBF laterite
after day 44. Under aerobic conditions, oxygen acts as electron acceptor for the
respiratory process. In the absence of free oxygen, however, a number of other
substances such as NOs, Mn and Fe compounds, H ions, and SO4* can accept

electrons and take part in reduction reaction.

Release of Mn and Fe from the columns in turn favored the simultaneous release
of As that has been already precipitated with the oxides of Fe and Mn at higher pH
values. According to Fuller and Davis (1989), Dzombak and Morel (1990) the
desorption of AsO4> from Fe oxide surfaces becomes favored as pH values

become alkaline.

173



6 Discussion

6.5 Applicability

In considering the removal of Zn and Cu from the mixed simulated polluted water
passed through the column packs (Fig. 5.19), the four filter media show similar
relative retention behavior, e.g. retention slightly decreases in the following order
for Zn and Cu: MnR sediment > EBF laterite > DQ scoria > KVA volcanic ash 2
QTZ sand. Higher SPM concentrations in Akaki surface water facilitate the
association of metals with SPM, which later could be purified by media filtration.
Few available sorption sites in the volcanic materials make them poor sorbents to
retain As. The higher desorption of As from KVA volcanic ashes QTZ sand and
PYC pyroclastics make them unsuitable for As removal. On the other hand, the
desorption of Mn and Fe from the volcanic materials are less significant as
compared to columns filled with DQ scoria and EBF laterite. Therefore, these
media can directly be used in the treatment of heavy metal laden water in the Akaki

area.

Surface water and groundwater of low As content could be purified by using filter
media constituted by KVA volcanic ashes where the desorption of Fe and Mn is not
substantial. The application of DQ scoria and EBF laterite in water purification is
also recommended provided that the desorption of Fe and Mn in to the effluents
can be minimized (e.g. aeration of the effluents during purification). Regarding the
filter media collected from Indonesia, MnR sediment can be used to treat heavy
metals including As polluted water. On the other hand, the removal capacity of
PYC pyroclastic for As is very poor. The performance in removing Ni is also
variable and decreasing with time. Application of PYC pyroclastic as filter media to
treat As and Ni polluted water is not recommended.

Overall, the project adequately demonstrated the potential applicability of volcanic
materials and their weathering products as filter media, and it appears that the filter

media are appropriate for testing at a larger scale.

174



7 Conclusions

7 Conclusion

In the Akaki Sub-Basin the weathering products of volcanic rocks as well as the
circulation of thermal water that is found at the center of Addis Ababa significantly
affect the concentrations of chemical compounds in surface water and groundwater.
The other factors contributing to the change in the physico-chemical characteristics
of the water are the anthropogenic inputs of domestic and industrial wastes, which
enrich certain anions and cations such as Na*, ClI', NOs, SO4* and some heavy

metals.

Water parameter data showed that though most groundwater samples in the Akaki
Sub-Basin show fairly normal values of dissolved solutes, surface water samples
revealed higher amounts due to the influence of anthropogenic pollution. Dissolved
oxygen as low as 0.2 mg/l is also measured in surface water samples indicating that
these waters are highly polluted. It has also been observed that the suspended load
was much higher in the lake and the two river systems, which resulted from surface
runoff upstream of the study area.

The type of water in the Akaki Sub-Basin is alkaline earth fresh water with higher
contents of alkalis, prevailing hydrogen carbonate. Anionic measurements showed
that nitrate is found in concentrations exceeding the U.S. Environmental Protection
Agency (US-EPA) maximum contaminant limit (MCL). In 50% of all groundwater
water samples collected, the concentrations of nitrate are higher than the US-EPA
MCL (10 mg/l). Comparison of the concentrations of major cations and anions of the
Akaki water in relation to that of the estimated mean composition of river water of the
world showed that concentrations of Na and K in surface waters of Akaki are ten
times higher than those of the mean composition of the World Rivers. Magnesium
and Ca concentrations are also two to three times higher than the mean composition
of world river waters indicating that the Akaki Sub-Basin is enriched in major cations

derived from both geogenic and anthropogenic sources.

The concentrations of heavy metals in the dissolved phase are generally lower in
most surface waters than in groundwater. In the dissolved phase, high
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concentrations are measured for Mn and Fe. The concentrations of Fe and Mn in the
dissolved phase are well above the Secondary Standards that are set by the US-EPA
(0.3 mg/l and 0.05 mg/l for Fe and Mn respectively). In general, very low
concentrations of dissolved as well as heavy metals bound to SPM are measured in
the Akaki Well fields.

However, comparison among suspended particulate matter bound and dissolved
phase concentrations of heavy metals show that very high concentrations of heavy
metals are detected on the particulate matters. The concentrations of Cu, Zn, Ni, As
and Pb bound to SPM in groundwater samples are higher than that of the surface

water.

In surface water samples, heavy metals Cu, Zn, and Pb concentrations on the
suspended particulate matter are higher than the values stated in the LAWA classes
for moderately contaminated SPM (Class IlI). On the other hand, in almost all water
samples concentrations of Cu, Zn, and Pb bound to SPM are higher than the
threshold value (class I) that shows no contamination. The concentrations of Cu, Zn,
and Pb bound to SPM in groundwater water samples are well above the limit

indicated for Class Il (strongly contaminated) in the LAWA classes.

The distribution coefficients (Kq4) of heavy metals calculated for the two phase system
(water-solid) reveal that the particulate matters bound Fe and Mn concentrations are
so high that the values can not be directly compared to the Cu, Zn, Ni, Pb and As.
Compared Cu and Zn bound to SPM As and Pb bound to SPM showed relatively
lower concentrations. The strong association of heavy metals with the particulate
matter in surface water and groundwater of the Akaki Sub-basin leads to investigate
an appropriate purification technique where both dissolved and heavy metals bound
to SPM can be removed from the polluted water.

In water samples collected in 2003 suspended particulate matter (SPM) and several
trace elements are detected more commonly and in higher concentrations in Akaki
rivers and Aba Samuel Lake than at sites that are located upstream of the catchment
area and the Akaki well field. The need to purify these water sources in the

downstream side of the basin is critical.
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7 Conclusions

From twelve materials of different chemical and mineralogical composition, three
natural materials and their weathering products derived from Ethiopia were selected
for in depth study of heavy metal retention capacities based on their proximity to the
target area, natural background heavy metals concentration (below the permissible
MCL levels set by US EPA), appropriate grain size. The results of XRD, XRF, and
sequential extractions of these selected filter media showed that KVA volcanic ash,
DQ scoria, MnR sediment and EBF laterite are potential filter materials in removing
heavy metals from polluted surface and groundwater. Sequential extraction of the
filter media indicated that the mobile fraction of heavy metals associated with DQ
scoria, KVA volcanic ash, and EBF laterite are below the detection limit (<0.1 mg/l).
These materials are found to be appropriate for laboratory column experiments in

removing heavy metals from simulated polluted water.

Results of the column experiments revealed that the quality of effluents was
enhanced in terms of suspended particulate matter concentrations, concentrations of
dissolved and heavy metals bound to SPM, and some water parameters. The
removals of SPM and thereby heavy metals bound to SPM are effective for all filter
media tested.

The MnR sediment is found to be the best performing media in removing almost all of
the metals from the synthetic solutions. However, considering the filter media
collected from Ethiopia the EBF laterite and DQ scoria are found to be better
performing media in removing almost all of the metals from the synthetic solutions
except As. However, the release of Fe and Mn from these columns is significant and
should be considered before applying the media for water treatment. Simulated
polluted water of low As content could also be purified using filter media constituted
with KVA volcanic ashes and QTZ sand where the desorption of Fe and Mn is not

substantial.

Sequential extraction of the spent media indicated that more than 70% of Cu, Zn, and
Ni are bound to the acid exchangeable fraction while Pb showed variable
fractionation among the three fractions defined in BCR sequential extraction scheme.
From the BCR extraction procedure it is possible to observe that the metal removal
mechanisms mainly involved weak retentions including weakly adsorbed metals
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7 Conclusions

retained on the surface of the filter media by relatively weak electrostatic interaction
and metals that can be released by ion-exchange processes. Results of single step
water extraction of the used media showed that the heavy metals of interest are less
likely adsorbed in the water-soluble fraction. From the results obtained it can be
concluded that the disposal of the spent media in agricultural fields or the use as
construction material do not pose environmental pollution. Pollution of surface water
and groundwater by heavy metals incorporated in the sludge is minimal under natural
hydrochemical conditions.

