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ABSTRACT

Agricultural application of sewage sludge is an effective disposal method as it is
beneficial to agricultural productivity. However, there is need to regularly monitor
levels of heavy metals in sludge. Such monitoring is currently lacking in our sewage
treatment plants-thereby, leading to informal use of sewage sludge in agriculture and
lack of quality control. Furthermore, there is an absence of locally available
technologies for heavy metal removal. Conventional processes for heavy metal
removal such as chemical precipitation and membrane filtration are too expensive,
require technologically advanced systems, are difficult to maintain, require a lot of
expertise and are therefore not locally accessible. Heavy metals have adverse effects
on human life when consumed. There is therefore need to come up with affordable,
innovative technologies that can be locally used to remove heavy metals from sewage
sludge used in agriculture. This study used phytoextraction, a phytoremediation
process in which certain plants have the ability to absorb toxic contaminants from a
soil matrix, to remove heavy metals from sewage sludge. The objective was to
investigate the potential of heavy metal phytoextraction in sewage sludge using
sunflower. The sewage sludge was obtained from Dandora and Kariobangi
Wastewater Treatment Plants. The experimental set up was in three sets. The first
containing soil and Kariobangi sewage sludge mix in the ratio 1:1. The second
containing soil and Dandora sewage sludge mix in the ratio 1:1. The third set contained
100% soil which served as the control experiment. Sunflowers were grown in each of
the sets and heavy metal levels were monitored in the plant roots, shoots and soil
sludge mixes for a period of four months using atomic absorption spectroscopy. After
the four months, cadmium levels in the sewage sludge were reduced by 84%,
manganese by 91%, copper by 85%, lead by 89% and zinc by 84%. The stated heavy
metals were all brought down to levels acceptable for garden soil. This proved that
sunflower phytoextraction is a technology that can be assimilated in wastewater
treatment plants to ensure safe agricultural use of sewage sludge. However, this should
be done with keen analysis so as to avoid depleting the sludge of useful nutrients as
the heavy metals are absorbed. Hence, further study should be done to determine the
appropriate density of sunflower plants that should be planted on a given quantity of
sewage sludge during the phytoextraction process.

xi



CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

Use of sewage sludge as fertilizer can be traced as far back as 1550 in Bunzlau, Germany
(Epstein, 2003). In the 1980’s American sewage sludge used to be dumped into the
Atlantic and Pacific Oceans. Later, scientists discovered that the practice was killing
marine life. This led Congress to ban ocean dumping, forcing the country to find an
alternative method for disposing sewage sludge. The result was sewage sludge application
to land as fertilizer (“The Commercialization of Sewage Sludge,” n.d.). This mode of
sewage sludge disposal has proven to be the most effective as it maximizes bulk reduction
of disposable sewage sludge and also offers a significant benefit from the valuable nutrient

and organic matter contained in sludge for crop production (Smith, 2011).

Currently, sewage sludge is used as fertilizer in western countries in the form of bio solids,
which is sludge that has been processed for agricultural reuse. Locally, unprocessed
sewage sludge is used by farmers to supplement the use of chemical fertilizers or for total
replacement. This unregulated use of sewage sludge in agriculture may result in heavy
metal soil contamination. Heavy metals in sewage are mainly as a result of industrial
effluents. The heavy metals accumulate in the soil, get into the food chain and eventually
in human and animal bodies leading to several health effects and even death (Muhammad,
2015; U.S. EPA., 1998b).

Several recent studies have been carried out to quantify heavy metal levels in sewage
sludge and effluents from Kenyan wastewater treatment plants. The results indicate
staggering high levels of heavy metals. Sewe (2008), revealed that final effluents from
Dandora Wastewater Treatment Plant contained cadmium, manganese and lead levels
above the Kenya guideline standards of 0.01, 0.2 and 0.01 mg/L respectively. In his study,
cadmium ranged from 0.025 to 0.033 mg/L, manganese concentrations were from 0.085
to 0.748 mg/L and lead concentrations were between 0.083 and 0.332 mg/L. A study by



(Maina, 1984) from the University of Nairobi, Kenya, showed that chromium, titanium,
nickel, zinc, lead, gallium and rubidium were present in sewage sludge samples from
Kariobangi Wastewater Treatment Plant in excess of safe levels. Mulamu (2014),
discovered high levels of lead, mercury and cadmium contamination in soils obtained
from the environs of Dandora Wastewater Treatment Plant. Nduta (1992), determined that
extremely high levels of zinc, copper, lead, cadmium and mercury were present in sewage
sludge from sewage treatment sites in Kariobangi, Dandora, Kiambu, Limuru, Kiserian
and Ngong. These high heavy metal levels justify the urgent need to seek methods of

heavy metal removal in sewage sludge before application in agriculture.

Conventional techniques used to remove heavy metals are generally expensive, require
complex systems and advanced technical know-how. It has been estimated that the overall
cost to remediate soils contaminated with heavy metals in European cities costs between
€59 and €109 billion. This is in an estimated 52 million hectares of land (Pueke &
Rennenberg, 2005). There is a need for alternative, cheaper, easily adoptable and effective
methods to clean up heavy metals. This can be achieved by a relatively new green
technology called phytoextraction, which has been demonstrated by several studies to
have the potential of removing heavy metals from soils using plants such as sunflower
(Dushenkov & Kapulnik, 2000). Phytoextraction and other phytoremediation methods are
estimated to be 50-80% cheaper than other methods of remediation (Salt et al., 1995).

During phytoextraction, the plants absorb contaminants through their roots and store them
within their roots or transport them into their shoots. The plant continues to absorb
contaminants from the soil until it is harvested and disposed of in a hazardous waste
landfill. After harvest the soil contaminant levels are brought down. The process may be

repeated as necessary to bring the contaminant levels to acceptable levels.

New approaches have been developed to enable phytoextraction to be a self-sustaining
economic venture. This is through processes such as phytomining, whereby the by-

products of phytoextraction are used to recover heavy metals (Elekes, 2014).



1.2 PROBLEM STATEMENT

While the use of sewage sludge in agriculture may be the best method of disposal, there
is a need to regularly monitor the levels of heavy metals in sludge. Such monitoring is
currently lacking in our sewage treatment plants leading to informal agricultural use of

sewage sludge and a lack of proper quality control (Sushanta et al.,2017).

Furthermore, there is an absence of locally available technologies for heavy metal removal
from sewage sludge. Conventional processes for heavy metal removal such as chemical
precipitation and membrane filtration are too expensive, require technologically advanced
systems, are difficult to maintain, require a lot of expertise and are therefore not suited for
local use (Epstein, 2003; Jama, 2012).

Exposure to heavy metals leads to high health risks including reduced infant growth and
development, cancer, organ damage, nervous system damage, and in extreme cases, death
(Mahurpawar et al.,2015). There is therefore a need to develop affordable innovative
technologies that can be locally used to remove heavy metals from sewage sludge used in
agriculture. This study sought to explore the potential of using sunflower phytoextraction
technology to reduce levels of heavy metals in sewage sludge before application in

agriculture as a manure.
1.3STUDY OBJECTIVES

1.3.1 General objective

To investigate the potential of heavy metal phytoextraction in sewage sludge using
sunflower.

1.3.2 Specific objectives

e To identify and quantify heavy metals present in sewage sludge samples before and
after phytoextraction.

e To identify and quantify heavy metals in the sunflower plants roots and shoots before
and after phytoextraction.



e To assess the efficiency of sunflower phytoextraction in removing heavy metals from

sewage sludge.

e To indicate the availability of plant nutrients in the sewage sludge after

phytoextraction.

1.4 JUSTIFICATION OF THE STUDY

The study addressed the absence of affordable technology that can be used locally to
remove heavy metals from sewage sludge used in agriculture. Exposure to heavy metals
poses high health risks (Mahurpawar et al.,2015). By quantifying the extent to which
sunflower can be used to extract heavy metals from sewage sludge, a way can be found
for safe use of sewage sludge in agriculture. Additionally, by addressing this absence of
technology, the study adds to the body of knowledge of heavy metal extraction in Kenya.
Major beneficiaries of the results of this study include local wastewater treatment plants
who can employ these results to develop systems of on-site remediation of sewage sludge

at a low cost, with minimal technological requirements, expertise and maintenance.

Researchers will also benefit from findings of this study as it will form a background for
future related studies. Policy makers can also use the findings and recommendations of

this study to formulate policies on sewage sludge heavy metal management in Kenya.



CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

Phytoextraction also known as phytoaccumulation is a phytoremediation process that uses
plants to remove heavy metal contaminants from the soil. All plants absorb water and
heavy metals from the soil that are essential for their growth and development. Such heavy
metals include iron, zinc, manganese and molybdenum. However, excessive accumulation
of heavy metals is toxic to most plants. The plants used for phytoextraction are called
hyperaccumulators. These are plants that absorb unusually large amounts of heavy metal
contaminants in comparison to other plants. This could possibly be for defense purposes,
as excess metal accumulation can protect plants from certain natural enemies such as
pathogens and herbivores to whom the accumulated metals would have a toxic effect
(Muhammad, 2015).

