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ABSTRACT

The majority of rural communities in sub-Saharan Africa are predominantly poor and depend
largely on small-scale subsistence farming. To date, various farming mechanisms (e.g. organic
farming, crop rotation, agroforestry and inter-cropping) have been introduced to improve food
security and to avert hunger; however, water scarcity remains a challenge. The sub-Saharan
African region is currently regarded as water stressed and this has had a significant impact on
rural livelihoods. Despite being considered as a water-scarce region, the demand for water for
agricultural purposes continues to increase exponentially, while, on the other hand, its supply
keeps on diminishing, particularly for agricultural production. It is on this premise that
alternative innovative technologies are being put in place to manage and spare freshwater. Such
technologies include the re-use of greywater for agricultural purposes, which has received
significant attention in recent years. However, the lack of public acceptance and of an
educational awareness in certain areas still hinders the full adoption and utilization of this

resource for agricultural purposes.

This study, therefore, aimed to assess the nutritional quality of vegetables irrigated with
greywater in the rural areas of Limpopo, South Africa. More specifically, it sought to
investigate the impact of greywater irrigation on the soil quality and home gardening produce,
as well as its possible impact on human health. In order to achieve the main objective of the
study, the literature was first reviewed on the progress, opportunities and challenges associated
with the use of greywater in home gardening. Secondly, the quality of greywater from different
sources (the kitchen, bathtub and laundry) was evaluated and furthermore, its possible impacts
on trace elements in the soil was assessed. Lastly, the nutritional quality of home garden
produce that has been irrigated with greywater was also assessed. For the literature review
chapter, one-hundred-and-eighty-four (184) scientific journal articles were accessed and
reviewed for the period between 1963 and 2019. In addition, the behavioral and adoption
challenges and possible opportunities of re-using greywater, as well as case studies from
developed and developing countries, were reviewed. Moreover, water quality indices, such as
the salinity and sodium hazards, were used to access heavy metals in greywater in chapter 3.
In chapter 4, the pollution levels in the soils irrigated with greywater were determined by using
soil indices, such as the Index of Geo-accumulation (Igeo), the Contamination Factor (CF) and
the modified Degree of Contamination (mCd). Furthermore, a non-carcinogenic risk
assessment was determined by using indices for human health risk assessments (chapter 5),
such as the Estimated Daily Intake (EDI), the Hazard Quotient (HQ) and the Target Hazard
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Quotient (THQ). The microbial quality of vegetables was evaluated by means of laboratory
analyses. The metals that were tested in the study included arsenic (As), copper (Cu), cadmium
(Cd), chromium (Cr), manganese (Mn), zinc (Zn), lead (Pb), as well as magnesium iron (Mg?"),
sodium ions (Na?*) and potassium iron (K2*). The statistical analyses included the use of

ANOVA, the Tukey test, Pearson's correlation coefficient and the T-test.

The key results from this study revealed that greywater has the potential to improve home
gardening in water-limited environments. The quality of greywater was revealed to be within
the acceptable standards, although continuous use, over long periods, can lead to high salt
concentrations in the soil and it can consequently lead to high metal concentrations in the actual
produce. It was revealed that the pH values of soil irrigated with greywater were within an
acceptable range for agricultural practices. In addition, it was observed that the accumulation
of the metals in the soils was not due to greywater irrigation, except for zinc. This was also
supported by the ANOVA test, which revealed that these metals were significantly different
from each other. It was observed that the metals were distinctly different at a depth of 30 cm,
where F2.5727 = 48.93, p<0.05, whereas the metals were also significantly different at a depth
of 60 cm, at F2.5727 = 1544.88, p<0.05. Furthermore, the Pearson's correlation test revealed
that there were positive, but moderate, inter-metal relationships. It was found that microbial
activities from bacteria that cause salmonella, E-coli bacterium and listeria were absent in the
edible parts of the experimental vegetables. Although heavy metals were found in large
quantities in some of the vegetables, the Estimated Daily Intake (EDI) indicated that some
metals were within the acceptable limit for consumption. Even though the levels of some metals
were high, this does not guarantee that there are possible or probable health risks. It is therefore
recommended that greywater be used to supplement the freshwater for agricultural purposes
during the dry season; however, this water should be used within 48 hours of being produced,
in order to reduce the possibility of microbial activity. Consistent irrigation patterns should be

minimized and supplementary irrigation, using freshwater, is recommended.

Keywords: crop production; greywater re-use; home gardening; heavy metals; microbial risks;

rural area; soil quality
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CHAPTER ONE

1 GENERAL INTRODUCTION

1.1  General Background of the Study

The growth in population and urbanisation will be two of the main challenges for global food
security in the near future (Liu et al., 2021). City dwellers and the elderly population will
probably account more than 75% and 20% of the population, respectively (Mosel et al., 2016).
Moreover, it is estimated that, the world will be required to feed nine billion people by 2050
(Godfray et al., 2010). Most developing countries are experiencing a rise in urbanization and
are already experiencing food shortages (Ruel et al., 2017; Pawlak and Kolodziejczak, 2020).
Most of the population in developing countries is based in the rural areas, and people survive
on small-scale farms of 1 to 2 hectares of land, or less, with-a limited knowledge of farming
technology and investment (Das et al., 2020). The production of food is mostly for subsistence
consumption by the households (Das et al., 2020), while the lack of water for agricultural
activities remains a major threat to food security, poverty and sustainable development
(Kahinda and Taigbenu, 2011). In sub-Saharan Africa, more than 60% of all households live
in rural areas whereby rain-fed agriculture is their primary, and sometimes their only, source
of livelihood (Faurés and Santini, 2008). While sub-Saharan Africa is one of the least urbanized
regions in the world, Tostensen et al. (2001) argued that the region is experiencing rapid
urbanisation. Because of poor access to water, agricultural productivity is often interrupted
during the dry season, when many farmers must rely on the food stocks that they accumulated
during the rainy season and/or on purchasing their food (Domenech, 2015).