Polluted surface water and groundwater of the Akaki Sub-Basin with low As content
could be purified by using a mixture of sand and KVA volcanic ash. The application of
DQ scoria and EBF laterite in water purification is also recommended provided that
the desorption of Fe and Mn in to the effluents can be minimized (e.g. aeration of the
effluents during purification). MnR sediment can be used to treat heavy metals

including As polluted surface water and groundwater effectively.

The overall removal capacities of the filter media for heavy metals proved to be
promising. However, the heavy metal removal capacities of the filter media on a pilot
scale filter system could be much more complex than what was performed under
laboratory condition. The removal of heavy metals using local materials might show
different results if the Akaki raw water were used as the influent solution during the
experiment. For a better and applicable results heavy metal removal column

experiments using the polluted water of Akaki is recommend.
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9 Appendices

Appendix 1. Water parameters, concentrations of cation and anions of surface and groundwater samples in the Akaki Sub-basin.

April 20083.
Sample 0, T pH  Conductivity —Na* K Mg* Cca®* CI  NO; SO
[mgl”] C [uScm™  [mgl"] [mgl"] [mgl'] [mgl"l [mgl"] [mgl"] [mgl]

Ku1 0.26 21 6.90 437 62.00 26.00 15.00 37.75 31.35 1.84 17.29
De2 2.13 29 7.28 676 86.00 18.00 13.00 39.50 36.87 3.78 91.13
De3 3.63 25 6.70 410 6.00 3.00 14.00 43.50

Dk4 2.86 22 7.19 756 50.00 29.00 16.00 44.00 54.62 0.00 40.10
Dk5 2.42 21 7.44 611 46.00 15.00 14.00 40.00 4557 1.02 28.16
Deb6 3.54 30 7.33 678 82.00 9.00 13.00 47.75 39.48 2.79 91.11
Gr7 8.49 29 8.00 523 14.00 47.00 23.00 27.50 10.88 0.00 7.40
Be8 5.64 22 7.30 773 19.00 3.00 22.50 38.50 5.43 13.46 6.20
Sd9 5.55 21 7.58 625 26.00 4.00 25.00 49.50 15.76 43.26 17.31
E10 4.97 30 6.90 585 27.00 3.00 24.00 49.00 7.02 21.18 10.96
Juti 3.25 19 7.32 516 38.00 20.00 40.00 26.00 46.58 14.81 43.66
TH2 217 22 6.98 563 66.00 10.00 39.00 55.00 4.80 5.67 9.42
Iv13 0.77 25 6.60 852 28.00 6.00 42.00 74.00 34.33 18.68 36.98
Akt14 0.4 26 7.29 1029 68.00 5.00 19.50 70.50 57.64 0.00 71.87
Ah15 1.37 22 7.01 866 28.00 5.00 21.00 73.00 36.37 19.17 36.02
Ls16 3.82 25 7.35 609 84.00 7.00 22.50 42.00 5.04 8.58 10.14
Ak17 5.4 20 7.56 560 50.00 6.00 23.00 30.00 8.41 11.34 12.20
EI18 0.04 21 7.45 1058 86.00 40.00 20.00 56.00

EI19 0.06 27 6.79 1037 29.00 4.00 24.50 32.00

Td20 6.34 23 7.16 528 20.00 3.00 32.00 32.50 6.82 20.79 10.30
Am21 5.65 23 7.15 475 25.00 4.00 16.00 43.50 5.45 13.23 63.30
Ab22 5.26 23 7.29 512 11.00 3.00 8.50 21.25 5.37 16.38 8.05
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Water parameters of surface and groundwater samples in the Akaki Sub-basin.

October 2005
Conductivity

Sample 02 (mg/l) T (°C) pH (US/cm)
Sd9 Sidamo Awash 5.81 22.30 7.1 489
E10 EEPCO 6.00 22.00 7.2 511
Juii Small Akaki (Jugan) 5.94 19.50 7.7 465
T12 Tilinto 563 21.60 7.3 580
Iv13 Indian Village 6.20 20.00 7.1 727
Ah15 Aba Hana 6.36 19.20 7.1 830
Ls16 Lesperance 5.84 28.00 7.5 727
Ak17 Akaki Metal Factory 6.58 20.30 7.8 554
EH8W  ELICO Tannery 1.55  20.70 7.2 762
Akk Kality Metals 434 2220 7.6 548
Gx Garment Express 6.50 25.90 7.6 469
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Appendix 2. Dissolved heavy metal concentrations (ug/l) of surface and groundwater in the Akaki Sub-basin. (April 2003)

Sample  45Sc 51V 52Cr 55Mn 56Fe 59Co 60N 65Cu 66Zn 75As 85Rb
Kuf 0.05 6.22 0.36 352 132 1.66 5.46 2.89 174 1.40 11.4
De2 0.02 0.61 0.08 23 13 0.02 0.43 0.58 117 0.39 44.0
De3 0.03 8.55 0.44 2 8 0.03 0.75 2.35 616 1.42 29.1
Dk4 0.02 2.93 0.41 2835 98 3.80 9.70 2.14 43 2.75 16.0
Dk5 0.01 6.33 0.37 1153 27 2.33 7.32 2.70 24 1.73 14.1
De6 0.02 0.70 0.06 35 16 0.03 0.41 0.89 77 0.40 50.8
Gr7 0.06 5.54 0.58 4833 379 21.16 4554  13.72 1336 1.33 18.6
Be8 0.04 40.62 417 14 4 0.11 0.99 3.97 327 0.61 9.4
Sd9 0.04 29.97 1.50 18 3 0.16 0.68 3.01 71 0.88 11.1
E10 0.04 45.41 1.66 2 3 0.06 1.06 3.45 1623 0.34 4.8
Juti 0.03 5.95 0.57 834 87 4.38 8.30 5.93 54 1.29 13.1
T2 0.05 10.07 0.10 10 40 0.10 0.78 3.46 2734 0.81 18.7
lv13 0.03 12.92 1.21 9 7 0.13 1.72 4.95 886 0.55 15.9
Akt14 0.04 8.94 0.89 159 63 0.26 3.13 4.73 28 0.73 22.8
Ah15 0.03 14.75 2.03 1 8 0.11 1.61 1.24 14 0.61 14.2
Ls16 0.03 13.82 0.36 1 2 0.03 0.37 2.13 3194 1.05 18.3
Ak17 0.02 23.56 0.63 1 8 0.02 0.25 0.75 225 0.74 12.4
EI18 0.03 4.50 1.64 1268 868 2.49 5.29 5.08 29 2.13 26.2
Td20 0.02 34.38 1.95 15 5 0.05 0.40 1.17 104 0.67 9.7
Am21 0.02 31.66 3.28 2 2 0.03 0.47 0.93 53 0.50 9.0
Ab22 0.02 36.82 2.39 1 1 0.02 0.49 1.03 42 0.60 10.1
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Dissolved heavy metal concentrations (ug/l) of surface and groundwater in the Akaki Sub-basin (April 2003). Contd.

Sample 88Sr 98Mo  107Ag 111Cd 118Sn_ 121Sb 137Ba  205TI 207Pb  209Bi  232Th 238U
Ku1 220.30 2.28 0.069  0.034 0 0.74 95.70 0.03 0.191 <0,04 <0,04 0.77
De2 251.60 18.87 0.014 0.038 <0,08 0.19 42.57 0.02 0.079 <0,04 <0,04 0.34
De3 283.90 2.11 0.009 0.018 <0,08 0.22 26.31 0.10 0.853 <0,04 <0,04 2.90
Dk4 268.30 3.98 0.015 0.020 <0,08 0.41 121.20 0.04 0.135 <0,04 <0,04 0.93
Dk5 271.00 2.96 0.008 0.017 <0,08 0.39 120.30  0.03 0.090 <0,04 <0,04 1.23
De6 258.40 18.60 0.006  0.031 <0,08 0.12 41.09 0.03 0.173 <0,04 <0,04 0.36
Gr7 266.40 6.26 0.039  0.120 0 0.30 346.60 0.04 0.452 <0,04 <0,04 0.81