During phytoextraction, the plants absorb heavy metal contaminants through their roots
and store them within their roots or shoots. The plant continues to absorb these
contaminants from the soil until harvest. After harvest, the soil contaminant levels are
brought down. The harvested plants are usually incinerated with the ash disposed of in a
hazardous waste landfill. The phytoextraction process may be repeated as necessary to
bring the contaminant levels down to allowable limits (Abdu et al., 2011; Dushenkov &
Kapulnik, 2000).

With the increased advocacy for green technology, recent studies have shown that the
harvested sunflower residue from phytoextraction can be used in phytomining,
biofumigation, energy production and paper production (Cornelis et al., 2011; Delplanque
et al.,, 2013; Gomes, 2012). Pairing sunflower phytoextraction with such ventures

increases the economic viability of this technology.



2.2 PHYTOEXTRACTION MECHANISM

For a plant to extract heavy metals from soil the following processes take place:

e The metal is dissolved and chelated into a substance that the plant can absorb;
e The plant roots absorb the heavy metal;

e The plant moves the chelated metal to storage;

e The plant adapts to damages caused by the metal’s transportation and storage
(Rascioa & Navari, 2011).

These processes are explained in detail in section 2.2.1, 2.2.2 and 2.2.3.

2.2.1 Dissolution and root absorption

Metals cannot be taken into an organism while in their normal state. The metals need to
be dissolved into an ionic solution so as to enable mobility in the organism. Once the metal
is mobile, it is transported over the root cell wall. Plant roots facilitate this process by
secreting substances such as organic acids that capture, chelate the metal and transport the
metal into the root. Chelation is a process whereby a metal is surrounded and chemically
bonded to an organic compound. The chelator serves as a case to conceal the hazardous
nature of the metal from the rest of the plant. This is a way that a hyperaccumulator
protects itself from the toxic effects of poisonous metals (Tangahu et al., 2011).

2.2.2 Root-to-shoot transport

The root-to-shoot transportion of heavy metals in hyperaccumulators is strongly regulated
by advanced gene expression. This advanced gene expression speeds up the root-to-shoot
transport process thereby limiting the amount of time the metal is exposed to the plant

systems before storage (Laghlimi et al., 2015).

2.2.3 Storage

The systems that transport and store heavy metals are the most critical systems in a
hyperaccumulator because the heavy metals will damage the plant before they are stored.


https://en.wikipedia.org/wiki/Cell_wall

Often in hyperaccumulators the heavy metals are stored in the roots and shoots
(Dillalogue, 2014).

2.3 PLANT SELECTION CONSIDERATIONS FOR PHYTOEXTRACTION

For a plant to be used in heavy metal phytoextraction, it has to be a heavy metal

hyperaccumulator. The properties that qualify a plant as a heavy metal hyperaccumulator

include an enhanced rate of heavy metal uptake, a fast root-to-shoot translocation and a

great ability to detoxify heavy metals through chelation (Rascioa & Navari, 2011). In

addition, plants suited for phytoextraction should possess a high tolerance to metals, a

high metal storage capacity and should be easily harvestable (Muhammad, 2015).

Plants that have been used in previous studies for heavy metal phytoremediation include:

A tea herb, Orthosiphon stamineus B. which was used for phytoextraction of heavy
metals in soils amended with sewage sludge. A decrease in the concentrations of
cadmium, chromium, zinc, copper and lead was observed in the amended soils after
phytoextraction. The reduced levels were 0.13 ppm for cadmium, 24.30 ppm for
chromium, 252.04 ppm for zinc, 5.96 ppm for lead and 18.56 ppm for copper (Abdu
etal., 2011).

A water cabbage, Pistia stratiotes used by (Abubakar et al., 2014) to study
remediation of waters that had been polluted with heavy metals. The plant was grown
in high concentration solutions of lead, nickel and chromium for 21 days before being
harvested. After heavy metal analysis using atomic absorption spectroscopy, it was
observed that uptake of the heavy metals had exceeded 300 times over what is

obtainable in normal plants.

An anchored hydrophyte, Hydrocotyle umbellata L. that was used by (Khilji &
Bareen, 2008) for the removal of toxic metals from tannery sludge effluent.
Hydrocotyle umbellata L. showed a good tolerance for prepared concentrations of

wet tannery sludge. The plants were harvested after 30, 60 and 90 days. Accumulation



of toxic metals in the plants was observed to have significantly increased, with a

higher amount observed in the roots than in the shoots.

e The willow, Salix viminalis L. was used by (Jama & Nowak, 2012) in purifying
sewage sludge treated soils. In the study, it was realized that willow could accumulate

ten times more cadmium than was the concentration in sewage sludge or soil.

e Water hyacinth was used by (Kulkarni et al., 2007) in reducing heavy metal content
in textile processing effluent. He reported 25% - 45% reduction of heavy metal
content.

Plant species used in phytoextraction are also selected based on their root depth, nature of

the soil and contaminants as well as the regional climate (Laghlimi et al., 2015). The root

depth directly impacts the depth of remediation. Root depth varies depending on the type

of plant, soil structure and soil depth.

Sunflower is the name for a genus comprising of about 70 flowering plant species. The
name is commonly used in reference to the most popular species of sunflower, Helianthus
annuus. It is a perennial plant, characterized by a long stem and a large flowering head.
Sunflowers commonly grow to heights of 2.5 and 3.5 meters, with a rough, hairy stem.
Sunflowers have large, broad, toothed leaves and deep tap roots. They are commonly
grown as a food crop, for oil production and for ornamental purposes (Prasad, 2007;

Wolsey, 2004). The decision to select sunflower for the study was based on the following:

e In 1986 a nuclear explosion occurred at Chernobyl Nuclear Plant in Ukraine.
Extensive radioactive contamination was discovered in areas up to 100km from the
site. In February 1996, a company called Phytotech Inc., embarked on a project to use
sunflower to clean up the contaminants in the soil and water. Mature sunflower plants
were found to remove as much as 95% of toxic contaminants originally in the soil in
as little as 12 days. Subsequently, sunflowers were planted in the affected areas
(Dillalogue, 2014).

e After a devastating earthquake and tsunami struck Japan in March 2011, radiation

leakage in Fukushima nuclear plant led to high quantities of radioactive materials and



other toxins contaminating the soil. Following the nuclear cleanup of Chernobyl,
numerous projects have come up in Japan to recruit people to plant sunflower in the
affected zones. Analysis has shown that the sunflowers have reduced 95% of the
radiation in the soil in just 20 days (Gellerman, 2011).

Scientists at the Centre for Pesticides and Environmental Research, Yugoslavia,
studied growth and uranium uptake in sunflower, soybean and maize crops.
Sunflowers were found to have the fastest growth rate and highest concentration of
uranium, making them an excellent fast-cleaning crop (Jovanovic, 2008).
Sunflowers adapt to a wide variety of soils and climatic conditions.

Sunflowers are one of the best hyperaccumulators. Hyperaccumulators are plants with
the capability to absorb and retain contaminants within their biomass with no harm
caused to the plant (Dillalogue, 2014).

Sunflowers have a high phytoextraction coefficient compared to other species
(Prasad, 2007).

Sunflowers require minimal agricultural maintenance.

Sunflowers have deep tap roots thus resulting in a great depth of heavy metal clean
up.

Sunflowers add aesthetic value as they clean up the soil.

Sunflowers are easy to harvest.

After the first cycle of phytoextraction, the harvested sunflower seeds can be
replanted for future phytoextraction.

The harvested seeds can be used for energy production in the form of biodiesel and
can be used for heavy metal extraction (Diels et al., 2007) thus making it an
economical venture.

The sunflower stalks can be used in energy production in the form of biogas or
combustion within specialized facilities (Cornelis et al., 2011; Gomes, 2012).
Sunflower stalks can be used in paper manufacture (Mcmullen & Mccormack, 1916;
Rudi et al., 2016; Wolsey, 2004; Zavertnik, 1914). Thus making sunflower

phytoextraction a self-sustaining economic venture.



24 PHYTOEXTRACTION AND PLANT NUTRIENT CONTENT

Mineral nutrients that are essential for plant growth are divided into two groups:

macronutrients and micronutrients.

Macronutrients are divided into two more groups: primary and secondary nutrients.
Primary nutrients are potassium, nitrogen and phosphorous. Plants use these nutrients in
large amounts and are essential for plant growth and survival. Primary nutrients are
usually lacking from the soil and therefore fertilization is always needed. Secondary
nutrients are calcium, magnesium and sulfur. They are usually sufficient in the soil

therefore fertilization is not always needed (“Plant Nutrients,” n.d.).

Micronutrients, also known as trace elements, are nutrients that plants require in very
small (micro) quantities for plant growth. Micronutrients are zinc, copper, iron, chloride,

boron, manganese and molybdenum.
The extent to which nutrients are available to plants depends on soil pH and soil texture.

Soil texture refers to the amount of sand, silt, clay and organic matter in the soil. Soil
texture affects the retention of water and nutrients in the soil. Clay and organic soils hold
nutrients and water better than sandy soils. When water drains from sandy soils, it often
carries nutrients along with it, a condition called leaching. When nutrients are leached
from the soil, they are not available for plant use. An ideal soil contains equal portions of

sand, silt, clay and organic matter (“Plant Nutrients,” n.d.).