1.2 Food Security in sub-Saharan Africa

The world is projected to have a population of approximately 9.8 billion people by 2050, and
sustainable food systems will be required to ensure sustainable food production (UN, 2017).
Well-functioning markets with dynamic linkages are required for complex global food chains,
in order to assist with a safer and cheaper distribution of food, from production to consumption
(Fan, 2017). In addition, these food systems need to take into account the complexity of food
production, distribution and consumption (Nchanji and Lutomia, 2020). Unfortunately,

dynamic linkages and well-functioning markets are not always accessible, due to inadequacies
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in the production, post-harvest marketing and consumption of food (Alexander et al., 2017).
According to Nchanji and Lutomia (2020), food and nutritional security is further threatened
by this inadequacy. However, the other factors hampering the development of food systems in
developing countries include, but are not limited to, pollution, the lack of water for irrigation,
climate change pests and diseases (Pratt, 2015; Shimeles et al., 2018; Pais et al., 2020; GAIN,
2020; Gralak et al., 2020). The inefficiency of food systems has been exacerbated further by
the rapid spread of the current coronavirus pandemic (Nchanji and Lutomia, 2020), and the
progress that has been made in the reduction of hunger and poverty in sub-Saharan countries
has been slowed down by pandemic-related food security challenges (Nchanji and Lutomia,
2020). It has been reported by Akinwotu (2020) that, about 22 million people in West Africa
required food assistance before the pandemic, and among that number, 6 million of them are
also facing severe food security during the current pandemic. Job losses, a reduced income,
private transfer payments and border restrictions have accelerated the problem and the costs
per household, which are now more food insecure, due to the reduced food trade (Foh et al.,
2020).

In 2019, undernourishment in sub-Saharan Africa rose to 19.1% which is twice as much as the
world average as compared to 17.6% in 2014 (FAO et al., 2020). The population of sub-
Saharan Africa is projected to increase from 1.07 billion to 1.40 billion by 2030, with the
possibility of reaching 3.78 billion by the end of the century (UN, 2019). The African
population is dominated largely by the younger generation (Giller, 2020), which highlights the
fact that, even though there is currently a reduction in the population growth, almost half of the
projected increase will still take place in the near future (UN, 2017). Although Vollset et al.
(2020) suggest that the sub-Saharan population will only reach 3.07 billion by the year 2100,
this region is still at risk of experiencing food insecurity because of the population growth and
the stagnant productivity in agriculture (van Ittersum et al., 2016). Malnutrition and
undernutrition as well as obesity and micronutrient deficiencies need to be addressed, not only
by increasing food production, but also by promoting access to affordable and nutritious food,
as well as education on behavioral changes in people’s diets (Giller, 2020). Agronomically, the
lack of agricultural production in sub-Saharan Africa is a result of poor soil fertility (Sanchez
and Swaminathan, 2005), due to the limited soil nutrients (Penning de Vries and Diteye, 1991),
and the dry savannas in the Sahel also impact productivity; therefore, mineral fertilizers are

required for augmenting production in African agricultural systems.
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Rural communities are marginalised and entangled in a vicious cycle of poverty and inequality.
Many rural households are still living way below the poverty datum line. Although South
Africa is food secure on a national level, the same cannot be said for its rural households (Hart
et al., 2009). In general, children (0-17 years) and women remain vulnerable. The Sustainable
Development Goals (SDGs), specifically objective Number Two of the United Nations
Development Plan (UNDP), aim to end hunger, achieve food security, improve nutrition and
promote sustainable agriculture. These goals are supported by the National Development Plan
(NDP), which aims to achieve an integrated and inclusive rural economy by improving
people’s livelihoods. The plan also highlights the fact that the integration of the country’s rural
areas can be achieved through successful job creation and poverty-alleviating projects. The use
of irrigation systems to supplement dry land (rain-fed) agricultural production especially in
small-scale farming areas, is seen as a potential force for combating poverty in rural areas in

the future.

1.3  General Greywater Utilization and its Impacts on Home Gardening

Since the balance between freshwater demand and supply is dwindling (Seckler et al., 1999),
there is a need for possible alternative water sources for irrigation. The use of greywater on site
has been shown to conserve valuable potable water sources and it also decreases its discharge
into the environment (Behzadian and Kapelan, 2015). The high volumes of greywater that are
produced have led to the rapid development of its use in many countries worldwide (Boyjoo et
al., 2013), such as Australia (Pham et al., 2011), the UK (Diaper et al., 2001), Germany (Nolde,
2000), Jordan (Faraqui and Al-Jayyousi, 2002) and Brazil (Ghisi and Ferreira, 2007). Since
greywater is considered to be less contaminated, in comparison to black water (Boyjoo et al.,
2013), it is considered to be a possible alternative for non-potable uses, such as toilet flushing,
the irrigation of the landscapes and crop production (Finley et al., 2009). Unfortunately, the
use of greywater is often associated with an increase in the environmental risks, through the
pollution of the soil and water sources (Gross et al., 2005). Hazards caused by greywater can
be either biological, chemical or physical in nature and can also present risks that can
potentially cause harm (Vuppaladadiyam et al., 2019). Even though Finley et al. (2009) and
Mohamed et al. (2013) reported on the quality of greywater, the assessment of exposure to it
is a considerable process when re-using greywater for crop production (Ganoulis, 2012).
Moreover, realistic guidelines should be established for the use of greywater, in order to can

be able to assess the associated risks (Carr et al., 2004).
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Greywater re-use has attracted global attention over the past decade, due to intensive
agriculture, changes in people’s lifestyles, water pollution and industrialization (Al Ghazawi
et al., 2018). Use of greywater has also become one of the effective approaches for solving the
problem of water scarcity for non-drinking/potable purposes (Ren et al., 2020; Manna, 2018).
According to Mahmoudi et al. (2021), the application of safe and effective methods in the
treatment of greywater renders it possible to use it for different purposes. Urban environments
have been attracted by the fact that it can be applied for irrigation, as well as for expanding
greenspaces (Tian et al., 2020). There are some concerns associated with the re-use of
greywater; these include, but are not limited to, possibility of health risks due to pathogens,
and environmental risks, due to the alkalinity, salinity and micro-pollutants that are found in
detergents (Maimon and Gross, 2018; Lubbe et al., 2016; Mohamed et al., 2013).