Be8 394.80 1.85 0.004  0.021 <0,08 0.10 16.30 0.03 0.800 <0,04 <0,04 1.74
Sd9 538.40 1.32 0.004 0.010 <0,08 0.09 34.56 0.04 0.236 <0,04 <0,04 2.38
E10 517.20 1.52 0.006  0.059 <0,08 0.09 83.91 0.08 2453 <0,04 <0,04 3.50
Juit 160.30  3.56 0.011 0.044 0 1.48 96.87 0.03 0.554 <0,04 <0,04 0.72
TH2 434.90 1.75 0.007  0.053 <0,08 0.25 13.77 0.05 4712 <0,04 <0,04 4.76
Iv13 732.10 1.44 0.005 0.017 <0,08 0.08 19.68 0.05 3.391 <0,04 <0,04 7.84
Akt14 722.10 1.01 0.011 0.043  <0,08 0.16 25.50 0.05 0.218 <0,04 <0,04 5.46
Ah15 748.70 1.35 0.006  0.015 <0,08 0.10 12.10 0.05 0.182 <0,04 <0,04 6.62
Ls16 471.00 1.93 0.006  0.528 <0,08 0.12 9.79 0.13 7.435 <0,04 <0,04 4.43
Ak17 395.00  3.01 0.004 0.0835 <0,08 0.06 21.76 0.08 1.806 <0,04 <0,04 5.12
El18 250.00 1.29 0.020 0.074 <0,08 0.34 140.10  0.11 0.987 <0,04 <0,04 0.66
Td20 318.00 2.16 0.002 0.023 <0,08 0.07 22.66 0.12 0.521 <0,04 <0,04 4.42
Am21 269.00 1.66 0.005 0.024  <0,08 0.07 14.52 0.10 0.735 <0,04 <0,04 2.92
Ab22 295.00 1.76 0.004 0.039  <0,08 0.04 14.63 0.08 0.381 <0,04  <0,04 3.09
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Dissolved heavy metal concentrations (ug/l) of surface and groundwater in the Akaki Sub-basin. (October 2005)
* Bulk water samples not filtered through 0.45 um pore size filter. EI18W represents groundwater well at ELICO.

Sample 45Sc 51V 52Cr 55Mn 56Fe 59Co 60N 65Cu 66Zn 75As 85Rb
Sd9 0.01 47.77 2.66 0.75 1.38 0.02 0.61 6.81 106.80 0.47 7.61
Sd9* 0.01 44.81 2.55 0.28 1.69 0.02 0.49 7.17 95.47 0.43 7.58
E10 0.01 47.13 2.31 0.64 1.65 0.02 0.69 2.04 591.70 0.60 8.70
E10* 0.01 44.97 2.29 0.31 1.25 0.02 0.36 1.58 607.50 0.56 9.23
Juii 0.01 2.29 1591 658.80 197.40 1.98 3.58 2.31 13.21 1.22 7.83
Jutt* 0.01 1.45 6.44 20.52 24.64 1.49 2.77 1.46 4.88 0.85 7.80
T12 0.01 9.74 0.11 1.75 20.00 0.02 0.80 295 276.00 0.80 14.36
T12* 0.01 8.69 0.10 1.93 22.10 0.02 0.48 1.94 265.10 0.67 13.25
Ivi3 0.00 8.28 0.15 9.20 2.37 0.07 1.36 1.60 93.87 0.72 13.68
Iv13* 0.00 8.40 0.13 2.59 3.84 0.03 0.32 1.33 82.34 0.60 13.45
Ak14 0.01 8.80 1.05 113.80 268.30 0.21 1.74 2.76 44.07 0.28 34.74
Ak14* 0.00 5.09 0.65 66.34 118.10 0.15 1.23 2.40 28.12 0.30 19.24
Ah15 0.00 15.77 1.27 2.03 5.75 0.11 2.83 6.06 22.21 1.32 11.72
Ah15* 0.01 15.64 1.19 0.73 8.65 0.10 1.73 12.01 12.80 0.60 12.26
Ls16 0.01 50.13 2.46 2.69 2.75 0.03 0.79 268 51140 0.55 8.46
Ls16* 0.01 48.69 2.47 0.41 2.81 0.02 0.40 293 489.10 0.44 8.79
Ak17 0.01 14.16 0.61 1.47 2.50 0.01 0.50 1.19 45.82 1.22 16.84
Ak17* 0.00 14.44 0.69 1.04 5.89 0.01 0.43 1.56 45.88 1.29 17.39
EI18W 0.00 11.03 0.82 820.70 8.71 0.37 3.01 3.19 52.72 2.60 5.04
EI18W* 0.00 11.50 1.87 836.20 39.55 0.37 2.50 3.05 49.11 2.35 4.98
Akk 0.02 37.34 1.28 0.86 6.34 0.02 0.61 212 253.30 0.59 12.54
Akk* 0.01 26.20 0.18 0.19 1.04 0.02 0.48 1.44 74.62 0.47 11.89
Gx 0.00 59.49 2.87 2.00 3.72 0.07 1.52 257 1186.00 0.40 7.37
Gx* 0.00 61.05 2.95 1.24 7.32 0.07 0.89 1.54 1206.00 0.42 7.66
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Dissolved heavy metal concentrations (ug/l) of surface and groundwater in the Akaki Sub-basin (October 2005). Contd.

Sample 88Sr 98Mo  111Cd  121Sb  137Ba  205TI 207Pb  232Th 238U
Sd9 389.2 1.64 0.05 0.13 23.45 0.01 0.28 0.01 1.38
Sdo* 3984 1.33 0.02 0.14 24.92 0.01 0.21 0.01 1.36
E10 404.3 1.60 0.05 0.30 13.53 0.01 0.35 0.01 1.82
E10* 4479 1.81 0.02 0.24 14.62 0.01 0.24 0.01 1.81
Jult 166.1 0.85 0.05 0.32 68.11 0.01 0.48 0.02 0.33
Juit” 98.57 1.19 0.03 0.29 32.43 0.01 0.11 0.05 0.20
T12 492 1.71 0.06 0.24 13.08 0.01 0.46 0.01 3.99
T12* 515.2 1.62 0.02 0.23 14.47 0.01 0.47 0.01 4.01
Iv13 631.3 1.24 0.25 0.23 17.81 0.01 0.37 0.03 3.90
Iv13* 622.9 1.46 0.01 0.18 16.97 0.01 0.43 0.03 4.95
Ak14 4671 0.43 0.02 0.12 27.34 0.00 0.37 0.08 1.54
Ak14* 276 0.34 0.01 0.11 16.69 0.00 0.20 0.05 0.92
Ah15 823.8 2.32 0.18 0.16 15.59 0.01 0.24 0.01 6.64
Ah15* 812 1.75 0.02 0.14 13.06 0.01 0.34 0.01 8.60
Ls16 417 1.82 0.27 0.18 11.95 0.00 2.92 0.01 2.08
Ls16* 399.8 2.00 0.17 0.19 11.53 0.00 3.32 0.01 2.16
Ak17 413.9 4.00 0.02 0.21 12.80 0.01 0.19 0.01 3.71
Ak17* 443.3 4.09 0.02 0.17 13.90 0.01 0.17 0.01 3.85
ElI18W 300.6 1.60 0.05 0.50 155.30  0.02 0.27 0.02 0.90
El18W* 301.2 1.50 0.03 0.41 119.10  0.02 0.35 0.01 0.86
Akk 522.3 2.10 0.05 0.13 24.55 0.01 0.82 0.01 3.15
Akk* 558.1 2.65 0.01 0.13 22.85 0.01 0.09 0.01 0.30
Gx 321.7 1.82 0.05 0.18 17.16 0.01 1.09 0.00 1.49
Gx* 3124 1.53 0.03 0.16 16.42 0.01 1.21 0.00 1.44
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Comparison of concentrations of selected heavy metals between water samples collected (a) in April 2003 and (b) October 2005.
Samples compared are Sd9 — EIl18. Samples from Ku1 — Be were not available during the October 2005 sampling campaign.
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Comparison of dissolved metal concentrations in samples collected during 2003 vs
2005 in relation to US EPA MCL standards for heavy metals and arsenic.
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Appendix 3. Concentrations of heavy metals (ug/kg) bound to SPM in surface water and groundwater of the Akaki Sub-basin (April

2003).