Soil pH is used as an indicator of the acidity and alkalinity of a soil. It is one of the most
important soil properties that affects the availability of plant nutrients. Macronutrients
tend to be more available in soils with high pH, while micronutrients tend to be more
available in soils with low pH (Mohammad, 2014; Weissert & Kehr, 2017).

Weissert & Kehr (2017) indicate that the favourable soil pH range for plant growth is 6.0
to 6.5. In this pH range, nutrients are readily available to plants at optimum levels. IPNI
Plant Nutrition Today (2010) indicates that ideal soils for plant growth have a pH that is

close to neutral. Neutral soils are considered to fall within the range of pH 6.5 to 7.5. At

10



this pH range, availability of plant nutrients is high. Northeast Region Certified Crop
Adviser Study Resources (2010) indicates that a soil pH of 6.5 is considered the optimum
pH for plant nutrient availability. In this regard, therefore, soil pH can be a useful indicator
of the presence of plant nutrients after phytoextraction. This is an important determination
as during phytoextraction, plants absorb nutrients for their growth as well as the toxins
that need to be extracted. It is necessary to give assurance that the plant nutrients shall not

be depleted by the phytoextraction process.

Samake et al. (2003) found that with appropriate plant combination, nutrient content in
sewage sludge can be maintained at favourable levels after phytoextraction. Thereby,
allowing for good potential in agriculture. Abdu et al. (2010) discovered that nutrient
levels were maintained at favorable levels for plant growth even after phytoextraction on
sewage amended soil. They described suitable pH range for plant growth as between 6.0
to 6.5. Xu et al. (2014) also found that after phytoextraction of sewage sludge and its use
in crop production, plant nutrients in the sewage sludge were found to be more than
sufficient for plant growth. It is therefore possible to maintain adequate plant nutrients in

sewage sludge after phytoextraction and use pH as an indicator of their availability.

2.5 HEAVY METALS

The principal characteristic of heavy metals is that they have an atomic density greater
than 5g/cm?® and an atomic number greater than 20 (Fijalkowski et al., 2012). The most
common heavy metal contaminants include zinc, lead, cadmium, chromium and mercury.

The occurrence of heavy metals is as a result of two main sources:

¢ Natural source: Heavy metals occur naturally in soil from pedogenesis, the process in

which soil is formed from the weathering of parent rock.

e Anthropogenic sources: Anthropogenic sources of heavy metals include human
activities such as smelting, electroplating, mining, sludge dumping, energy and fuel
production. These activities are the major sources of heavy metal contamination
(Laghlimi et al., 2015).
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Heavy metals are divided into two groups. Essential heavy metals and non-essential heavy
metals. Essential heavy metals are also known as micronutrients. These heavy metals are
necessary for plant growth and include iron, zinc, manganese and nickel. Non-essential
heavy metals are not needed for plant growth and include chromium, mercury, lead,
cadmium and arsenic. Essential and non-essential heavy metals are toxic to plants and
animals above specific concentrations for each element. The general effects of heavy

metals on plants are shown in Table 2.1.

Table 2.1: Functions and effects of heavy metals on plant growth

Heavy metals Functions in plants Effects on plants
Reduction of protein
Nickel Constituent of plant production, seed
enzymes germination, enzyme and
chlorophyll production
Copper Enables strong disease Reduced plant growth,
resistance, is an enzyme photosynthesis and
Essential constituent, is involved in reproductive processes
heavy photosynthesis and
metals reproductive processes
Zinc Determines yield and Reduces seed germination

quality of crops, is a
component of various
enzymes and of the cell
membrane, involved in the
reproductive phase

Decreases plant
resistance to fungal
infection, reduced plant

[e\lszzr;ti al Cadmium  No use growth, distorted enzyme

hea activity, decreased plant
" growth and seed

metals

germination
Causes membrane
damage and root damage,

Chromium No use
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Heavy metals Functions in plants Effects on plants

decreases plant growth
and enzyme activity

Lead No use Affects seed germination,
causes reduced biomass
production, inhibits root
and shoot growth and
reduced chlorophyll
production

Source: Laghlimi et al., 2015

The toxicity of heavy metals to animals is as a result of the chemical reactivity of heavy
metal ions with cellular structural enzymes, proteins and the membrane system. The
primary sources of heavy metals to animals include industrial dust and fumes, aerosols,

polluted water and food (Mahurpawar, 2015).
The health effects associated with common heavy metals are given in Table 2.2.

Table 2.2: Health effects associated with common heavy metals

Heavy metal Health effects

Cadmium In humans, long-term exposure to cadmium is associated with renal
dysfunction, obstructive lung disease, bone defects, lung cancer and
increased blood pressure.

Copper Extreme doses of copper leads to fatigue and exhaustion, dry skin,
paranoia, constipation, eating disorders, muscle cramps, anaemia,
nerve damage, varicose veins and haemorrhoids.

Manganese High doses of manganese leads to nausea and vomiting, muscle
weakness, low blood pressure, respiratory distress, cardiac arrest,
urine retention and irregular heartbeat.

Lead In humans exposure to lead can result in problems in the synthesis
of haemoglobin, effects on the kidneys, gastrointestinal tract, joints
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Heavy metal Health effects

and reproductive system, and acute or chronic damage to the
nervous system.

Mercury Mercury poisoning is associated with tremors, gingivitis and/or
minor psychological changes, together with spontaneous abortion
and congenital malformation. Monomethyl mercury causes damage
to the brain and the central nervous system, while foetal and
postnatal exposure have given rise to abortion, congenital
malformation and development changes in young children.

Zinc High doses of zinc leads to nausea, vomiting, muscle cramps and
diarrhoea

Source: Jaishankar et al. ,2014

26 FACTORS AFFECTING HEAVY METAL PHYTOEXTRACTION

Phytoextraction rates are dependent on the phytoavailability of metals in contaminated
soils. Phytoavailability refers to the degree to which contaminants are available for uptake
by the living organisms exposed to them. Plants absorb heavy metals depending on the
fraction that is phytoavailable to them (Chang et al.,, 2014). Factors that affect
phytoextraction include soil properties, plant species and properties of heavy metals.

2.6.1 Soil properties
Soil pH

Soil pH influences the phytoavailability of heavy metals as soil acidity influences metal
solubility and its mobility in the soil solution (Semple et al., 2003). In soils, concentrations
of metal contaminants tend to increase with decreasing pH because of their displacement
from exchangeable sites on solid surfaces due to the increased activity of hydrogen ions.
Therefore, at low pH, metal phytoavailability increases as more metals are released in the
soil solution due to competition with hydrogen ions (Laghlimi et al., 2015; Bhargava et al,

2012). At neutral or alkaline pH, most of the metals in the soil are unavailable to plants.
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This is especially with lead and chromium, as they are rendered immobile (Semple et al.,
2003).

Soil texture

Soil texture reflects on the particle size distribution of the soil and thus the percentage of
fine particles such as clay and oxides (Laghlimi et al., 2015). Particle size distribution
influences the level of metal contamination in a soil. Fine particles (<100um) are more
reactive and have a larger surface area than coarser material. Due to this, finer particles of
a soil contain higher contamination rates. Studies have reported that fine textured soils
contain higher amounts of lead (3889mgkg™) than coarse textured soils (530mgkg™).
Coarser soils are also easily leached by running water than fine soils, thus enabling fine

soils to hold more heavy metals than coarse soils (Sherene, 2010).
Soil organic matter

Soil organic matter has a dominant role in controlling the behaviour of metals in soils.
This is because organic matter can delay both the accumulation and movement of metals
in the soil (Elekes, 2014). An increase in the amount of organic matter in soils, minimizes
the absorption of heavy metals by plants. Soils with high levels of organic matter actively
retains a high concentration of metallic elements (Fijalkowski et al., 2012). Soils with low
organic matter levels are more susceptible to contamination by trace elements (Olaniran
etal., 2013).

Redox potential

Redox potential in soil results from microbial activity which cause oxidation and reduction
reactions (Bolan et al., 2010). These redox reactions convert metal contaminants into less
toxic or non-hazardous compounds which are more stable, less mobile and/or inert. In this
way therefore, microbes play a part on the availability and mobility of metals
(Muhammad, 2015).
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Root zone

Plant organic acids exuded from the roots play a key role in the chelation of heavy metals
in soils, which facilitate the rate of uptake by plants (Shenker et al., 2001). Plant root
absorption rates are also indirectly affected by the weather. This is because weather affects
the amount of water in the environment, and in this case the root zone (Kabata, 2010).
Water is required in the roots zone of plants to dissolve metals into ionic form that can be

absorbed by plants.