As in any other developing country, agriculture remains one of the key livelihood assets for the
rural poor in South Africa. By 2001, 57% of the South African population had been urbanized
(Collins, 2001) and this percentage has risen over the last decade, with the United Nations
(2012) estimating that 67.9% of the South African population will be living in cities by 2025.
This has resulted in urban areas experiencing a shortage of employment and housing, increased
poverty, severe environmental problems and a lack of services, while the rural areas are left
drained. One of the reasons for this drastic urbanization rate is the fact that rural areas are prone
to chronic poverty. Large backlogs in service delivery only add to the problem (van Schalkwyk,
2015). Water shortages in South Africa are still a matter of foremost concern, especially in
drought-prone areas. Those who are the most affected are the subsistence farmers who are
unable to irrigate their crops or feed their livestock. The North-West, KwaZulu-Natal,
Mpumalanga, Limpopo and the Free State Provinces always withstand the worst water crises
and are, in most cases, the most severely affected by drought, with some of these areas often
being declared as ‘disaster-stricken’. Despite all the mechanisms that have been put in place
by the South African government to provide Free Basic Service (FBS) delivery, most rural
areas in South Africa are still experiencing the challenges of accessing water. Tissington et al.
(2008) claims that this is due to some municipalities in South Africa providing FBS (mainly
the free basic water and free basic sanitation) in an ad hoc manner, which, in most cases, do
not comply with the national standards. The government has introduced some safety nets, such
as school feeding schemes, social grants and gardening on the school premises, in order to
provide the learners with fresh vegetables. These nets have been very helpful to some

households, although most rural households tend to depend solely on social grants and, in most
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cases, they have large households consisting of unemployed members. Most cities in
developing countries are characterised by two distinct set-ups, namely, the formally built
‘cement areas’, and the nearly-rural type of neighbourhoods, or the so-called peri-urban
settlements in metropolitan areas. The latter are usually slums, in which the majority of the
urban poor live and where there is a lack of every form of urban planning (Matsinhe et al.,
2008). Although access to basic services is of the same order as other middle-income countries
(World Bank, 2013), there are still a large number of households that do not have access to
water, and these are concentrated in informal settlements in the cities and in peri-urban areas
(NPC, 2012). Recently, the City of Cape Town publicly, and strongly, encouraged its
inhabitants to rely on the re-use of greywater for garden food irrigation (City of Cape Town,
2019). This was a coping mechanism, following the 2015 to 2018 droughts in the area, which
resulted in the high demand for freshwater (Hardie, 2021). However, according to Maimon and
Gross (2018), there has been limited research to support this recommendation. This study is
therefore limited to the application of greywater in home gardens in arid and semi-arid areas
only. It focuses on the application of this resource, without prior treatment, and without
knowing its impact on the soil and the agricultural crops.

1.4 Justification for the Study

This project intends to provide new insights into greywater use for home gardening, and it
intends to promote small-scale entrepreneurship through greywater re-use for home gardening
as a way of improving food security, particularly in rural households, where small-scale
farming is still practised (Das et al., 2020). The project will also contribute to knowledge
generation and the results can be used by the government to assist communities in generating
an extra income for households through the sale of surplus crops, etc., as it strongly encourages
optimal nutrition (Taukobong, 2016; Borroway, 2016). An analysis of the greywater and soil
samples, as well as the nutritional status of crops irrigated with greywater, will provide
knowledge about the health and nutritional status of the produce and how irrigation with
greywater affects the quality, nutritional status and growth of the crops. The research will also
support the Sustainable Development Goals (SDGs), and the main aim of Objective Two is to
end hunger and poverty. Chapter Six of the United Nations Development Plan (UNDP) also
aims to achieve an integrated and inclusive rural economy by improving the rural livelihoods,
and this study focuses on the improvement of lives in rural areas. The findings of the research

will inform other researchers on the adoption the re-use of greywater, which has the potential
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to realistically improve food security, while promoting employment for the rural poor in the

agricultural sector.

1.5  Aim and Objectives

The aim of the study is to assess the health and nutritional quality of the produce from home

gardens irrigated with greywater in rural South Africa.

1.5.1 The objectives of this study are therefore, as follows:

a) to provide an insight into the progress, opportunities and challenges associated with the
re-use of greywater for home gardening;

b) to evaluate the quality of greywater from different sources (the kitchen, laundry and
bathtub) for irrigation;

c) to assess the impacts of greywater irrigation on the trace elements in soil for small-scale
home gardening; and

d) to assess the nutritional quality of home garden produce that is irrigated with greywater,

in order to improve food security.

1.5.2 The following research questions have been formulated to support the purpose of
the study:
a) What are the insights into the progress, opportunities and challenges associated with
the re-use of greywater for home gardening?
b) What is the quality of greywater from the different sources (the kitchen, laundry and
bathtub) that is used for irrigation?

c) What are the impacts of greywater irrigation on the trace elements in the soil in rural
home gardening?
d) What is the nutritional quality of the produce irrigated with greywater and can it be

consumed?

1.6 Structure of the Thesis

This study was conducted to assess the nutritional and health quality of home garden produce
that is irrigated with greywater in rural South Africa. Furthermore, it investigated the quality
of greywater that is used for irrigation purposes and to determine its potential for the pollution
of soils. The study followed an approach whereby the information derived from a succession
of related, yet independent, research papers was compiled together to form the different

chapters in this thesis. A total of six chapters were conceptualized and formed by stand-alone
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research articles that focused on each objective. All the articles that have been published, or
which are under review, can be found from Chapters Two to Five. Chapters Two and Three
have been published in the Journal of Physics and Chemistry of the Earth, Chapter Four is
under review by the Journal of Physics and Chemistry of the Earth, and lastly, Chapter Five is
under review by the Journal of Water SA. The stand-alone chapters address each objective
individually and have been published in different accredited journals. Subsequently, the
Introduction, Materials and Methods, Results and Discussion sections of each chapter are
different, in the sense that they have their own style, according to the selected journal. Although
attempts have been made to conform to the general style in the dissertation, there may be some

overlapping and repetition in some of the sections.

Chapter One provides a general overview of the research background and problem, and it also
outlines the aims and objectives, the study area, the structure of the dissertation, its scientific

contribution and the ethical considerations.

Chapter Two reviews insights into the progress in greywater re-use for home gardening by
looking at the opportunities, perceptions and challenges related to its use. Numerous published
articles have been reviewed for this purpose. Certain keywords have been employed, in order

to reach the specific results of this objective.

Chapter Three assesses the quality of greywater that is used for irrigation and the potential of
re-using it in home gardens, in water-limited environments. The objective was to test its salinity

and sodium hazards and the water quality indices were explored.