Surface water Fe Cu Zn Mn As Pb K Ca Ni
Kuf 74212.60 39.85 626.44 1199.71 10.25 0.00 539.33 8573.38 11.68
Dk4 5064.52 434.49 3853.05 12019.91 307.18 266.63  7325.07 74205.05 388.78
Dk5 16000.00 18.52 248.84 837.45 21.32 19.76 357.53 5013.01 16.00
Gr7 6186.94 5.34 197.97 221.01 1.36 0.00 114.77 533.99 8.16
Juii 8360.73 4.46 70.03 137.47 1.45 0.00 59.67 961.31 0.98
AKt14 1432.64 2.53 17.43 53.70 0.84 1.17 32.34 329.89 1.71
El18 21.84 5.74 6.84 0.91 1.22 0.00 6.23 107.94 0.89
Groundwater Fe Cu Zn Mn As Pb K Ca Ni
De2 35333.33 356.11 7464.56 960.09  2343.73 709.36 538.12 5464.14 61949.39
Dk3 36750.00 2613.49 15402.77 1197.74 919.90 838.37 965.01 12863.04 147729.64
De6 54266.67 5302.95 13775.08 1012.05 8033.76 910.14 1299.12 12904.32 120216.50
Be8 16363.64 4211.74 5010.53 711.72 592.71 558.06 678.85 4474.66 81850.34
Sd9 1622.50 68.33 440.83 51.22 69.28 124.56 72.97 698.33 8515.00
E10 138175.00 5845.81 37574.32 4363.04 0.00 10610.79 6216.03 59444.71 725200.08
TH2 2515.00 18.23 518.13 65.00 164.72 40.63 39.73 378.13 4306.25
Ivi3 1557.14 111.43 645.71 44.29 41.78 30.18 42.86 557.14 6168.57
Ah15 151373.00 187.00 2274.00 218.00 7809.63 194.97 196.94 3485.00 48091.00
Ls16 1787.00 172.00 447.00 35.50 257.03 51.00 46.00 404.50 3950.50
Ak17 394017.22 346.67 12594.44 476.67 13991.38 67.78 0.00 741556 34270.56
Td20 1391.43 67.14 379.29 60.71 70.65 115.00 67.86 593.57 7255.71
Am21 19800.00 57.14 1322.86 54.29 0.00 48.57 69.29 354.29 6755.00
Ab22 2968.33 155.00 398.33 138.33 0.00 118.33 121.67 776.67 14978.33
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Appendix 4. Mineralogical compositions of the filter media (%).

Ortho- Clino Montmo-
Sample code Quartz clase albite Pyroxene Calcite = Smectite Kaolinite lllite rillonite
KH1 2.00 - 0.00 0.00 93.00 7.00
Wc2 8.00 0.80 3.00 - 3.00 - 8.00
WI3 34.54 19.00 39.00 0.00 0.00 0.00 10.08
KVA 2.00 4.00 8.00 3.00 0.00 0.00 0.00
DQS 2.00 13.00 11.00 0.00 0.00 0.00
Yc6 22.00 41.00 14.00 0.00 0.00 0.00
MnCw7 4.00 3.00 7.00 85.00 0.00 7.00 7.00 10.00
Ew(WB)Z8 0.00 5.00 - 0.00 0.00 0.00 23.00
BWK9 3.00 7.00 0.00 0.00 84.00 7.00
DBWC10 14.00 27.00 9.00 0.00 17.00 0.00
EBF 26.00 9.00 - 0.00 4.00 - 1.49
SVA 7.00 35.00 6.00 0.00 12.00 0.00 0.00
Ewi13 2.00 9.00 37.00 7.00 0.00 0.00 0.00 10.00
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Mineralogical compositions of the filter media (%). Contd.

Zeolite(Ch Clay
Sample code abazite) fraction Total Hematite CcO2 S Rest Glass
KH1 22.80 0.00 0.11 0.05 - _
Wc2 77.20 22.80 0.00 0.14 0.01 - -
WI3 20.00 102.62 - 0.05 0.00 - _
KVA 0.00 17.00 0.00 0.06 0.00 volcanic glass
DQS 10.00 26.00 10--20 0.09 0.01 - _
Yc6 8.00 77.00 - 0.24 0.00 - _
MnCw7 0.00 123.00 - 0.07 0.00 Fe-Oxide -
Ew(WB)Z8 15.00 55.00 28.00 0.11 0.00 - _
BWK9 101.00 - 0.13 0.00 Fe-Oxide 8% _
33% Fe oxide+
DBWC10 - 67.00 - 0.18 0.00 organic matter -
EBF 1.00 40.49 - 0.73 0.00 clay fraction clay fraction
SVA 40.00 60.00 0.00 0.14 0.00 Fe-Oxide -
Ew13 32.00 65.00 0.00 0.10 0.00 Fe-Oxide

*Clay minerals concentration could be higher than the measured ones. The real concentration measurements were hampered by poor

crystallinity and interference effects of organic materials and possible amorphous phases like glass.
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Appendix 5. Major elemental composition of the filter materials.

Sample Na,O MgO ALO, SO PO CO KO TO MO Fe,Os

% % % % % % % % % %
SVA 466 184 1332 6832 0.08 126 38 070 0.20 5.26
EWWB 244 276 1922 6288 004 300 236 051 0.13 5.83
YC 429 004 1717 6718 0.03 3.81 0.66 0.13 5.92
EW 104 426 1860  51.93 023 419 083 208 0.18 15.09
DBWC 131 018 2475 60.34 0.01 003 167  1.00 0.05 8.60
SVA 466 184 1332 6832 0.08 126 386 070 0.20 5.26
DQ scoria 195 957 1569 4554 038 858 058 199 0.18 12.58
EBF laterite 045 101 2113 5781 017 041 191 217 0.39 13.10
WC 011 002 3960  47.41 002 007 074 010 0.05 1.36
MNCW 357 005 1073  75.33 0.01 022 469 046 0.07 4.97
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Appendix 6. Trace element contents of filter materials (ppm).

Sample Ni Cu Zn As Br Rb Sr Y Zr Nb Mo

KVA vol. ash 521 226.21 233.99 793 4.08 119.31 8.47 9474 838.05 123.49 3.79
KH 536.19 11.283 10.58 6.69 0.03 1.74  27.75 102.02 1549.05 212.62 4.89
BWK 39590 2086 3460 6.68 0.00 63.22 882 7092 55.01 60.63 0.50
WI 9157 828 171.85 4.13 1.34 134.29 13.57 179.28 904.73 89.98 6.38
EWWBZ 4144 68.96 10899 0.76 1.86 24.08 3581.05 2328 162.90 13.97 0.15
YC 8247 16.03 126.16 12.01 0.00 7245 14.98 131.09 966.75 128.23 6.11
EWWB 455 8429 6848 1.00 122 23.67 139845 863 37720 4238 1.78
DBWC 0.00 11.15 166.34 12.88 0.37 41.25 10.51 256.47 1539.39 214.64 4.95
SVA 1.083 1095 19485 7.17 3.20 96.31 10473 80.76 716.71 93.44 4.31
DQ scoria 624.71 56.97 9464 <5 <8 840 48372 2253 116.27 2031 <5
WC 54793 5565 141.92 12.02 4.19 91.28 10243 53.77 46524 80.88 6.03
MNCW 70445 9754 98.04 <5 <8 3938 12513 4581 268.11 63.70 <5
EBF laterite 480.96 53.90 160.13 8.83 4.53 10759 4822 51.12 693.22 102.78 6.83
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Trace element contents of filter materials (ppm). Contd.

Sample Ag Cd Sn Sb Ba La Ce Pb

KVA vol. ash 032 022 6.85 098 71.47 110.40 187.08 11.81
KH 0.78 0.20 14.03 3.76 45.62 80.61 92.04 20.28
BWK 0.16 0.00 1.35 0.59 36.43 25.65 2622 18.09
Wi 056 0.54 757 151 173.11 116.23 187.20 0.00
EWWBZ 0.51 0.00 1.00 0.00 301.16 25.07 36.06 0.53
YC 0.38 0.32 8.37 0.00 450.70 109.24 193.02 1.75
EWWB 056 0.72 241 0.25 893.26 11.76 7359 9.05
DBWC 0.59 0.00 10.83 0.00 158.35 161.09 300.47  0.00
SVA 0.85 0.24 5.08 0.02 262.38 83.20 177.48 5.10
DQ scoria <1 <1 <2 <2 31419 1878 51.03 <5
WC <1 <1 439 <2 48525 83.96 224.01 15.35
MNCW <1 <1 <2 <2 88059 4862 96.01 <5
EBF laterite <1 <1 511 2.09 373.62 59.30 218.77 28.47
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Appendix 7. Some selected heavy metal contents of the filter materials after
sequential extraction in mg/kg (ZEIEN & BRUMER 1989).