2.6.2 Plants species

Plants exhibit a large variation in their metal uptake capabilities (Muhammad, 2015).
Many authors have concluded that mechanisms which may be responsible for plant
species differences in metal uptake include differences in rhizosphere chemistry, xylem
loading of metals and translocation within the plant (Hamon & McLaughlin, 2003).
Rhizosphere chemistry refers to the chelation process. Phytoextraction rates are higher in
plants that exude large quantities of organic acids for chelation. Xylem loading of metals
and their translocation within the plant affects their root to shoot transportation and the
translocation factor. Translocation factor is the ratio of metal concentration in the shoots
to the metal concentration in the roots during phytoextraction. For a plant to be a good
hyperaccumulator, the translocation factor is equal to or greater than one. Implying that
the root to shoot transportation of metals within a good hyperaccumulator plant is faster
and a larger concentration of heavy metals is absorbed and stored than when compared to
a non-hyperaccumulator. Also, the age and growth stage of a plant can affect the uptake
of metals. Plants in their exponential stage of growth absorb the highest quantity of water
and nutrients and are therefore expected to contain more metals (Nouri et al., 2009; Elekes,
2014).
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2.6.3 Heavy metal properties

The forms of occurrence of heavy metals in soil significantly influence their mobility.
That is, whether in ionic form or chemically bonded to the mineral elements of the sample.
The most mobile elements in either forms include zinc, cadmium and molybdenum while
the least mobile are nickel, lead and chromium. Heavy metals that are in ionic form are
more available for absorption by a plant resulting in higher rates of phytoextraction.
(Fijalkowski et al., 2012).

The chemical speciation of heavy metals determines their bioavailability. Chemical

speciation is majorly related to a metal’s bonding strength (Chaney & Oliver, 1996).

2.7 ECONOMIC VENTURES ASSOCIATED WITH PHYTOEXTRACTION

Plants that have been used in phytoextraction contain high levels of contaminants in their
tissues. As a result, the plant residues from the phytoextraction process need to be
appropriately disposed of. For a long time, the only mode of doing this was incineration.
Nowadays, this biomass is increasingly being used in energy production, phytomining,
paper production and biofumigation (Cornelis et al., 2011; Fukuta et al., 2004)

2.7.1 Phytomining

Phytomining is an upcoming environmentally friendly technology of growing heavy metal
hyperaccumulator plants and using their harvested biomass for heavy metal extraction (Ha
et al., 2010). Different methods have been adopted for heavy metal extraction from the

plant biomass. These processes include:

e Thermal treatment: During thermal treatment, the organic matter from biomass is
incinerated and the metals remain in the ash as oxides which can be recovered by

flotation, ion exchange or magnetic field procedures (Elekes, 2014).
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e Electrochemical processes: Electrochemical processes uses electrolysis for the
extraction of heavy metals. In this way, this method allows for the selective recovery
of metals, as each metal has a specific ion discharge potential (Fukuta et al., 2004).

e Hydrometallurgical processes: This is a complex chemical process which entails the
use of chemicals for ash leaching. The solutions obtained after leaching are purified,

concentrated and can be processed to extract metal ions of interest (Elekes, 2014).

Phytomining can be paired with phytoextraction so as to make use of the harvested
biomass. The extracted metals can be used in various industries for tanning, production

of alloys, manufacture of defense explosives, batteries and paints (Fukuta et al., 2004).
2.7.2 Energy production

A study conducted by Diels et al. (2010) looked into the pairing up of energy crop
production with phytoremediation. Findings from the study indicated that the seeds from
oil crops such as rape seed, maize and sunflower can be used for biodiesel production in
specialized facilities after phytoremediation. Additionally, the plant biomass can be

incinerated, gasified and anaerobically digested to produce energy.

Delplanque et al. (2013) conducted a study on the behaviour of metals after the
combustion of leaves and shoots of Salix, which had been grown and used in
phytoremediation. The authors concluded from the study that the combustion of biomass
after phytoremediation reduced the waste volume, therefore a useful mode of waste
management after phytoremediation. The residue from this process is deposited in a

hazardous land fill.

2.7.3 Paper production

Several authors have investigated the option of using phytoextraction plant residue in

paper production. The results indicate successful applications especially if the dried plant

18



stalks are woody and containing substantial amounts of cellulose (Rudi, 2016; Wolsey,
2004).

2.7.4 Biofumigation

Published research results show that the accumulation of heavy metals in plants can
stimulate the synthesis of glucosinolates (GLS). GLS is an organic compound containing
sulphur. The product of their enzymatic degradation called isothiocyanates exhibit
biocidal properties which are used in biofumigation. This can be used to combat bacteria,
parasites and fungi attaching crops (Piekarska et al., 2011; Rios, 2017).

A recent published study used white cabbage to reduce the level of heavy metals in soil.
At the same time plant residues from the cabbage were used for biofumigation. Interesting
to note from this study, is that the heavy metals taken up during phytoextraction intensified
the synthesis of bioactive compounds including GLS and facilitated the needed resistance
to bacteria, parasites and fungi (Piekarska et al., 2011). This shows that the use of plant

residues after phytoextracation for biofumigation can be justified.
2.8 SEWAGE TREATMENT PLANTS IN NAIROBI

2.8.1 Dandora Wastewater Treatment Plant

Dandora Wastewater Treatment Plant is located 30 km to the East of Nairobi City. The
plant has stabilization ponds in eight series, all totalling to 38 ponds (Sewe, 2008). The
plant treats about 80,000 m®/day, which is about 80% of the waste water generated within
Nairobi County. The major source of wastewater treated in this plant is from industries
(Mbugua, 2015; Sewe, 2008). Wastewater in this plant is treated through two processes;
physical treatment which consist of screen chambers where large solids are removed either
mechanically or manually from the waste water and biological treatment using waste
stabilization ponds where naturally occurring bacteria remove organic and inorganic loads

(Mara et al., 1998). From the screen chambers, the wastewater is pumped to a splitting
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chamber and distributed over two anaerobic ponds and facultative ponds. Final treatment
Is achieved in the maturation ponds (Sewe, 2008).

Anaerobic ponds have anaerobic bacteria which decompose the organic matter in raw
wastewater into carbon dioxide and methane. Solids in the raw waste water settle down in
the sludge layer (Dominica et al., 2009). In the facultative ponds, aerobic oxidation of the
upper layers of the wastewater and anaerobic decomposition at the bottom layers of the
waste water occur simultaneously. Maturation ponds provide the final level of treatment.
They are shallow ponds, allowing sunlight to penetrate to the full depth for photosynthesis
to occur. Photosynthetic algae release oxygen into the water and at the same time consume
carbon dioxide produced by bacterial respiration. At this shallow depth, the sun’s UV rays
are also able to kill pathogens within the wastewater ((Mara, 2004; Mbugua, 2015).

Sewe (2008) collected samples from the final treatment ponds in Dandora Wastewater
Treatment Plant. He analysed the samples for heavy metal content and found that
cadmium, manganese and lead levels had exceeded safe levels for discharge into surface
water bodies. Cadmium levels were 0.01 mg/l, manganese levels 0.2 mg/l and lead levels
0.01 mg/l. He recommended that measures be put in place to improve the quality of the

final effluent.
2.8.2 Kariobangi Wastewater Treatment Plant

Kariobangi Wastewater Treatment Plant handles a daily treatment capacity of 32,000m3
from domestic effluent from areas such as Westlands, Kariobangi and Nairobi CBD
(Mbugua, 2015). Gross solids are removed by use of grit chambers and bar screens. After
this stage of separation, the raw wastewater moves to the second stage of treatment in the
sedimentation tanks or primary clarifier. At the primary and secondary sedimentation
tanks, sludge is generated. This sludge is taken to the sludge pump house and further
pumped to primary digesters which are enclosed tanks that offer anaerobic conditions.
The anaerobic microorganisms in these tanks digest the sludge and in the process

pathogens are destroyed (Mara, 2004).
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29 CRITERIAUSED TO SELECT HEAVY METALS TO BE

INVESTIGATED

The criteria used to select the heavy metals to be investigated in the study was based on

previous studies done at Kariobangi and Dandora Wastewater Treatment Plants. The

studies used are shown below.

Andere (2016) investigated the efficiency of Kariobangi Wastewater Treatment Plant.
He conducted his study for a period of four months on samples collected from the
inlet, the clarifiers and the outlet. He discovered that the highest levels of cadmium
levels during the four months was 1.4465 mg/l, 0.39 mg/I for lead, 10.16 mg/| for
chromium and 4.2335 mg/I for zinc.

Mbugua (2015) investigated the suitability of wastewater sludge for agricultural use.
He used (Ruai) Dandora Wastewater Treatment Plant as the case study. He found the
highest levels of zinc in sludge obtained from the anaerobic ponds to be 5937.61
mg/kg, copper was at 1750 mg/kg, cadmium was at 40 mg/kg, chromium was at 7714
mg/kg, lead was at 3464.33 mg/kg and nickel at 400 mg/kg.

Nduta (1992) conducted a study to determine the levels of heavy metals in sewage
sludge, sewage effluent, garden soils and food crops grown in ordinary and sewage
sludge amended soils. She found that vegetables grown in soil amended with sludge
from Kariobangi Wastewater Treatment Plant were highly contaminated with heavy
metals. The zinc content of the samples ranged between 40.0 - 840.0 pg/g. The
cadmium content from 0.1 — 25.0 pg/g. The copper content from 40.0 — 220.0 pg/g.
While the mercury content ranged from 0.1 — 12.0 pg/g.