Chapter Four evaluates the impact of greywater on the trace elements in soils. The chapter
follows up on Chapter Three by exploring the possibilities of how greywater can pollute the
soil through the accumulation of heavy metals. This was tested with indices and substantiated
with statistics.

Chapter Five focuses on the nutritional quality of the vegetables irrigated with greywater. It
adds to the results obtained in Chapters Three and Four, by addressing the question of whether
the metals tested in Chapter Three, and which accumulate in the soils in Chapter Four, can
eventually be found in the edible parts of vegetables. The experiment was performed under

normal weather conditions.
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Chapter Six synthesises and consolidates the findings of the research, the discussions and the

overall conclusions of the preceding chapters. It also makes recommendations for future

research.
1.7 Ethical Considerations

This study required no ethical clearance.
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CHAPTER TWO

2 PROGRESS IN GREYWATER RE-USE FOR HOME
GARDENING: OPPORTUNITIES, PERCEPTIONS AND
CHALLENGES

This chapter is based on:

Makgalake P. Radingoana, Timothy Dube and Dominic Mazvimavi 2020a. Progress in
greywater re-use for home gardening: Opportunities, perceptions and challenges. Journal of
Physics and Chemistry of the Earth, 116: 102853. hitps://doi.org/10.1016/j.pce.2020.102853

Abstract

Water is one of the most essential natural resources for sustaining livelihoods. Freshwater
consumption and demand have spiralled over the years, due to population growth, as well as
agricultural and industrial intensification. Innovative water conservation techniques (greywater
re-use, rainwater harvesting, seawater desalination and groundwater extraction, etc.),
especially in the face of climate change and climate variability, are central for the minimization
of water shortages, hunger and poverty alleviation, as well as health challenges. Most water
conservation methods remain ineffective and are adopted less frequently due to the associated
costs, inaccessibility and the lack of technical expertise in addressing these water challenges,
particularly in developing countries. Greywater re-use, which represents approximately 43-
70% of the total domestic wastewater volume, remains an alternative and effective source of
water that can help to reduce the pressure on freshwater for food production and poverty
alleviation in third-world countries. Great research strides have been made in greywater re-use
for agricultural use, but much remains unknown with regard to its adoption rate, especially in
developing countries. This work provides a detailed review on greywater re-use in crop
production, with a particular emphasis on the community perceptions, the challenges and
opportunities and lessons learnt from other countries and the possible implications on food
security. The study has demonstrated that greywater re-use is a common practice in both
developed and developing nations and that it is used as a coping strategy. However, it was

observed that some communities remain cautious and sceptic on its use for home gardening
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purposes. The resource is regarded as unclean and unfit for the irrigation of food crops. Its
limited adoption rate appears to be due to limited information on, or a lack of awareness of,
programs and platforms on the potential for greywater re-use as a supplement for freshwater,
especially in developing countries like South Africa. However, strategies that incentivise
greywater use i.e. the installation of greywater systems, have seen a rise in its adoption in the
developed world. It is necessary to find possible ways of using the strategies that have been
used in developed countries, to adopt them in developing countries, and to promote greywater
re-use for home gardening purposes.

Key words: Crop production; greywater re-use; innovative technologies; water scarcity

2.1 Introduction

Water is an essential natural resource that sustains the livelihoods of poor communities through
agriculture. Currently, almost a quarter of humankind (1.6 billion people) faces serious water
shortages and this number is likely to double in the next decade (Roson and Damania, 2017).
Of the 800 million people who reside in Africa, more than 300 million of them live in water-
scarce environments (NEPAD, 2006) and more than 60% of the freshwater in South Africa is
used for agricultural production with irrigation accounting for 50% of the entire water
utilisation in the country (DAFF, 2014). Agriculture is the main consumer of freshwater, with
an estimated withdrawal of 85-90% in Africa and Asia (Shiklomanov, 1999). Freshwater is
regarded as any naturally occurring water that is not seawater, or brine water. It is estimated
that an average individual in developed countries uses around 500-800 litres of water per day,
compared to 60-150 litres per person per day in developing countries (UNESCO, 2000).
Population growth and water use estimates and projections show that the international demand
for freshwater has trebled since the 1950s and that its quantity and quality have deteriorated
significantly (Gleick, 2003).

2.2 The Impact of Climate Change on Water Sources

The impacts of climate change, pollution and population growth, amongst others, contribute to
the observed deterioration and vulnerability of water resources (Hanak and Lund, 2008; Raskin
et al., 2009; Saloua et al., 2012). Daniel (2011) and Saloua et al. (2012) argue that climate
change will affect water availability due to the temperature rise, as well as the variability and
changes in the precipitation patterns. Therefore, water is very important as it influences

ecological functions (Hurlimann et al., 2009a) and plays a major role in the development of
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socio-economic programs (Abdullaev et al., 2009; Allan, 2005). An increase in water scarcity
is observed as a universal threat (Voérosmarty et al., 2010; Bakker, 2012) to livelihoods and
socio-economic development. The efficient and sustainable use of water resources is critical
for maintaining social and economic development, and it is necessary for environmental
management (Xinchun et al., 2017), especially in developing countries like Africa. Although
there are still uncertainties surrounding the prediction of rainfall, most climate models predict
warmer and drier future conditions for most semi-arid areas, particularly in southern Africa
(Kenabatho et al., 2012). It is estimated that about 250 million people in Africa could be
exposed to greater risk of water stress by 2020 (IPCC, 2007b). Currently, Africa, which is
largely dependent on agriculture, is widely recognised as one of the most vulnerable regions to
climate change in the world, due to the widespread poverty, its limited coping capacity and its
highly-variable climate (Madzwamuse, 2010; UNFCCC, 2007). Fabiya et al. (2007) stated that
agriculture is an essential sector and the backbone of the rural populace in most developing
countries (Todaro and Smith, 2000).

2.3  Greywater Re-use as a Potential Substitute for Freshwater

Robust innovative approaches are needed to attain both water and food security, particularly in
sub-Saharan Africa (Finley et al., 2009; Hanjra and Qureshi, 2010; Rodda et al., 2011). These
approaches include the re-use of greywater, namely, household wastewater, excluding toilet
wastewater (black water), for irrigation (Pinto et al., 2010). Greywater is the most possible
alternative for water scarcity and water conservation, and it can help to alleviate pressure on
the potable water sources for home gardening purposes e.g. the irrigation of gardens, lawns,
shrubs and trees, as well as dust control (Rodda et al., 2010). The use of greywater in
agriculture fits in well with the concept of Ecological Sanitation (EcoSan), which seeks to
prevent pollution and disease by managing human urine and faeces as a resource, rather than

as waste, with the recovery and recycling of their nutrients (Winblad et al., 2004).