Sample Fraction Cr Co Ni Cu Zn
WI Mobile 1.447 2.893 2893 2411 9.644
Supplyable 0.964 0.000 0.000 1929 4.340
Mn oxide 1.447 5304 0.000 1.929 21.217
Organic 0.964 8.198 0.000 2411 55.936
Fe oxide (non cryst.) 1.929 10.126 0.482 1.447 15913
Fe oxide (cryst.) 2893 13502 6.751 3.375 183.238
Total 9.644 40.023 10.126 13.502 290.288
Fraction Cr Co Ni Cu Zn
DQscoria  Mobile 0.964 3375 0964 1.447 2411
Supplyable 0.964 0.000 0.000 1929 0.964
Mn oxide 1.447 8.680 0.000 2.893 2411
Organic 1447 8198 1929 4822 2893
Fe oxide (non cryst.) 28.932 26.039 41.470 18.806 24.110
Fe oxide (cryst.) 48.221 27486 34.719 16.395 18.806
Total 81.975 73.778 79.082 46.292 51.596
Fraction Cr Co Ni Cu Zn
KVA vol. ash Mobile 1.447 2893 1447 1929 11.091
Supplyable 0.964 4822 0.000 1.929 1.447
Mn oxide 1.447 0482 0.000 1.929 3.858
Organic 0.482 5786 0.000 2.411 1.447
Fe oxide (non cryst.) 2411 14466  0.000 1.929 3.858
Fe oxide (cryst.) 2411 13984 0.000 1.929 18.806
Total 9.162 42434 1447 12.055 40.505
Fraction Cr Co Ni Cu Zn
SVA Mobile 1.447 3375 3858 2893 11.091
Supplyable 0.964 5786  0.000 1.929 1.447
Mn oxide 1.447 2.411 0.000 1.929 4.340
Organic 0964 10.126 0.000 1.447 6.751
Fe oxide (non cryst.) 2411 14948 1447 2.411 9.644
Fe oxide (cryst.) 3375 16.877 3375 3.375 26.039
Total 10.609 53525 8680 13.984 59.311
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Some selected heavy metal contents of the filter materials after sequential extraction
in mg/kg (ZEIEN & BRUMER 1989). Contd.

Sample Fraction Cr Co Ni Cu
MWB(d) Mobile 1.447 6.269 2411 0.964
Supplyable 0.964 5786  0.000 2.893
Mn oxide 0482 58829 0.000 3.858
Organic 0964 24110 7233 8.198
Fe oxide (non cryst) 50.632 21.217 29.415 14.948
Fe oxide (cryst) 115.730 30.379 54.489 13.502
Total 170.219 146.591 93.548 44.363
Fraction Cr Co Ni Cu
EBF laterite ~ Mobile 0.964 4822 3.858 2411
Supplyable 0.964 1.929 0.000 1.929
Mn oxide 0.482 2.893 0.000 1.447
Organic 1.447 7.715 0.000 2.893
Fe oxide (non cryst) 2.893 11573 1447 2411
Fe oxide (cryst) 4340 17.842 7233 3.375
Total 11.091 46.774 12537 14.466
Fraction Cr Co Ni Cu
EWWB Mobile 0.964 6.269 6.751 2.893
Supplyable 0.964 6.751 0.000 1.447
Mn oxide 0.964 14466 0.964 1.447
Organic 0482 13502 0.000 3.858
Fe oxide (non cryst) 4822 17.842 4340 5.786
Fe oxide (cryst) 38.577 32790 20.253 57.865
Total 46.774 91.619 32.308 73.295
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Appendix 8. Sorption of Cu, Ni, Zn, As, and Pb (ug/l) to one g/l of Wyoming type Na-

Montmorillonite in simulated wastewater background solution.

Sample Element Spike conc SPM bounded Dissolved HM SPM bounded(%)

SAW1  Cu 50 517 44.83 10.34
SAW?2 100 38.38 61.62 38.38
SAW3 1000 510.20 489.80 51.02
SAW1 Ni 50 28.83 21.17 57.66
SAW?2 100 46.93 53.07 46.93
SAW3 1000 360.40 639.60 36.04
SAW1  Zn 500 293.40 206.60 58.68
SAW?2 1000 663.80 336.20 66.38
SAW3 1000 262.60 737.40 26.26
SAW1 As 50 12.47 37.53 24.94
SAW?2 100 6.62 93.38 6.62
SAW3 1000 80.30 919.70 8.03
SAW1  Pb 50 47.79 2.22 95.57
SAW2 100 94.81 5.19 94.81
SAW3 1000 917.64 82.36 91.76
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Appendix 9. Dissolved effluent concentrations of Mn, Fe, Ni, Cu, Zn, As, Cd and Pb
(ng/l) over the 12 weeks experimental period.

a) KVA volcanic ash

t (day) Mn Fe Ni Cu Zn As Cd Pb

0 11.55 36.11 639.60 489.80 737.40 919.70 1.75 76.28
1 545.10 45.81 43.91 1545 3430 6.17 5.94 0.27
2 1486.00 12.70 64.65 4596 7.76 8.30 2.67 0.35
4 39280 23.84 65.76 7780 4783 183.20 0.93 1.91
8 4445 17.45 126.90 46.72 12.61 2121.00 0.33 1.17
11 46.17 22.35 95.70 109.00 8.85 1251.00 0.39 0.61
15 23.08 13.06 205.90 39.80 24.56 1529.00 0.44 2.07
17 4474 11.46 272.00 27.29 16.77 1588.00 0.23 1.41
22 99.17 8.91 349.50 15.64 20.78 1561.00 0.14 1.01
31 420.00 3229 201.80 11.52 17.68 1350.00 0.12 0.78
36 404.10 33.94 170.30 8.38 30.61 1345.00 0.10 0.27
46 600.60 118.10 11550 4.57 3.44 1339.00 0.18 6.06
50 460.90 14.85 64.76 845 11.89 961.40 0.15 12.16
58 418.60 22.13 61.06 6.93 1295 97430 0.50 4.63
71 232.90 26.85 41.47 4.09 3.67 1005.00 0.09 1.28
85 422.50 38.21 62.60 353 468 1159.00 0.36 0.89
95 395.50 39.67 40.05 329 596 955.50 0.18 0.49
106 333.10 41.06 33.41 8.42 20.19 1085.00 0.18 1.03

b) PYC pyroclastics

t (day) Mn Fe Ni Cu Zn As Cd Pb
0 11.55 36.11 639.60 489.80 737.40 919.70 1.75 76.28
1 1023.00 45.88 64.32 60.77 4240 10.79 7.03 0.34
2 710.90 18.90 58.39 97.25 8.56 30.32 0.83 0.63
3
4

239.10 18.84 59.83 9782 814 19110 4.70 0.53
137.50 23.41 69.19 101.70 27.40 845.20 5.01 1.34

8 1752 28.11 131.70 45.72 9.16 1985.00 0.45 0.78
11 25.96 16.81 103.00 165.30 8.01 1162.00 0.87 0.50
15 93.33 23.57 103.50 98.91 27.87 1421.00 0.91 1.69
17  35.86 12.41 179.60 30.27 10.50 1528.00 0.11 0.57

22 41.63 17.26  235.70 3255 17.35 1437.00 0.14 0.83
31 211.20 12.73  246.20 53.53 14.94 1521.00 0.22 0.19
36 66.90 1792 188.60 28.25 2.85 1206.00 0.05 0.29
44  96.96 3.96 144.00 80.68 2.48 1013.00 0.45 186.70
46  80.60 9.67 192.40 55.18 23.19 1329.00 0.23 196.80