Maina (1984) in his study on heavy metal analysis of sewage sludge by x-ray
fluorescence discovered the following heavy metals in sludge samples collected from
Kariobangi Wastewater Treatment Plant: Titanium (2220 - 8550 ppm); Chromium
(90 - 530 ppm); Iron (28000 - 61270 ppm); Nickel (26 - 97 ppm); Copper (296 - 490
ppm); Zinc (1350 - 2400 ppm); Gallium (11 - 24 ppm); Lead (248 - 580 ppm);
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Rubidium (16 - 50 ppm); Strontium (79 - 170 ppm); yttrium (29 - 67 ppm); Zirconium
(210 - 460 ppm) ; and Niobium (53 - 116 ppm).

e Sewe (2010), conducted a study to establish the efficiency of Dandora Wastewater
Treatment Plant. She collected samples of the treated wastewater, analysed them for
heavy metals and found cadmium levels ranged between 0.025 — 0.033 mg/l,
manganese levels were from 0.085 — 0.748 mg/l and lead levels were between 0.083
and 0.332 mg/l.

Based on the above studies it was established that the most likely heavy metals to be found
in the sewage sludge samples from Dandora and Kariobangi Wastewater Treatment Plants
were cadmium, zinc, lead, copper and manganese. This allowed narrowing down of the
wide possibility of heavy metals and focusing on the phytoextraction of these metals.

Thereby, saving on time and finances for the study.

2.10 METHOD OF TESTING

Atomic absorption spectroscopy(AAS) was used in the study to determine heavy metal
levels. It is an analytical technique used for the determination of elements using the
absorption of optical radiation by free gaseous atoms. Each of the elements present in an
atomic vapour phase absorbs radiation at a limited number of wavelengths over an
exceedingly narrow spectral region. The wavelength bands which each element can absorb
are different from another element, thereby allowing analysis of different elements with
little spectral interference. This implies that traces of one element can be determined in
presence of a high concentration of other elements. An atomic absorption spectrometer
can either have a flame or graphite tube atomizer. In this study flame atomic absorption

spectroscopy was used.

2.11 FLAME ATOMIC ABSORPTION SPECTROSCOPY

Flame atomic absorption spectroscopy uses a flame atomizer. In this technique a sample
is aspirated into a flame and atomized. A light beam is directed through the flame, into a

monochromator and onto a detector that measures the amount of light frequency absorbed
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by the atomized element in the flame. Each element absorbs a specific light frequency
when in vaporized form (Kasima, 2014).

The schematic diagram of flame AAS is in Figure 2.1.
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Figure 2.1: Schematic diagram of a flame AAS (Sharma, 2012)
A flame atomic absorption spectrometer consists of the following;

e A light source: Hollow cathode lamps are the most common radiation source in AAS.
It comprises of a tungsten anode and a hollow cylindrical cathode made of the element
to be determined. This is sealed in a glass tube filled with an inert gas such as neon

or argon. Each element has its own unique lamp used for its analysis.

e A nebulizer: A nebulizer sucks up liquid samples at a controlled rate and creates a
fine aerosol spray for introduction into the flame.

e Anatomizer: Atomization is the separation of particles into individual molecules and
breaking molecules into atoms. This is done by exposing the analyte to high
temperatures in a flame or granite furnace. Atomizers can either be flame atomizers

or granite tube atomizers. In flame atomizers, a flame is created by mixing an oxidant
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gas and a fuel gas. In most cases, air-acetylene flame or nitrous oxide-acetylene flame
is used. Liquid or dissolved samples are typically used in flame atomizers. Graphite
tube atomizers uses a graphite coated furnace to vaporize the sample. The graphite

tubes are heated using a high current power supply.

e A monochromator: A monochromator is used to select the specific wavelength of
light absorbed by the sample and to exclude other wavelengths. The selection of the
specific light allows the determination of the specific element in the presence of

others.

e A detector: The light selected by the monochromator is directed into a detector which
is typically a photomultiplier tube, whose function is to convert the light signal into
an electrical signal proportional to the light intensity. The processing of electrical
signals is done by a signal amplifier.

The following steps occur within a flame atomic absorption spectrometer to determine

the concentration of a certain metal ion in a sample:

e A hollow cathode lamp emits light of a particular frequency.
e The light emitted by the lamp passes through the test sample vaporized in a flame.

e The degree of light absorption is directly proportional to the concentration of the

metal in the sample.

e The intensity of the light passing through the flame is measured by a photomultiplier
tube.

e By comparing the intensity with that produced from a control sample containing none

of the metal ions being tested for, the degree of absorption can be determined.

e The absorbance is then compared to that of a series of diluted standard solutions in

order to determine the concentration.

e This involves the use of a calibration graph.
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e A linear calibration curve is produced when the absorbance is plotted against the
concentration of the standard solutions. The equation of this line can be displayed in

the form:y=mx +b

Where y = absorbance, m = gradient of the line, x = concentration (mg/l), b =y

intercept

e The absorbance recorded for the test sample can be matched with a concentration

using the graph.
A

Absorbance

Metal ion
concentration

Figure 2.2: General layout of a calibration graph (Sharma, 2012)

2.12 RESEARCH GAPS IN PREVIOUS USES OF SUNFLOWER
PHYTOEXTRACTION IN SEWAGE SLUDGE

Kilongi (2017) compared the phytoremediation potential of mustard plant, sunflower plant
and turnip in the phytoremediation of heavy metals from sewage sludge collected at
Kariobangi Wastewater Treatment Plant. She discovered that copper, zinc, iron and
manganese were accumulated up to 91% in the plants. However, she did not assess the
availability of plant nutrients in the sewage sludge after phytoremediation. She also did
not relate the rates of phytoremediation to the plants’ age. In her study, she used citric
acid as a chelating agent to accelerate the phytoremediation process. In this study, no
chelating agent was used. Evaluation of the phytoextraction process solely depended on

the sunflower’s performance with no aid.
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CHAPTER THREE

METHODOLOGY

3.1 INTRODUCTION

Sewage sludge samples were collected from Dandora and Kariobangi Wastewater
Treatment Plants, which are the two major sewage treatment plants in Nairobi, Kenya.
Dandora treatment plant is lagoon based while Kariobangi uses conventional sewage

treatment.

For the study, sunflower seedlings planted in a nursery were transplanted after 3 weeks to
three experimental sets. One set contained 1:1 ratio of soil and sludge from Dandora
Sewage Treatment Plant. The second set contained 1:1 ratio of soil and sludge from
Kariobangi Sewage Treatment Plant. The third set contained 100% soil and served as the
control experiment. A mix ratio of 1:1 was used in line with a study previously done by
Nduta (1992). In her study she managed to successfully grow spinach, cabbage, carrots,
lettuce and potatoes, using a mix of 1 part of sewage sludge to 1 part of soil. The
experimental code used was K1, K2 and K3 for buckets containing soil and Kariobangi
sludge mix. D1, D2 and D3 for buckets containing soil and Dandora sludge mix. C for the

control experiment. The experimental set up is shown in Figure 3.1.

Heavy metals analysis for the sunflower plants roots, shoots, soil and soil sludge mixes
was done when transplanting. Thereafter monthly analysis measurements were conducted
on the soil sludge mixes for a period of 3 months to obtain conclusive results. A second
heavy metal analysis for the sunflower plants roots and shoots was done during harvesting.

Atomic absorption spectroscopy was used to analyze heavy metals in this study. This is
because atomic absorption spectroscopy can determine over 70 different elements in a
sample, has high precision and the equipment required was available within the university

campus.

pH tests were done on the soil sludge mix samples after phytoextraction to indicate the

availability of mineral nutrients for plant growth.
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3.2STUDY AREA

The area for sewage sludge collection was located within two wastewater treatment plants.
The first, Dandora Wastewater Treatment Plant and the second, Kariobangi Wastewater
Treatment Plant. These two are the main wastewater treatment plants in Nairobi.
Combined, they serve approximately 48 percent of Nairobi’s population (Andere, 2016;
Kenya National Bureau of Statistics, 2002).

Dandora Sewage Treatment Plant treats 80% of Nairobi’s wastewater with the exception
of wastewater from Nairobi’s Central Business District (CBD), Kariobangi South,
Kariobangi North, Mathare, Uhuru, Eastleigh, Jericho and Buru Buru whose wastewater
Is treated at Kariobangi Sewage Treatment Plant (Andere, 2016)

Locations of these plants are as shown in Figure 3.2.

The site for growing the sunflower plants was at Syokimau, Machakos County.
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Figure 3.1: Experimental set up for the sunflower plants

28



) S Raawa

Muchatha oy Ry

Sy naud

# 0

Ruaka Town ‘ Githurai o
RUNDA ESTATEN /

L aeth
I
%

KITISURU

KASARANI
© United Nations =
. Chieko
% 2
b, 2. MUTHAIGA

A s
. 12 [REy
(3 K] \andting,
sumu “Ry

(logo rd
MATHARE ¥
I HIGHRIDGE L o
R @ ey
WESTLANDS o ¥ ¢ o
LAVINGTON | 4104 ] EASTLEIGH UMOUA Dy
ESTATE

Kangundo g
4 Kangungs
ARE KILIMANI

S e of
MAZIWA Nairobi DONHOLM o2

) <&
Ngong RS Ju‘_}cnﬂ‘l

2 »/Q

2 gl R % Jomo Kenyatta
SOUTH B ] 1—. ’
KIBERA [h104] % International
Y Airport
3‘{‘??,ss o NAIROB| WEST IMARA DAIMA ‘\‘?33

A W
\,a‘\qa v

KEY:
® Dandora Sewage Treatment Plant

’ Kariobangi Sewage Treatment Plant

Figure 3.2: Location map for sewage sludge collection sites

3.3 EXPERIMENTAL PROCEDURES

The experimental protocals followed Nduta (1992), Haswell (1991), Reynolds et al.