Greywater is already being used for crop irrigation, more widely so in arid regions, where its
re-use reduces potable water use by up to 50% (Al-Hamaiedeh and Bino, 2010). Many cases
of greywater re-use have been documented. For example, Godfrey et al. (2009) conducted a
case study on the cost-benefit analysis of greywater re-use for flushing toilets and garden
irrigation in Madhya Pradesh, India. The results revealed that the internal and external benefits
of greywater re-use are substantially higher than the internal and external costs. Faraqui and

Al-Jayyousi (2002) documented the use of greywater in Tufileh, Jordan, where it was used in
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urban agriculture to alleviate poverty. The project helped community members to gain valuable
gardening, irrigation and food preservation skills, while generating an income from selling their
surplus production. Al-Hamaiedeh and Bino (2010) assessed whether treated greywater had
any effect on soils and plants. The results showed that the salinity, Sodium Adsorption Ratio
(SAR) and organic content of the soil increased over time. Roman et al. (2007) assessed
greywater re-use for vegetable irrigation in Lima, Peru, as a way of improving the urban
environment and reducing poverty. It showed that there are less health problems associated
with untreated greywater and its direct discharge into the environment and, on the other hand,
the local people had access to fresh cheap food. In an African context, Madungwe and
Sakuringwa (2007) evaluated greywater re-use as a water management strategy. The study
revealed that the unavailability of appropriate technologies for the primary treatment of
greywater before re-use is a possible constraint for its adoption as a potential resource. Hoko
and Nhapi (2002) examined greywater re-use for home gardening in Harare, Zimbabwe, while
Kulabako et al. (2011) also re-used it for irrigation in Kawaala, Uganda. In South Africa,
greywater re-use, specifically for irrigation, is practised to a lesser extent than for other
household uses, but it does occur in middle- and higher-income suburbs in times of drought.
The practice is also common in the rural areas of the country; however, it is used cautiously
for food production, as the water is, in most cases, regarded as being unclean and unfit for use

in the irrigation of some food crops.

The active promotion of greywater use for irrigation in gardens and small-scale agriculture has
the potential to not only maximise the use of the limited water supplies, but also to improve the
food security of the rural poor (Rodda et al., 2010). The impact of greywater on the
contamination of freshwater on plant development and soil properties, through its elevated
amounts of metals, has been extensively studied; however, since greywater also contains
macronutrients, particularly nitrogen and phosphorus, the availability of these nutrients in the
right quantities may benefit plant growth. It is important to investigate the availability of trace
elements in crops irrigated with greywater, in order to assess whether the crops are fit to be
consumed or whether they pose a health threat to consumers. Although health risks of heavy
metals in vegetables have been investigated (Yang et al., 2017; Kacholi and Sahu, 2018: Zhong
etal., 2018), the health risks of crops irrigated with greywater, and their ability to be consumed,
have not been investigated. Therefore, a knowledge gap exists relating to the possible impacts
of greywater on crop health. This implies that, if greywater has no impact on the crops, the

rural communities in arid and semi-arid areas can re-use their greywater for small-scale
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farming, which will enhance their food security, at a household level. This will also encourage
small-scale female entrepreneurs to sell their surplus produce during the dry and wet seasons
and to continue with food production, even when there is no rainfall. By selling their surplus
vegetables, more money will be generated for their basic needs, and bridge the societal gap of

men being the common providers at home and it will contribute to employment.

The intention of this paper was to provide an overview of the importance of greywater re-use,
as well as the perceptions, challenges and possible opportunities for its use as an alternative in
crop production, in order to alleviate poverty. Poverty is understood to be a multidimensional
phenomenon that causes deprivation and undermines people’s well-being (Bebbington, 1999;
Sen, 1981, 2000). With this as a background, it is therefore important to assess the impact
greywater on the health and nutritional status of home garden produce in rural South Africa, as
a way of increasing food security for the rural poor. Poverty alleviation refers to the ability of
human beings to lead lives that have a reason and a value, and to enhance the substantive
choices that they make (Sen, 1997), which can only be realised in the context of well-
functioning institutions committed to social security (Nussbaum, 2000). In this review, the
attention is focused mainly on the perceptions of, and the challenges faced by, communities on
the re-use of greywater as a substitute for freshwater, especially for irrigation purposes.
Informed by this background, this work sought to provide a detatled overview of the challenges
faced by communities when re-using greywater for irrigation, as a water conservation method,
which can be important for agriculture and for recharging of the water table, if it is well-

managed.

2.4 Relevant Literature Search

In order to search for relevant research, specific keywords and phrases were used, such as

bh 13 99 13

“Africa”, “climate change”, “greywater”,

2 (13

greywater irrigation”, “greywater management”,

bE 1Y 29 ¢

“greywater recycling”, “greywater re-use”, “perceptions on greywater re-use”, “South Africa”
and “water sustainability”. These keywords helped to narrow the scope and focus on specific
articles that are linked to the aim of this work. The literature search included reviewed articles
that published original research between the earliest years (from 1963) to 2019 (Figure 2.1). A
total of 184 articles were reviewed. The relevant articles were initially identified by using
targeted searches in the Science Direct, Jstor, Google Scholar, Proquest and Emerald Insight
databases, to help explore the above keywords and phrases and to filter out the relevant

literature.
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Figure 2.1 The temporal development of published articles in which greywater has been

explored

The inclusion/exclusion criteria for the selection of articles involved the need for, or the use of,
greywater/recycled water for agricultural purposes and it was necessary for them to have been
published in a scientific journal. Additional articles were identified in relevant literature
reviews, and backward reference list checking was used to include other articles (Gough et al.,
2012). The review was guided by the potential of greywater in substituting freshwater in
agriculture, as a way of working towards the Sustainable Development Goals, as well as
Agenda 2063, which focused on both eradicating poverty and empowering the rural poor
particularly women. The main target was peer-reviewed scientific journal articles. Case studies
on greywater re-use in developed and developing countries were reviewed, in order to

understand its behavioural and adoption challenges, as well as the possible opportunities.