50 38.08 13.10 18420 9.24 2.38 884.10 0.17 4.30
58 109.00 2789 15150 3.58 10.10 710.80 0.38 4.06
71 62.32 39.91 101.50 2.60 2.67 885.50 0.07 3.95
85 55.88 2570 10430 7.71 276 1312.00 0.20 0.64
95 112.90 33.19 138.10 7.18 7.29 961.70  0.09 0.59
106 105.10 60.56 99.17 233 6.32 1707.00 0.07 0.57
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¢) MnR sediment

t (day) Mn Fe Ni Cu Zn As Cd Pb
0 1155 36.11 639.60 489.80 737.40 919.70 1.75 76.28
1 9.83 1.86 092 159 510 3.81 0.17 0.24
2 12.36 0.99 356 275 1.83 2.16 0.06 0.39
3 24.21 1.42 5.03 2.91 5.12 3.59 1.18 0.46
8 1.66 1.07 13.84 782 13.28 10.69 0.14 0.68
11 1.38 1.78 759 5.51 5.35 5.97 0.14 0.17
15 2.93 2.10 4.87 4.85 9.27 10.67 0.14 0.52
17 259 3.07 6.55 5.63 6.60 10.86 0.06 0.31
22 4.52 1.53 9.69 6.29 7.71 16.87 0.10 0.35
31 11.93 1.08 824 454 233 18.08 0.12 0.12
36 6.91 1.12 7.84 4.61 1.53 17.82 0.03 0.12
44 1545 4.18 406 4.40 354 18.85 0.17 144.50
46  9.33 2.65 10.81 6.65 10.54 36.55 0.07 139.80
50 18.73 1.57 742 450 1.61 19.16 0.23 6.41
58 11.50 2.43 825 7.33 850 15.90 0.12 1.53
71 203.50 3.69 6.82 290 3.84 18.54 0.12 2.78
85 21.74 1.91 6.85 4.27 5.76 17.39 0.15 0.68
95 55.31 2.34 568 279 394 15.10 0.09 0.43
106 53.14 1.41 6.72 4.01 2.21 15.76 0.08 0.19
d) DQ scoria
t (day) Mn Fe Ni Cu Zn As Cd Pb
0 1155 36.11 639.60 489.80 737.40 919.70 1.75 76.28
1 124.30 6.47 13.33 16.37 759 6.36 1.04 0.52
2 157.00 8.59 26.89 31.30 2.96 8.19 0.78 0.44
3 169.80 10.05 29.80 36.29 289 10.65 2.20 0.45
4 118.30 12.11 34.45 41.83 6.03 11.78 0.96 0.75

oo

516.10 13.98 59.48 3140 747 68430 0.33 0.74
11 571.80 22.52 50.39 74.79 834 596.30 0.45 0.57
15  721.90 14.76 67.15 37.02 1546 836.20 0.41 1.24
22 881.70 33.02 93.73 2786 16.35 773.00 0.17 0.90
31 1592.00 78.77 89.48 11.76 4.97 590.00 0.12 0.74
44  822.00 33.92 7814 778 586 1119.00 0.21 193.40
46 1193.00 36.61 72.75 7.83 1411 878.60 0.12 1137.00
50 763.70 18.33 80.33 11.80 19.90 925.40 0.77 4.43
58 618.70 16.09 65.91 9.06 9.06 81550 0.11 1.68
71 550.30 36.65 4592 1.80 273 684.70 0.04 0.90
85 474.80 7.30 5489 4.01 3.11 950.80 0.11 0.32
95 1005.00 111.00 4355 1.10 457 889.50 0.06 0.39

106 558.70 2463 110.70 3.21 410 1591.00 0.03 0.24
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e) DQ scoria (< 0.8 mm)

t (day) Mn Fe Ni Cu Zn As Cd Pb
0 11.55 36.11 639.60 489.80 737.40 919.70 1.75 76.28
1 248.00 16.82 413 550 3.85 4.58 1.32 0.27
2 210.00 4.86 14.67 15.05 2.81 4.51 0.46 0.43
4 7467 8.99 26.86 27.58 17.02 5.33 0.79 0.84

8 424.30 13.73 43.99 27.86 12.06 23.10 0.42 0.69
11 1255.00 20.35 40.76 46.28 8.52  20.01 0.47 0.39
15 774.30 18.59 45.04 2412 12.73 92.41 0.12 0.99
17  567.10 70.49 63.35 19.20 14.41 206.60 0.08 0.80
22 543.50 44.23 59.02 15.37 10.17 122.00 0.12 0.75
31 1596.00 82.73 57.67 1154 7.74 525.30 0.07 0.53
36 1458.00 78.09 48.88 4.27 3.74 687.70 0.07 0.25
46 1546.00 72.80 4797 6.45 10.67 539.60 0.36 2883
50 1228.00 31.26 38.94 6.75 11.10 661.70 0.71 26.24
58 1775.00 37.70 4168 459 910 723.70 0.14 6.21
71 1280.00 17.03 31.38 3.46 6.77 630.10 0.05 2.30
85 2135.00 65.82 3128 372 511 1166.00 0.18 1.10
95 1321.00 31.52 30.66 3.27 4.91 1112.00 0.07 0.67

106 1175.00 47.29 2646 1.56 251 1340.00 0.05 0.27

f) EBF laterite

t (day) Mn Fe Ni Cu Zn As Cd Pb
0 11.55 36.11 639.60 489.80 737.40 919.70 1.75 76.28
1 1234.00 10.98 4430 2.89 38.41 1.53 2.18 0.58
2 2252.00 9.13 7594 580 3144 1.39 1.28 0.35
3 1898.00 4.33 4496 17.18 4.71 1.70 1.57 0.40
4 1039.00 4.50 12.02 2148 4.71 1.93 2.31 0.50

oo

211.20 5.33 38.66 28.99 9.81 8.40 0.20 0.73
11 1395.00 6.51 48.41 55.93 8.40 9.04 0.23 0.37
15 902.50 9.04 51.64 20.91 15.67 18.03 0.21 0.97
17 1393.00 45.60 62.71 18.28 8.88 23.91 0.12 0.78
22 1880.00 60.08 70.07 15.05 13.31 58.39 0.13 1.01
31 1143.00 54.69 66.95 6.30 440 32240 0.08 0.79
36 917.30 33.69 5920 3.86 255 597.90 0.04 0.34
46 458.80 18.93 53.93 491 426 423.00 0.12 66.61
50 1512.00 42.86 4272 4.60 3.08 568.60 0.24 2.08
58 1310.00 83.13 36.71 6.32 3.04 793.10 0.08 1.60
71 1181.00 56.84 4540 451 728 65520 0.05 0.86
85 1426.00 10.46 3512 2.60 7.49 1751.00 0.16 0.52
95 1444.00 22.50 3321 541 718 91890 0.07 0.30

106 1112.00 29.16 52.08 2.63 4.75 1135.00 0.04 0.35
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g) QTZ sand

t (day) Mn Fe Ni Cu Zn As Cd Pb

0 1155 36.11 639.60 489.80 737.40 919.70 1.75 76.28
1 426.10 54490 118.60 47.13 50.86 19.42 5.82 0.32
2 157.60 19.67 12430 64.25 3.68 106.00 0.42 0.72
3 88.75 19.09 110.60 69.45 3.28 333.40 2.27 0.72
4 47.20 24.27 72.36 79.77 56.09 707.90 2.00 1.05
8 16.44 17.94 158.00 30.79 12.67 1661.00 0.26 0.88
11 10.47 25.91 134.60 35.49 1218 1144.00 0.20 0.75
15 11.91 17.57 188.50 30.26 10.09 1500.00 0.18 1.18
17 16.14 19.04 211.20 26.43 9.98 1430.00 0.09 1.16
22 20.33 16.60 226.10 32.35 15.68 1303.00 0.14 1.01
31 36.59 20.04 21550 18.81 5.44 1162.00 0.09 1.09
36 43.83 14.36 182.70 8.69 3.63 919.70 0.04 0.85
44  34.08 2625 114.00 7.58 9.38 867.30 0.05 14.98
46  34.53 38.00 11580 6.42 4.55 914.90 0.72 25.46
50 31.04 20.45 11250 14.62 4.23 767.30 0.29 217

58 46.31 13.92 100.00 842 4.18 882.00 0.07 1.05
71 33.35 3227 111.00 7.35 3.10 1117.00 0.04 0.66
85 59.31 9.86 473.80 17.48 5.34 1592.00 0.19 0.51

95 44.70 21.98 408.00 12.11 20.20 3741.00 0.12 0.97
106 50.16 4232 12840 6.88 6.73 1555.00 0.05 0.79
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Appendix 10. Desorption of heavy metals from the used media after a modified Leaching test (DIN 38414-S4) (mg/kg).