(1970), Prakash (2014), Schrenk (1975) and Varma (1985). The details are in Section
3.5.1,35.2,35.3,354,355and 3.5.6.

3.5.1 Reagents

All the reagents used were of analytical grade unless otherwise stated. The specific
reagents are given in each section.
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3.5.2 Cleaning of glassware

All glassware which included beakers, pipettes, measuring cylinders, volumetric flasks
etc. were thoroughly cleaned with tap water and detergent. They were rinsed with water
and twice with 1:1 nitric acid solution. They were then rinsed with water and finally with

distilled—deionized water. The glassware was dried in the oven at 105 °C.

3.5.3 Preparation of standard solutions

Zinc stock solution was prepared by dissolving 1.2450 g of zinc nitrate in 100 ml 0.5 M
nitric acid. This was then diluted to 1 litre in a volumetric flask with 0.5M nitric acid.

Lead stock solution was made by dissolving 1.5980 g of lead nitrate in 100 ml of 0.5 M

nitric acid. This was then diluted to 1 litre in a volumetric flask with 0.5 M nitric acid.

Cadmium stock solution was made by dissolving 2.1032 g of cadmium nitrate in 250 ml
0.5 M nitric acid. Thereafter, it was diluted tol litre in a volumetric flask using 0.5 M

nitric acid.

Copper stock solution was prepared by dissolving 3.7980 g of copper nitrate in 250 ml of
0.5 M nitric acid. This was then diluted to 1 litre in a volumetric flask with 0.5M nitric
acid.

Manganese stock solution was made by dissolving 3.6077 g of manganesse chloride in 50
ml of 0.5 M nitric acid. Thereafter, it was diluted to 1 litre in a volumetric flask with 0.5

M nitric acid

Each of the above 1000 ppm stock solutions was stored in a plastic bottle. Standards for
AAS analysis were then obtained by serial dilution of the 1000 ppm stock solutions. These
standard solutions were used for calibration of the AAS instrument and calibration curves

prepared.

3.5.4 Sampling

At the Dandora and Kariobangi Wastewater Treatment Plants, sludge is put in sludge
drying beds to dry. For both treatment plants, one sample of sludge was taken for every 3
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sludge drying beds. The samples were weighed and stored in labelled plastic buckets. In
most cases immediate sample analysis was not performed after collection. For this reason,
appropriate storage conditions, at or below 4 °C, was employed for a period not exceeding

3 days.
3.5.5 Sample preparation

Sludge and soil samples:

The samples were dried in the open for 2-3 days, ground using a pestle and mortar to a
very fine powder then dried in the oven overnight at 105 °C.

Sunflower samples:

Sunflower samples were thoroughly washed using tap water and then washed twice with
distilled-deionized water. The samples were then dried by sandwiching in filter paper

before being weighed ready for digestion.
3.5.6 Procedure for AAS

Sample digestion

The soil, sewage sludge, sunflower root and shoot samples were openly digested using
aqua regia HCI:HNOs digestion as follows:

Sewage sludge and soil samples:
e 0.1 g of oven-dry sludge/soil was weighed and placed in a digestion flask.

e 25 cmd of aqua regia HCI:HNO3 was added. This was digested at boiling point for 2

hours. Complete digestion was indicated by a light-coloured, clear solution.
e Heating was then stopped and the solution allowed to cool.

e The solution was filtered using filter paper no. 42 and made up to 50 cm?® with distilled
- deionized water to make it ready for analysis.
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Sunflower samples:

e 1 g ofdried sunflower sample, root and shoot separately, were weighed and placed in

an oven 550 °C for ashing for 5-6 hours.

e 50 ml of 0.5 M nitric acid was added to the ashed samples and filtered ready for AAS
analysis.

AAS instrument calibration:

The operating conditions for AAS analysis is based on a cathode lamp for a single element.
The instrument type used was Shimadzu AA-6200. A hollow cathode lamp was installed
in the instrument for the metal under investigation. That is lead, zinc, manganese, copper

and cadmium. The wavelength dial was roughly set according to the table below:

Table 3.1: Wavelength instrument detection level sensitivity and optimum
concentration range for elements

Element Wavelength Flame gases Instrument  Sensitivity Optimum
(nm) Detection Concentration
Level (mg/l) Range (mg/l)
Cd 228.8 Air-Acetylene 0.002 0.025 0.05-2
Cu 324.7 Air-Acetylene 0.01 0.1 0.01-2
Mn 279.5 Air-Acetylene 0.01 0.05 0.001-2
Pb 283.3 Air-Acetylene 0.05 0.5 0.001-2
Zn 213.9 Air-Acetylene 0.005 0.02 0.0025-2

Source: Prakash, 2014

The slit width was set according to the manufacturer’s setting for the element being

measured.

3.5.7 Procedure for pH Test

The experimental procedure for pH was adopted in accordance to Prakash (2014).

e 8 g of soil-sewage sludge mix was put in a plastic cylinder.

32



e 500ml of distilled water was added to the mix and vigorously mixed for one minute.
e The mixture was let to stand for 30 minutes.

o Filter paper was used to filter the solution into a plastic cylinder.

e A pH test strip was inserted into the solution.

e The pH test strip colour was compared to the colour chart provided with the strips to
determine the pH.

3.6 METHOD OF ANALYSIS

The data collected was subjected to statistical analyses using Microsoft Excel package.
Means and plotting of graphs were used to establish the correlation between heavy metal
levels and to establish whether any significant difference would exist at different stages

of the phytoextraction process.
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CHAPTER FOUR

RESULTS AND DISCUSSION

This chapter presents the results of the heavy metals identified and quantified in the soil
sludge mixes, sunflower plants roots and shoots. Thereby, identifying the efficiency of
sunflowers in phytoextraction. This chapter also presents the pH test results for the soil

sludge mixes and soil, which will serve as an indicator of the availability of plant nutrients.

4.1 HEAVY METALS PRESENT IN SEWAGE SLUDGE SAMPLES

The heavy metals identified in the soil sludge mixes and their mean concentrations for the

phytoextraction period are as in Table 4.1.

Table 4.1: Heavy metal levels in the soil sludge mixes and pure soil during the
phytoextraction process

Heavy Experimental Concentration in pg/g
metal samples 1st 2nd 3rd 4th
Month Month Month Month
Cadmium D1 66.72 43.44 22.16 8.31
D2 59.48 37.67 29.88 11.41
D3 57.02 32.76 20.97 11.53
Mean D 61.07 37.96 24.34 10.42
K1 47.81 24.73 10.77 9.64
K2 51.20 21.58 11.52 9.72
K3 45.83 22.68 12.73 8.01
Mean K 48.28 23.00 11.67 9.12
C 24.51 11.22 6.15 1.96
Manganese D1 3906.09 2001.59 694.55 473.11
D2 3930.95 2020.76 657.43 441.97
D3 3758.83 2953.11 600.19 392.25
Mean D 3865.29 2325.15 650.72 435.78
K1 2952.78 1868.59 511.14 379.99
K2 2927.14 1799.10 502.46 350.48
K3 2976.30 1600.39 587.96 445.73
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Mean K 2952.07 1756.03 533.85 392.07

C 2443.92 567.39 233.34 38.95
Copper D1 3479.97 2480.46 1463.20 1184.37
D2 4726.38 2590.63 1009.16 687.59
D3 4586.43 2788.44 916.46 487.11
Mean D 4264.26 2619.84 1129.61 786.36
K1 2388.54 999.73 352.84 201.72
K2 1998.51 897.60 253.55 189.31
K3 1764.32 689.59 97.11 54.41
Mean K 2050.46 862.31 234.50 148.48
C 36.9 17.49 5.33 1.07
Lead D1 600.93 298.46 102.46 84.43
D2 588.74 203.14 92.43 77.49
D3 550.47 193.72 76.60 70.03
Mean D 580.05 231.77 90.50 77.32
K1 463.82 322.10 95.07 57.22
K2 401.44 159.42 88.92 43.12
K3 496.68 358.66 99.89 60.11
Mean K 453.98 283.39 94.63 53.48
C 157.18 47.74 10.98 4.48
Zinc D1 4603.52 2555.37 1001.73 888.40
D2 4596.48 2434.32 994.53 870.61
D3 4566.41 2305.47 1084.11 860.16
Mean D 4588.80 2431.72 1026.79 873.06
K1 2947.45 1955.91 979.40 504.76
K2 2920.11 1677.39 926.53 478.46
K3 3050.55 1980.72 987.85 363.17
Mean K 2972.70 1871.34 964.59 448.80
C 1192.11 881.10 421.94 113.13

Cadmium, zinc, lead, manganese and copper were identified in the sludge soil mixes and
soil samples. The possible industries discharging heavy metals into the Wastewater
Treatment Plants include tanneries, pharmaceutical industries, metal plating factories,
automotive battery industries, paint manufacturing industries amongst others (Sewe,
2010; Nduta, 1992).
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Identifying cadmium, zinc, lead, manganese and copper in the control experiment, which

consisted of 100% soil is an indication of heavy metal contamination.