2.5  General Perceptions on Greywater Re-use for Irrigation Purposes

In most cases, greywater re-use is typically restricted to irrigation (Wiel-Shafran et al., 2006;
Howard et al., 2007; Travis et al., 2010; Tian et al., 2020), although other uses, such as the
flushing of toilets, are more common (Jeppesen, 1996; Godfrey et al., 2009; March and Gual,
2009; Etchepare and van der Hoek, 2015). llemobade et al. (2012) reported that respondents at
the University of Cape Town, Wits University and the University of Johannesburg preferred to
re-use greywater for toilet flushing, rather than for garden irrigation, as they feared that it may
lead to contracting diseases. Earlier studies on greywater re-use argued that, even though the
practical part of water re-use can be fixed, eventually ‘the issue of public acceptance would be

the one killing the proposal” (Dishman et al., 1989). Numerous studies have explored the
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relationship between the background characteristics and the attitude of individuals towards re-
using water. Studies, such as those of Po et al. (2005), Porter et al. (2005), Dolnicar et al.
(2011) and Fielding et al. (2015), revealed that the youth and women, or certain ethnic or
religious groups (Dolnicar et al. 2011, Hills et al. 2013, Aitken et al. 2014, Garcia-Cuerva,
2016), were less interested in the issue of water re-use. However, higher-income persons (Hills
et al. 2002) and those who had obtained higher educational qualifications (Garcia-Cuerva,
2016) seemed to be more accepting of its re-use. Nonetheless, according to Friedler and Lahav
(2006) and Smith et al. (2015), there was no clear relationship between the people’s
background characteristics and their perceptions. The general anxiety regarding water
collection and water re-use is linked to various economic, health and environmental issues
(Bruvold, 1988; Dillon, 2000; Higgins et al., 2002; Marks et al., 2006a). The perception of risk
can play an important role in the public’s acceptance and adoption of greywater re-use for crop
production. Large-scale greywater potable water projects have been rejected on the basis of the
perception of public risk (Ryan et al., 2009). Grey, or treated, greywater from individual
households tends to be more acceptable than using greywater from other secondary sources
(Ryan et al., 2009). When re-using water from their own house, people can determine the water
sources that are to be used (e.g. laundry or shower water) and the type of crops to be irrigated

e.g. for the lawn, the flowers or the vegetables (Ryan et al., 2009).

The quality of greywater depends upon its source (Jefferson et al., 1999; Eriksson et al., 2002).
Different sources of greywater include water generated from the Kitchen, laundry washing and
bathing (Alsulaili and Hamoda, 2015). The characteristics of greywater are widely dependent
on the number and age of household occupants, living habits, detergents used and living
standards (Spychala et al., 2019). Some chemicals and salts in greywater are capable of causing
serious long-term soil or crop damage (Ryan et al., 2009). Soils and plants are sometimes able
to process these contaminants, but only within certain bounds, and their improper use can lead
to environmental damage (Ryan et al., 2009). However, detergent manufacturers are now
developing products that are environmentally-friendly and they are making them more relevant
for irrigation purposes (Planet Ark, 2008). According to a study by Radingoana et al. (2020b),
the pH of water sourced from various households was largely alkaline, ranging from 6.25 to
10.49 with an average of 8.71. In addition, kitchen water had high sodium hazard when
compared to laundry water. Moreover, the chlorine hazard for the same waters revealed to be
within the acceptable limits. Previous studies have concluded that many household residents

find greywater to be an appropriate water source for the garden, while they regard the use of
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recycled water as inappropriate for other activities. Marks et al. (2006b, 2008) reported that
over 90% of people in Australia viewed greywater as suitable for home gardening, while Po et
al. (2003) summarised eight studies and found that only 6% of the respondents viewed recycled

water as being inappropriate for home gardening, while the majority were against the idea.

A qualitative study by Browne et al. (2007) concluded that education and marketing
information influence people’s perceptions on greywater re-use. Having a limited knowledge
about it, due to limited campaigns on its re-use, is also recognised as a major limiting factor
(Barr, 2003; Syme et al., 2000); such campaigns therefore require careful designing, if the
communication is to be successful (Reisch et al., 2008). While the focus on marketing and
education is there to increase people’s actual knowledge, their perceived knowledge can also
influence their behaviour (Ryan et al., 2009). Their perceived knowledge may be unrelated
(Knight, 2005) because they are capable of thinking that they know more, or less, than they do
(Alba and Hutchinson, 2000). Many residents may be re-using household greywater because
they are aware that its re-use is appropriate for a range of alternative options, such as wetlands,
parks and their home gardens (Ryan et al., 2009). In Spain, the use of greywater is becoming
extensive because local regulations oblige people to install re-use systems in new buildings
(Domeénech and Sauri, 2010). The available literature on the re-use of greywater focuses mainly
on the technical aspects (Christova-Boal et al., 1996; Nolde, 2000; Kim et al., 2009), whereas
cohesive analyses of the factors (institutional, economic, technological and social) that
influence the possibility, and likelihood, of the success of such technologies, are rare. The
perception of greywater users is an area that has been least explored, when it comes to
greywater re-use (Domeénech and Sauri, 2010). There is abundant literature on the perceptions
of the general public towards water re-use (Hartley, 2006; Marks, 2006b; Toze, 2006; Dolnicar
and Schéfer, 2009); however, this subject has been poorly documented (Domenech and Sauri,
2010).