Sample Al Cr Mn Fe Ni Cu Zn As Mo Cd Pb
KVA 58.79 0.05 18.50 40.15 0.74 0.79 2.35 0.11 0.21 0.14 0.08
KVAO0-5 63.34 0.13 6.42 37.02 58.14 31.12 37.42 65.08 1.14 0.22 2.58
KVA5-15 37.26 0.07 11.88 35.55 18.59 5.38 11.31 12.44 0.28 0.09 1.06
KVA 15-25 43.38 0.12 19.51 78.72 10.83 1.62 3.63 4.90 0.26 0.05 0.31
KVA25-30 57.54 0.10 16.15 59.81 4.59 1.09 3.96 4.64 0.12 0.06 0.28
PYCO0-10 15.15 0.03 7.58 6.07 24.52 7.70 15.69 26.34 0.24 0.06 0.34
PYCO0-20 17.59 0.04 9.87 6.41 55.96 18.85 27.37 40.90 0.71 0.11 0.56
PYC20-30 178.13 0.13 8.65 75.96 6.87 5.11 7.67 4.46 0.09 0.06 0.46
DQ 41.18 1.09 2.97 18.08 0.31 0.40 1.17 0.06 0.12 0.24 0.08
DQO-5 39.56 0.04 37.68 16.24 44 .14 27.40 12.35 72.12 0.58 0.08 0.61
DQ5-15 13.82 0.04 58.94 8.61 45.14 55.62 10.75 54.70 0.40 0.06 0.35
DQ15-25 7.81 0.04 19.61 5.19 16.21 9.90 4.77 21.82 0.30 0.06 0.16
DQ25-30 20.84 0.06 26.68 12.87 3.36 1.49 2.41 10.66 0.12 0.05 0.12
EBF 157.00 1.83 66.94 122.74 1.20 0.30 0.87 0.06 0.10 0.37 0.08
EBFO0-15 21.54 0.05 175.98 18.16 33.40 20.78 5.35 44.88 0.46 0.06 0.25
EBF15-25 22.30 0.05 156.58 23.38 9.28 2.93 2.10 19.52 0.20 0.09 0.19
EBF25-30 14.46 0.04 145.80 11.59 1.49 1.05 0.87 13.42 0.15 0.04 0.06
QTZ0-5 5.92 0.03 4.75 3.67 46.18 16.89 21.90 33.38 0.54 0.07 0.54
QTZ5-15 8.45 0.03 7.05 4.44 36.42 17.33 15.69 26.26 0.32 0.06 0.48
QTZ15-30 4.99 0.02 7.48 2.56 28.42 7.30 14.17 26.52 0.26 0.05 0.26
MnRO-5 8.47 0.03 564.20 4.50 7.71 13.08 1.55 23.60 7.23 0.04 0.19
MnR5-15 6.62 0.09 48.08 3.57 1.10 2.84 1.20 15.33 9.32 0.05 0.11
MnR15-25  9.65 0.12 68.74 5.00 0.25 0.42 1.12 1.25 0.94 0.05 0.09
MnR25-30  1.81 0.13 6.11 1.59 0.21 0.44 1.29 0.22 0.25 0.04 0.08
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Appendix 11. Comparison of the BCR three-stage sequential extraction results for evaluating fractionation of heavy metals in the

column sludge (mg/kg).

Sample Fraction Ni Cu Zn As Pb Mo Cd Al Cr Fe Mn
KVA 0-5 Exchangeable 1027.22 1737.76  2866.33  1044.80 578.52 4.19 6.07 378.42 114.55 2948.89 85.26
KVA 5-15  Exchangeable 282.64 261.54 317.40 229.46 74.16 3.70 10.97 521.30 112.26  2030.06 101.73
KVA 15-25 Exchangeable 161.18 64.93 37.95 99.98 16.22 413 0.88 1454.58 145.20 1939.15 95.56
KVA 25-30 Exchangeable 80.21 29.55 20.78 81.24 8.15 3.58 0.71 1084.26 134.26 2096.61 77.66
KVA 0-5 Reducible 339.02 439.98 980.92 61.27 479.58 20.91 2.03 1927.66 4.82 2590.37 43.55
KVA 5-15  Reducible 46.78 42.60 58.28 31.43 59.60 9.00 0.33 881.65 458 1339.39 23.63
KVA 15-25 Reducible 21.63 26.54 30.38 25.66 13.49 8.36 0.30 383.19 4.82 950.85 9.54
KVA 25-30 Reducible 15.27 20.08 22.43 22.43 8.24 5.84 0.19 547.78 4.62 1054.48 6.41
KVA 0-5 Oxidizable 44.08 67.39 88.34 14.90 72.78 12.90 0.14  3270.33 38.56 1823.03 31.60
KVA 5-15  Oxidizable 16.28 13.18 26.33 9.26 24.28 9.17 0.02 1092.00 47.41 790.55 19.49
KVA 15-25 Oxidizable 8.16 9.34 17.40 8.72 8.16 7.61 0.02 699.17 41.22 890.14 13.22
KVA 25-30 Okxidizable 4.85 9.75 16.40 6.52 5.98 7.28 0.02 625.78 44.37 700.19 19.60
Pycd 0-10  Exchangeable 652.97 938.87 1302.02 711.42 294.16 3.97 1.65 846.54 119.84 3137.44 85.68
Pycd 10-20 Exchangeable 295.93 359.07 434.42 317.87 102.52 3.20 0.75 1194.17 136.98 2749.49 66.60
Pycd 20-30 Exchangeable 99.88 60.92 10.50 49.77 6.50 2.92 0.77 2147.27 122.08 1686.38 51.96
Pycd 0-10  Reducible 161.81 168.33 338.10 27.95 240.46 4.64 0.48 2867.67 3.98 2113.77 47.42
Pycd 10-20 Reducible 37.83 45.20 50.97 21.85 56.73 4.17 0.29 2624.55 3.82  1909.51 55.50
Pycd 20-30 Reducible 14.15 19.62 17.31 13.31 6.76 2.69 0.25 2140.89 2.69 999.08 34.62
Pycd 0-10  Oxidizable 18.57 24.25 33.71 5.06 14.42 5.79 0.02 3303.05 41.33 607.30 15.14
Pycd 10-20 Oxidizable 6.70 14.79 15.19 4.72 7.06 7.52 0.02 2434.38 42.38 505.59 13.50
Pycd 20-30 Oxidizable 5.23 24.85 14.88 5.82 4.23 5.75 0.02 1978.12 37.44 546.77 35.50
Pyc 0-10 Exchangeable 782.28 983.08 1295.11 771.68 338.11 3.95 1.77 928.37 150.79 3511.76 58.61
Pyc 10-20 Exchangeable 579.89 649.23 912.30 698.63 230.24 3.10 1.03 2559.23 143.12  3943.37 158.57
Pyc 20-30 Exchangeable 218.20 162.68 183.14 198.09 56.65 2.82 0.75 2486.72 146.53 2710.03 73.08
Pyc 0-10  Reducible 164.82 161.38 296.92 24.45 165.73 2.79 0.51 2815.17 3.63 1912.99 34.21
Pyc 10-20 Reducible 62.15 78.32 106.34 23.35 92.18 2.51 0.31 5634.19 3.59 1839.77 58.02
Pyc 20-30 Reducible 18.40 27.32 25.63 14.08 23.51 2.16 0.23  3149.39 3.19  1354.08 38.67
Pyc 0-10 Oxidizable 24.22 31.79 48.67 4.94 13.71 6.04 0.02 3062.80 48.46 758.95 22.13
Pyc 10-20  Oxidizable 15.58 33.37 27.89 5.63 10.60 6.21 0.02 6156.82 45.65 897.07 23.89
Pyc 20-30  Oxidizable 7.09 18.02 16.38 4.62 6.99 6.15 0.02 3137.33 52.12 656.53 19.29
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Comparison of the BCR three-stage sequential extraction results for evaluating fractionation of heavy metals in the column sludge
(mg/kg). Contd.