A reduction in heavy metal levels in the sludge soil mixes and control experiment was
observed during the phytoextraction process. This is as a result of the heavy metal uptake
by the sunflowers as they are hyperaccumulators and are thus able to store toxic matter

within their biomass without getting damaged (Kilongi, 2017).

A higher concentration of heavy metals was observed from Dandora sewage sludge soil
mix as compared to Kariobangi sewage sludge soil mix. This is because Dandora Sewage
Treatment Plant treats 80% of Nairobi’s wastewater with the exception of wastewater
from Nairobi’s Central Business District (CBD), Kariobangi South, Kariobangi North,
Mathare, Uhuru, Eastleigh, Jericho and Buru Buru whose wastewater is treated at
Kariobangi Sewage Treatment Plant (Andere, 2016). These mentioned areas served by
Kariobangi Sewage Treatment Plant are mainly residential areas. This leaves treatment of
wastewater from the vast industrial and commercial environs of Nairobi city to Dandora
Sewage Treatment Plant. Therefore, a larger heavy metal load would be expected in
Dandora sewage sludge soil mix when compared to Kariobangi sewage sludge soil mix.
Industries that discharge wastewater containing a high load of heavy metals to Dandora
Sewage Treatment Plant include East African Leather, Regal Pharmaceuticals, Sunflag
Textiles and Knitwear Mills Ltd and Modern Lithographic Kenya Ltd (Sewe, 2008). The
control experiment presented the least heavy metal concentration as no sewage sludge was
added to it.

Figure 4.1, 4.2, 4.3, 4.4 and 4.5 are graphs that represent the heavy metal concentration

reductions observed.
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Figure 4.1: Cadmium concentration levels in the soil sludge mixes and soil
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Figure 4.2: Manganese concentration levels in the soil sludge mixes and soil
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Figure 4.3: Copper concentration levels in the soil sludge mixes and soil
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Figure 4.4: Lead concentration levels in the soil sludge mixes and soil
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Figure 4.5: Zinc concentration levels in the soil sludge mixes and soil

It can be observed from the graphs that there’s a rapid decline in heavy metal levels in the
sludge soil mixes and soil during the first, second and third months. After which, the
reduction of heavy metals slows down. Indicating that the heavy metal reductions
increased with the age of the plants until the last month where they dropped. This is
observed because a plant’s rate of absorption increases with increase in age/size.
Especially during the periods of exponential growth, as the uptake of water and nutrients
must be increased to maintain maximum plant growth (Tolman et al., 1990). During the
last month the sunflowers absorbed reducing values of heavy metals until their death. This
is because a plant progressively absorbs less nutrients and water after the reproductive
phase till its death (Tolman et al., 1990).

4.2 HEAVY METALS PRESENT IN THE SUNFLOWER PLANTS ROOTS AND
SHOOTS

The heavy metal’s concentration in the sunflower roots and shoots during transplanting

and harvest are presented in Figure 4.6, 4.7, 4.8, 4.9 and 4.10.
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Figure 4.6: Cadmium concentration in sunflower roots and shoots
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Figure 4.7: Copper concentration in sunflower roots and shoots
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Figure 4.8: Zinc concentration in sunflower roots and shoots
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Figure 4.9: Manganese concentration in sunflower roots and shoots
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Lead concentration in roots and shoots
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Figure 4.10: Lead concentration in sunflower roots and shoots

It can be seen from the graphs that a general increase of the identified heavy metal levels
was noted in the sunflower roots and shoots after phytoextraction. Cadmium levels in the
shoots and roots increased by an average of 83.5%; manganese by 90.3%; copper by
85.0%; lead by 85.6% and zinc by 83.6%. This results more or less tally with the average
percentages absorbed from the sewage sludge soil mixes as has been tabulated in Table
4.4,

A higher percentage of the heavy metals was observed in the sunflower shoots than the
roots after the phytoextraction process. This is because good hyperaccumulators,
sunflower being one of them, absorb and quickly move the toxins to the shoot for storage
(Rascioa & Navari, 2011; Muhammad, 2015).

A higher concentration of heavy metals was observed in sunflowers planted in Dandora
sewage sludge soil mix than in Kariobangi sewage sludge soil mix. This is attributed to
the higher heavy metal load in Dandora sludge as compared to Kariobangi which was

observed in the heavy metal concentration analysis to the sludge soil mixes (Refer Table
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4.1). The sunflower planted in 100% soil, which served as the control experiment,
presented the lowest concentration in all the heavy metals. The control also presented the
least translocation of heavy metals from the roots to the shoot during phytoextraction.
Studies reveal that uptake, translocation and storage of heavy metals in hyperaccumulator
plants increases with increasing metal concentration in the growth medium (Rizwan et al.,
2016). The control sunflower plant was grown in a medium with the least heavy metal
concentration. Thereby, had the least translocation and storage of heavy metals during
phytoextraction. The sunflower plants planted in Dandora sewage sludge soil mix had the
highest root to shoot translocation as they were planted in the highest heavy metal

concentrated mix.

4.3 THE EFFICIENCY OF SUNFLOWER PHYTOEXTRACTION

Studies indicate that the efficiency of phytoextraction is majorly dependent on the ability
of the plant to uptake toxins by the roots and translocate them to its shoot. This is measured
by the translocation factor, which is the ratio of metal concentration in the shoots to the
metal concentration in the roots after phytoextraction. Rascioa & Navari (2011) report that
for phytoextraction to be efficient the translocation factor has to be equal to or greater than
one. The translocation factors for all the experimental samples was greater than one, as
shown in Table 4.3. This indicates that sunflower has a high efficiency for
phytoextraction. Other indicators for efficient phytoextraction is the ability of the plant to
tolerate large quantities of toxins without affecting its growth, health and production
(Rizwan et al., 2016; Turgut et al., 2004). All through the study, the sunflowers were
observed to be healthy, grew steadily and productivity was not affected (See appendix
VIII). Common indicators of a healthy plant include brightly coloured flowers and dark
green leaves (Holder, 2015). All the sunflower plants were observed to bear dark green
leaves and bright yellow flowers. However, wilting was observed a month after
transplanting. This is a common occurrence when transplanting as some roots are usually
damaged during the move (Pavlis, 2014). With regular watering, the wilting disappeared
within the second month after transplanting. (See appendix VI and VIII)
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Table 4.2: Experiment samples translocation factors

Heavy metal Heavy metal Translocation
concentration in  concentration in factor
Heavy Experiment sunflower shoots sunflower roots (concentration
metal samples after after in shoots:
phytoextraction  phytoextraction  concentration
(Hg/9) (Mg/9) in roots)
Lead D1 9.10 8.81 1.03
D2 9.04 8.96 1.01
D3 9.06 8.39 1.08
Mean D 9.07 8.72 1.04
K1 7.41 6.95 1.07
K2 7.31 6.15 1.19
K3 7.37 6.13 1.20
Mean K 7.36 6.41 1.15
C 4.16 3.92 1.06
Zinc D1 10.87 3.93 2.77
D2 9.21 4.02 2.29
D3 12.71 4.15 3.06
Mean D 10.93 4.03 2.71
K1 5.78 1.55 3.73
K2 7.63 1.76 4.34
K3 7.95 2.22 3.58
Mean K 7.12 1.84 3.88
C 3.71 3.60 1.03
Manganese D1 7.49 2.98 2.51
D2 7.52 2.96 2.54
D3 7.50 2.89 2.60
Mean D 7.50 2.94 2.55
K1 7.28 2.78 2.62
K2 7.09 2.71 2.62
K3 7.13 2.71 2.63
Mean K 7.17 2.73 2.62
C 4.36 2.26 1.93
Copper D1 0.096 0.093 1.03
D2 0.097 0.091 1.07
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D3 0.092 0.083 1.11
Mean D 0.095 0.089 1.07
K1 0.076 0.051 1.49
K2 0.088 0.058 1.52
K3 0.089 0.072 1.24
Mean K 0.084 0.060 141
C 0.048 0.039 1.23
Cadmium D1 68.57 19.59 3.50
D2 67.95 19.01 3.57
D3 66.98 18.64 3.59
Mean D 67.83 19.08 3.55
K1 56.97 15.38 3.70
K2 56.77 16.05 3.54
K3 57.98 16.85 3.44
Mean K 57.24 16.09 3.56
C 24.69 20.88 1.18

To further investigate the efficiency of sunflower phytoextraction, the heavy metal levels
after phytoextraction were compared to allowable safe heavy metal limits for garden soil.
The United States Environmental Protection Agency (U.S. EPA.) published in 1998 the
maximum recommended limit of heavy metals for home vegetable gardens. The safe
maximum concentration for the heavy metals in this study is as given in Table 4.4 for
comparison. On this basis, cadmium mean concentration had exceeded by 40.2%,
manganese by 13.6%; copper by 110%,; zinc by 72.3% and lead by 35% of the allowable
limit. This implies that the sewage sludge sampled from Dandora and Kariobangi Sewage

Treatment Plants was not safe for use in agriculture without removal of these heavy

metals.
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Table 4.3: Safe heavy metal concentration ranges

Heavy Recommended Mean Mean Percentage
metal limit (uo/g) concentration  concentration heavy
before after metal
phytoextraction phytoextraction reduction
(Hg/9) (Hg/9) (%0)
Cadmium 39 44.62 7.17 83.93
Manganese 3000 3087.09 288.93 90.64
Copper 1500 2117.21 311.97 85.27
Lead 300 397.07 45.09 88.64
Zinc 2800 2917.87 478.33 83.61

Source: U.S. EPA. (1998a)

As shown in Table 4.3, all the heavy metals were reduced by phytoextraction to the

allowable limits for garden soil.