According to Pinto et al. (2010), the fact that respondents have a view, proves that they are
environmentally conscious. Furthermore, although they may want to re-use greywater to
relieve the water stress, they are concerned about the long-term effects of this source on the
soil and plants. Moreover, even though some respondents mentioned that greywater irrigation
reduced the occurrence of weeds, it also affected some native Australian plants, such as
Banksia. In addition, it has also been concluded that, despite the age and gender of the

respondents, the quality of the water used was the most important aspect for them. Another
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study by Pinto and Maheshwari (2015) revealed that the re-use of greywater is against the
cultural and religious teachings in the Middle East. Greywater (10%), rainwater (19%) and
groundwater (71%) were combined and treated and used for toilet flushing at the Millennium
Dome in the UK (Diaper et al., 2001; Hills et al., 2002). Almeida et al. (1999) also found that
an average toilet uses 8.4 litres of potable water per flush and greywater re-use can save water
for this purpose. Furthermore, it has been noted that greywater generation peaks in the
mornings and evenings, due to the lifestyles of the residents (Butler et al., 1995; Almeida et
al., 1999). The amount of greywater produced by household activities is dependent on the
location and lifestyle of the people involved (Pinto and Maheshwari, 2015). It has been
recorded that the 75% is produced in Denmark, 70-75% in Sweden and 50-80% in Jordan (Al-
Jayyousi, 2003: Palmquist and Hanaeus, 2005: Eriksson et al., 2006). Moreover, developed
nations produce higher volumes (in California, USA, it is 223 ), compared to developing
nations (in Apecsy, West Africa, it is 4.5 I) (Sall and Takahashi, 2006).

2.6 The Importance of Greywater for Irrigation

In Africa, where the livelihoods of people are mostly sustained by subsistence farming, rapid
population and urban growth is being experienced, which results in inadequate access to water.
In this era of dwindling resources, it is becoming almost impossible to continue feeding
families sustainably through subsistence farming. With only 64% of the African population
having access to an improved water supply, the African continent has the lowest total water
supply coverage (WHO et al., 2000). The problem of water supply is worse in rural areas,
where it is impacted by an inadequate and unbalanced service delivery, the lack of
infrastructure, poor topography, and in some instances, and the lack of competency among
municipalities and service providers. Hindrances in the provision of an adequate, clean, safe
and affordable water supply affects women, children, the elderly and people with disabilities,
in particular, and it raises the issues of their personal safety, health and dignity. It also
jeopardises the education of children and gender equity (WHO and UNICEF, 2006), human
health and productivity, as well as inequalities between the urban rich and the rural poor. The
rural poor pay more for these services, while they are the least likely to receive them. Irrigation
using greywater is a commonly established practice in urban and peri-urban areas in Africa;
however, this is not the same in rural areas. Although greywater irrigation can be a health risk
for farmers and consumers, through the spread of diseases, such as cholera and typhoid, it also
has nutrients for crop production and can reduce the need for chemical fertilizers, depending

on the degree of dilution. It is a reliable source of water, which can increase agricultural
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productivity, and it can enhance plant growth through improved soil fertility, given that it
contains acceptable quantities of nitrogen, phosphorus, potassium and organic matter. The re-
use of greywater for food production in African countries is of paramount importance, as

agriculture is the people’s main source of livelihood, especially in arid and semi-arid countries.

Domestic greywater is currently commonly used in Australia for most daily non-potable
activities in households (e.g. toilet flushing and garden irrigation), except for the washing of
clothes washing, and it is also used for industrial and irrigation purposes (Pham et al., 2011).
Irrigating home garden crops with greywater has several advantages (Holtzhausen, 2005; Al-
Zu’bi and Al-Mohamadi, 2008). One apparent advantage is that it saves the use of the
threatened freshwater resources (Schoen et al., 2017; Jeong et al., 2018). Jeppesen (1996) states
that it can complement the irrigation sources and can lead to a reduction of about 30% in a
household’s potable water consumption while NASEM (2016) states that it can 19% in
demands of freshwater. Several studies have shown that a further advantage of greywater
irrigation is that it increases plant growth (Day et al., 1981; Rusan et al., 2007; Rodda et al.,
2011) and crop yields (Salukazana et al., 2005; Misra et al., 2009), without any impact on the
quality of the crop (Day et al., 1981; Zavadil, 2009). The organic matter that is available in
greywater might contribute to the total loading of organic matter in the soil over time and,
therefore, it may support crop production (Rusan et al., 2007; Rodda et al., 2011). However,
some researchers, such as Maimon et al. (2010), Kuru and Luettgen (2012), Etchepare and van
der Hoek (2015), do not condone the re-use of untreated (or inadequately-treated) greywater
for either potable or non-potable uses. A study by Maimon et al. (2014) further encouraged a

strong experience when using greywater for irrigation of home gardens.

The use of domestic greywater for irrigation is becoming increasingly common in both
developed and developing countries, in order to cope with water scarcity. Wastewater and
greywater recycling are emerging as an integral part of water demand management, for
promoting the preservation of high-quality freshwater, for reducing pollutants in the
environment and for reducing the overall supply costs (Al-Jayyousi, 2003; Glover et al., 2021).
The recent technological developments and changes in attitude towards water re-use suggest

that there is potential for the re-use of greywater in the developing world.

One commonly applied individual initiative for the re-use of wastewater is the recycling of
greywater, specifically for irrigation (Travis et al., 2010). Furthermore, in the past, greywater

re-use for irrigation was considered to be a means of water conservation, since it represents the
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largest potential source of water and saves costs in domestic residences (Al-Jayyousi, 2003),
with a saving of up to 38% of water, when combined with a sensible garden design. Between
13-65% of the greywater obtained from domestic household activities has been used for
irrigation in Los Angeles (Shaikh, 1993). In Brazil, water consumption has been reduced by
29-35% by using greywater for flushing toilets (Ghisi and Ferreira, 2007). Although 60% of
the water in Malaysia is used for domestic activities, 30% of the water can be saved by using
greywater for flushing toilets (Ismail et al., 2011). Greywater is a potentially re-usable water
resource for the irrigation of household lawns and gardens (Al-Jayyousi, 2003) through the
diversion of laundry effluent. According to Jeppesen, (1996), this is technically possible
without treatment. However, the re-use of greywater for growing plants may affect the
microbial activity in the rhizosphere, which degrades the surfactants and their use by plants for
transpiration (Garland et al., 2000). Greywater also has the potential to increase soil alkalinity
if it is applied in gardens over a long period of time. Greywater with pH values of higher than
8 can lead to an increase in the soil pH and a reduction in the availability of some micronutrients
for plants. The WHO (2006) has set standards with regard to the value of microbiological
parameters, due to irrigation with wastewater (Table 2.1). The Environmental Protection
Agency (EPA) has already published guidelines on the re-use of treated domestic wastewater
for a variety of purposes, namely, in agriculture (edible and non-edible crops), in urban areas,
in areas with restricted access, for recreational purposes, in construction, industry and the
environment, as well as groundwater recharge and indirect potable re-use. The EPA (2004)
classifies agricultural re-use into two sub-types, namely, the re-use by crops that are not

industrially processed, and crops that are industrially processed/non-comestible (non-edible).