Sample Fraction Ni Cu Zn As Pb Mo Cd Al Cr Fe Mn
DQ 0-5 Exchangeable 177455 1369.75 2535.28 866.05 309.00 3.86 420 6588.42 149.62 10851.55 965.65
DQ 5-15 Exchangeable 977.93 1057.86 1573.27 774.92 265.20 3.50 1.27 3321.35 150.32 9521.72 830.85
DQ15-25 Exchangeable 568.76 432.69 625.60 407.75 115.14 3.21 0.93 3562.43 151.98 12555.36 792.38
DQ 25-30 Exchangeable 188.88 83.31 89.80 109.74 18.28 3.17 0.85 3467.23 154.16  5357.58 629.77
DQ 0-5 Reducible 291.24 233.46 395.57 184.27 216.43 10.05 1.08 10373.41 21.37 23649.23 443.78
DQ 5-15 Reducible 152.42 139.02 213.21 91.98 146.98 4.82 0.40 6575.59 12.96 13433.78 289.51
DQ 15-25 Reducible 109.69 64.85 88.11 83.18 84.67 3.54 0.32 4864.66 15.72 16395.61 243.77
DQ25-30 Reducible 54.85 25.20 34.29 32.30 14.34 2.46 0.32 2488.57 10.99 9697.83 178.84
DQ 0-5 Oxidizable 89.64 51.29 61.44 13.48 83.69 4.04 0.02 9073.30 64.49  4398.30 157.57
DQ 5-15 Oxidizable 39.94 32.41 40.43 6.76 38.32 4.93 0.02 6093.64 46.76  2872.59 105.12
DQ 15-25 Oxidizable 30.33 18.70 26.61 6.90 22.14 3.90 0.02 3742.09 54.27 3422.22 65.73
DQ 25-30 Oxidizable 16.91 11.27 16.53 3.24 7.72 3.07 0.02 1731.79 58.94  2200.77 50.63
EBF 0-15 Exchangeable 1111.66 1154.30 1427.13 856.17 353.54 3.01 1.95 1739.76 143.41  9520.14 2143.79
EBF 15-25 Exchangeable 505.43 402.67 489.23 277.88 110.60 2.92 1.10 1529.48 157.05 5448.99 1727.41
EBF 25-30 Exchangeable 145.16 56.93 35.08 125.18 20.85 2.65 0.82 2211.72 164.87 10798.36 1686.54
EBF 0-15  Reducible 216.53 192.96 336.41 193.98 229.74 2.29 0.56 4623.64 10.00 15159.81 656.38
EBF 15-25 Reducible 77.66 81.13 101.84 123.11 110.92 1.73 0.40 3986.87 10.31 13830.99 486.49
EBF 25-30 Reducible 17.61 27.19 37.23 78.65 21.05 1.46 0.21 2493.66 7.66 25826.64 1148.18
EBF 0-15  Oxidizable 58.33 48.28 66.98 14.51 66.26 5.05 0.02 6590.93 50.21  2725.94 94.23
EBF 15-25 Oxidizable 17.52 17.93 30.98 9.14 30.11 5.08 0.02 4650.94 57.61 2002.78 67.21
EBF 25-30 Oxidizable 3.79 9.35 17.47 5.54 10.17 5.47 0.02 2606.66 44.46  1600.23 45.03
Qtz 0-5 Exchangeable 782.99 1104.29 1278.73 664.74 349.37 3.58 2.11 511.12 163.32 3338.84 43.99
Qtz 5-15 Exchangeable 598.79 771.23 831.54 543.48 233.92 3.04 1.17 437.25 155.60 3155.55 46.29
Qtz 15-30 Exchangeable 545.58 544.56 675.13 553.56 192.69 2.47 0.93 403.86 143.66  3028.46 48.13
Qtz 0-5 Reducible 196.83 206.72 438.03 37.52 198.97 9.60 0.74 1228.17 3.72 1875.97 24.59
Qtz 5-15 Reducible 121.00 117.64 213.95 24.50 126.80 4.30 0.30 1037.48 3.83 1804.75 9.73
Qtz 15-30 Reducible 107.86 90.67 172.65 31.30 104.17 2.51 0.26 1162.63 4.05 2046.47 11.68
Qtz 0-5 Oxidizable 20.13 32.04 60.64 3.74 16.41 4.58 0.02 1392.48 45.29 584.94 9.01
Qtz 5-15 Oxidizable 7.81 11.78 19.59 2.54 6.36 3.23 0.02 762.48 43.37 377.45 5.28
Qtz 15-30  Oxidizable 6.57 11.72 17.68 2.73 6.73 2.86 0.02 791.42 38.71 429.93 5.11
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Comparison of the BCR three-stage sequential extraction results for evaluating fractionation of heavy metals in the column sludge
(mg/kg). Contd.

Sample Fraction Ni Cu Zn As Pb Mo Cd Al Cr Fe Mn
Dq08 0-5  Exchangeable 2067.14 2498.32 3818.32 1167.10 425.15 2.85 490 6337.80 144.59 14309.72 1367.39
Dq08 5-15 Exchangeable 328.41 172.03 205.22 243.69 15.52 3.00 1.16  9546.43 173.51 18499.28 1569.74
D08 15-30 Exchangeable 1011.82 849.54 1066.44 514.59 102.64 2.46 1.40 7757.28 146.33 20380.74 1687.25
Dq08 0-5  Reducible 394.72 316.26 532.52 251.05 427.56 2.10 1.08 11386.13 28.50 36510.48 645.01
Dq08 5-15 Reducible 135.00 48.58 76.67 87.05 20.36 2.15 0.77  7544.80 24.78 34932.01 579.89
D08 15-30 Reducible 230.55 135.29 176.95 157.60 133.65 1.01 0.33  9908.58 29.49 36783.18 627.29
Dq08 0-5  Oxidizable 95.81 57.92 57.75 18.20 120.83 2.27 0.02 9721.71 52.62 6330.68 120.70
D08 5-15 Oxidizable 38.56 15.57 23.66 5.83 14.49 2.70 0.02 3832.98 5240 4335.12 100.91
D08 15-30 Oxidizable 56.33 30.58 30.16 9.26 44.94 2.18 0.02 6347.43 48.79  3426.39 90.74
MnR 0-5 Exchangeable 2443.44 2102.83 3833.68 2348.73 15.63 0.36 18.04 11126.62 115.20 1228.99 2443.44
MnR 5-15  Exchangeable 565.50 321.67 1239.68 625.90 1.22 0.36 6.76  7731.98 124.73 240.90 565.50
MnR 15-20 Exchangeable 15.73 8.61 11.16 85.44 0.09 0.36 0.18 12114.94 120.81 16.59 15.73
MnR 20-30 Exchangeable 10.62 7.33 7.38 23.79 0.19 0.38 0.19 13150.15 129.23 21.15 10.62
MnR 0-5 Reducible 555.97 778.85 913.08 1854.53 167.32 7.25 14.41 12499.77 32.36 30766.79 555.97
MnR 5-15  Reducible 635.05 1027.21 1519.82 801.35 44.68 31.62 33.24 17523.42 16.13 43700.90 635.05
MnR 15-20 Reducible 508.43 783.93 2256.05 132.78 6.81 33.17 51.46 19826.97 12.01 52818.72 508.43
MnR 20-30 Reducible 382.19 618.47 1942.65 41.09 3.57 23.60 47.67 22912.75 9.12 61470.48 382.19
MnR 0-5 Oxidizable 9.79 37.12 174.16 18.60 135.41 5.29 0.91 892.23 34.65 709.87 1313.83
MnR 5-15  Oxidizable 40.54 79.37 54.41 34.86 499.64 16.76 0.81  4828.47 68.83 1428.38 1665.77
MnR 15-20 Oxidizable 1.93 34.52 24.83 14.31 85.31 34.45 0.02 6872.87 36.87 1098.22 3494.49
MnR 20-30 Oxidizable 0.99 28.63 22.05 6.55 48.23 33.36 0.02 6309.23 39.47 915.62 3594.54
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The drinking water quality of the southern margins of Addis Ababa is a crucial
problem at present day. Dissolved and suspended particulate matter (SPM) bound
Cu, Zn, Ni, As, Pb, Mn, and Fe are common pollutants in surface and ground-
water. Drinking water contaminated by these heavy metals and some other in-
organic pollutants such as nitrates account for high rate of health hazards.

This work (1) presents results of the hydrochemical characterization of surface and
groundwater in the Akaki Sub-basin and (2) evaluates an innovative approach for
removing heavy metals from polluted water using natural materials. Local materi-
als such as DQ scoria, KVA volcanic ash, EBF laterites, MnR sediment and PYC
pyroclastic were tested. Water quality data shows that dissolved concentrations
of Mn, Fe, Zn, and Pb in groundwater are at the critical limit of the US EPA MCL
while surface water show elevated Mn, Fe, and Ni exceeding the limit. Most water
samples have higher concentration of U well above the critical limit. Comparison of
SPM bound concentrations of Cu, Pb and Zn with the LAWA classes indicates that
groundwater samples are moderately to strongly contaminated whereas surface
water samples show moderate contamination. The removal capacities of the filter
media for dissolved and SPM bound Cu, Zn, Ni, As, and Pb show that the average
retentions of Cu, Zn, and Pb were above 90%. However, Ni retention was variable
(69-98 %) depending on the filter substrate used. Arsenic was poorly retained by
all media except MnR sediment (97%), DQ scoria and EBF laterite (50%). Remo-
val mechanisms of Zn, Cu and Ni mainly involve weak sorption and surface preci-
pitation on the filter media and/or montmorillonite. Overall, the project adequately
demonstrates the potential applicability of natural materials and their weathering
products as filter media, and it appears that the filter media are appropriate for
testing at a larger scale.