Wuana & Okieimen (2011) related the efficiency of phytoextraction to the amount of
heavy metal removed using Equation 4.1 below. Where t, is the phytoextraction time
needed to achieve a target value of heavy metal reduction. It is assumed that the plant is
cropped n times during the phytoextraction period and that heavy metal pollution occurs

at 0-20 cm of the active root zone area (Wuana & Okieimen, 2011).

Metal concentration in soil needed to decrease X Soil mass

b= Metal concentration in plant shoot XPlant shoot biomass Xn (Equation 4'1)
Using the safe levels for garden soils in Table 4.4 to get the metal concentration needed
to decrease and the mean metal concentration in plant shoots derived from Appendix XIII.
Phytoextraction time in months to bring the heavy metal concentration of cadmium, zinc,
manganese, lead and copper to safe levels using sunflower can be achieved using the

following equations:

5.62 X Msoil t= 0.098 Msoil
57.13 X Mshoot X n P n Mshoot

Cadmium: tp = (Equation 4.2)
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117.87 X Msoil _14.25 Msoil

Zinc: tp = tp = (Equation 4.3)
8.27 X Mshoot Xn n Mshoot
97.07 X Msoil 12.71 Msoil .
Lead: tp= tp=—— (Equation 4.4)
7.64 X Mshoot X n n Mshoot
617.21 X Msoil 7347.74 Msoil .
Copper: tp= p=———— (Equation 4.5)
0.084 X Mshoot Xn n Mshoot
87.09 X Msoil 13.10 Msoil .
Manganese: t, = tp=——— (Equation 4.6)
6.65 X Mshootx n n Mshoot

Msoil denotes the soil mass and Mshoot denotes the plant shoot mass.

4.4 PLANT NUTRIENTS IN THE SEWAGE SLUDGE AFTER
PHYTOEXTRACTION

After phytoextraction the soil sludge mixes and soil were tested for pH. This was done to
determine whether there were sufficient nutrients for plant growth after the process.
Results of the pH test are presented in Table 4.4 below.

Table 4.4: pH results

Sample K1 K2 K3 C D1 D2 D3
pH 5.9 5.8 6.0 3.7 6.3 6.6 6.1

The pH of Dandora sewage sludge soil mixes were the highest, therefore indicating they
had the highest availability of plant macronutrients. Which are potassium, nitrogen and
phosphorous. These nutrients are needed by plants in large quantities and are the ones
added to a soil during manuring or fertilization (Mohammad, 2014; Weissert & Kehr,
2017). Sources of potassium, nitrogen and phosphorous in wastewater include effluents
from slaughter houses, tanneries and dairy processing factories (Arienzo et al., 2009).
Dandora Sewage Treatment Plant treats wastewater from factories such as Nyongara

Slaughter house in Dagoretti, Hurlingham Slaughter House, Kenya Meat Commission,
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Kapiti Dairies, Eldoville Dairy, Kinangop Dairy, Aziz Tanneries Ltd and Babar Tannery
in Industrial Area (Andere, 2016). These factories are the likely contributors of these

nutrients.

On the contrary, Kariobangi sewage sludge soil mixes had lower pH values indicating
lower availability of macronutrients. This could be attributed by the nature of the
wastewater treated at Kariobangi Sewage Treatment Plant which is dominantly from

residential areas (Andere, 2016).

The control experiment had the lowest pH, implying low availability of plant
macronutrients. This is the case as the control had 100% soil and no sewage sludge. The
same scenario would be expected in unmanured or unfertilized soils (Mohammad, 2014;
Weissert & Kehr, 2017).

pH results for Kariobangi and Dandora sewage soil sludge mixes range from 5.8 to 6.6.
These values are within the pH ranges that favour high nutrient content for plant growth
(Mohammad, 2014; IPNI Plant Nutrition Today, 2010; Northeast Region Certified Crop
Adviser Study Resources, 2010; Weissert & Kehr, 2017).
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

This study investigated the potential of heavy metal phytoextraction in sewage sludge

using sunflower plant. The study identified and quantified heavy metals present in the

sewage sludge soil mixes, soil, sunflower roots and shoots before and after

phytoextraction. Thereby, assessing the efficiency of sunflower plant in phytoextraction

and establishing the availability of plant nutrients in the sludge soil mixes after

phytoextraction. The following were the conclusions from the study.

1.

The mean concentrations of cadmium, manganese, copper, lead and zinc from the
sludge soil mixes had exceeded safe standard concentrations for garden soil by
40.2%, 13.6%, 110%, 35% and 72.3% respectively.

After phytoextraction cadmium, manganese, copper, lead and zinc levels in the
sludge soil mixes were reduced by 83.9%, 90.6%, 85.3%, 88.6% and 83.6%

respectively.

Phytoextraction rates increased with the age of the sunflower plants till their
reproductive phase. After which, the phytoextraction rates progressively slowed
down till the plants’ death.

A higher concentration of heavy metals was found in the shoots than in the roots
of the sunflower plants. The average translocation factors ranged between 1.03 to
3.88.

The pH results for Kariobangi and Dandora soil sludge mixes ranged from 5.8 to

6.6 and were within the suitable pH range for plant growth.

Dandora soil sludge mixes were found to be richer in plant nutrients than

Kariobangi soil sludge mixes.
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5.2 RECOMMENDATIONS
The study recommends further work to:

1. Establish heavy metal removal in a hectare of land fertilized with a known sludge

dosage and sunflower as the phytoextractor.

2. Establish the optimal sunflower phytoextraction period without complete

depletion of plant nutrients from sewage sludge.

3. Investigate sunflower phytoextraction on other toxins and heavy metals.
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APPENDICES

Appendix I: Dandora sludge drying bed

Appendix Il: Kariobangi sludge drying bed
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Appendix I11: Sludge samples

Appendix IV: Sunflower nursery bed
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Appendix VI: Sunflower seedlings at three weeks, ready for transplant
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Appendix VIII: Sunflower plants, two months after transplant
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Appendix X: Sunflower root samples
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Appendix XI11: Soil sludge mix samples
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Appendix XI11: Heavy metal concentration in sunflower plants roots and shoots

Heavy Concentration in Concentration in
metal Root Ha/g Shoot Ha/g
samples During  During  samples During  During
transplant harvest transplant harvest
Cadmium K1 12.130 15.380 K1 21.330 56.970
K2 11.450 16.050 K2 26.760 56.770
K3 13.270 16.850 K3 23.410 57.980
D1 14.110 19.590 D1 22.960 68.570
D2 11.180 19.010 D2 27.510 67.950
D3 15.530 18.640 D3 24.680 66.980
C 19.470 20.880 C 22.190 24.690
Copper K1 0.033 0.051 K1l 0.047 0.076
K2 0.029 0.058 K2 0.059 0.088
K3 0.039 0.072 K3 0.053 0.089
D1 0.033 0.093 D1 0.058 0.096
D2 0.034 0.091 D2 0.042 0.097
D3 0.038 0.083 D3 0.044 0.092
C 0.035 0.039 C 0.046 0.048
Zinc K1 1.100 1.550 K1 3.560 5.780
K2 1.090 1.760 K2 2.110 7.630
K3 1.350 2.220 K3 4.920 7.950
D1 1.180 3.930 D1 4.120 10.870
D2 3.660 4.020 D2 3.040 9.210
D3 3.740 4.150 D3 3.610 12.710
C 3.550 3.600 C 3.620 3.710
Manganese K1l 2.440 2.780 K1l 2.990 7.280
K2 1.430 2.710 K2 2.650 7.090
K3 1.420 2.710 K3 2.780 7.130
D1 2.470 2.980 D1 3.630 7.490
D2 1.430 2.960 D2 3.090 7.520
D3 1.450 2.890 D3 2.730 7.500
C 2.040 2.260 C 2.500 2.540
Lead K1 3.730 6.950 K1 4.180 7.410
K2 3.630 6.150 K2 4.160 7.310
K3 3.810 6.130 K3 4.150 7.370
D1 3.680 8.810 D1 4.170 9.100
D2 3.670 8.960 D2 4.120 9.040
D3 3.910 8.390 D3 4.180 9.060
C 3.890 3.920 C 4.110 4.160
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