Table 2.1 Microbial quality criteria required for accessible and restricted irrigation areas
(WHO, 2006)
Parameters Crops not industrially Crops industrially processed
processed Crops non-comestible

N

Helminths eggs (n/L) 1 <1

E. coli (CFU/100 mL)  10° 103
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A study by Gorgich et al. (2020) in Portugal, baby carrots, grand rapid lettuce and gypsy red
peppers where irrigated using greywater. Three sources of water were used namely tap water,
untreated and treated graywater. These vegetable crops produced healthy fruits with exception
of lettuce that was irrigated with tap water suffering from pest related weakness. Fecal

coliforms were detected on lettuce and carrots in small numbers.

2.7 Impacts of Greywater on the Environment

With the accumulation of scientific data over the past few decades, a growing number of
countries are setting guidelines and regulations for the use of greywater for irrigation (Maimon
et al., 2017). Any use of greywater is likely to have an environmental impact, which may be
positive and/or negative (Muanda and Lagardien, 2008). However, while most of the scientific
research and legislation efforts have focused on the health risks of greywater, less consideration
has been given to its environmental impacts (Cook, 2016; Gross et al., 2015). Greywater may
contain plant macronutrients, particularly nitrogen and phosphorus. If these nutrients are
present in the right quantities, greywater may act in the same manner as a fertiliser and benefit
plant growth (Rodda et al., 2011). In the context of greywater disposal, these benefits do not
typically apply, as the application rate is too high and the nutrients are condensed into one
small area (Siggins et al., 2016). The environmental concerns surrounding greywater re-use
are often related to the chemical contamination of freshwater and its impacts on plant
development and soil properties (Misra and Sivongxay, 2009; Reichman and Wightwick, 2013;
Rodda et al., 2011; Siggins et al., 2016).

A number of studies have investigated the impacts of untreated greywater usage on pathogens
and the standard water quality parameters (e.g. chemical oxygen demand), with fewer studies
looking at soil and plant health (Chaillou et al., 2011; Mandal et al., 2011; Pandey et al., 2011;
Rodda et al., 2011). Where soil and plant health studies have occurred, they have tended to
concentrate on a narrow range of traditional parameters, such as plant yield, pH, electrical
conductivity and major nutrients (Pandey et al., 2011; Pinto et al., 2010). Very little research
has been conducted on the impacts of greywater on trace elements in plants or soils (Misra et
al., 2010; Rodda et al., 2011), as well as on soil ecotoxicology. Some studies have raised
concerns that greywater irrigation might increase the soil salinity, sodicity and pH, thus
affecting both plant health and the hydraulic properties of soil (Al-Hamaiedeh and Bino, 2010;
Misra and Sivongxay, 2009; Pinto et al., 2010). Interestingly, only a few studies have explored

the potential effects of greywater properties, other than the salinity and Sodium Adsorption
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Ratio (SAR) on the wettability of soils, and their importance is still debated (Abu-Zreig et al.,
2003; Travis et al., 2008; Wiel-Shafran et al., 2006).

Despite the widespread adoption of the re-use of greywater for irrigation, there is still limited
research on the impacts of this greywater on the receiving environment (Donner et al., 2010;
Stevens et al., 2011; Turner et al., 2013; Reichman and Wightwick, 2013). Research generally
recommends that only treated greywater be used in gardens, as this reduces the risk of microbial
contamination, in particular (Maimon et al., 2010). Thus far, studies have recommended
greywater re-use for agricultural crop production, although only for certain water qualities
(Finley et al., 2009; Misra et al., 2010; Pinto et al., 2010). The lack of the proper management
of greywater in peri-urban and rural areas in developing countries has led to the indiscriminate
discharge of greywater, which has contributed to public health concerns and threats. According
to the British Columbian Ministry of Health (2017), greywater should be applied evenly, to
prevent ponding, it should not be used on vegetables that are intended for raw consumption,
and the immediate harvesting of fruits irrigated with greywater should be avoided until the soil
and the fruits (if wetted unintentionally) have dried up. It is also advisable to irrigate alternately
with potable and greywater where possible, in order to dilute the occurrence of heavy metals
in the soil. It is also advisable to use underground irrigation when applying greywater, for

aesthetic purposes.

Although most of the research focuses on reducing the possible health risks of re-using
greywater, a publication by Turner et al. (2013) discusses the potential environmental risks of
re-using it for irrigation, such as soil contamination, due to the excessive pollutants present in
greywater. The study further states that irrigating with greywater has a limited influence on the
soil environment, that it curbs the high volume of freshwater consumption for irrigation and
that it also provides nutrients for the crops or plants (Turner et al. 2013). A study by Pinto et
al. (2010) showed that the Electrical Conductivity (EC) (300 uS/cm) and soil pH (>7.0-8.0)
were significantly elevated due to greywater irrigation, compared to potable and diluted
greywater (1:1) treatments. However, in a study by Rusan et al. (2007), although there was an
accumulation of pollutants in the soil, as a result of irrigating with greywater, they did not
affect the soil pH. Despite the accumulation of heavy metals and the elevation of pH and EC
in soils irrigated with greywater, Faruqui and Al-Jayyousi (2002) and Pinto et al. (2010)
suggested that it does not pose any risks to soil health. On the contrary, Sharvelle et al. (2012)

investigated the effects of greywater irrigation on landscapes, over the long term (more than
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five years) and observed that there was an accumulation of salts in the soil. The Electrical
conductivity (EC) of soils irrigated with greywater was 557+238 pS cm™ when compared to
that irrigated with potable water (216+60 puS cm™) and therefore posing the risk of
contaminating the groundwater. However, they suggested that the contamination of the water
table could be minimised, if not avoided altogether, by using an effective greywater

management system.

As much as greywater might contribute to soil pollution by adding pollutants such as heavy
metals, the use of inorganic fertilisers can also add impurities to the soil (Schroeder and
Ballassa, 1963; Carnelo et al., 1997). Agrochemicals, such as pesticides, fungicides and
herbicides (Gimeno-Garcia et al., 1996; Nicholson et al., 2003), as well as the corrosion of
metal objects, such as water pipes, taps and roof materials (Boller, 1997; S6rme and Lagerkuvist,
2002), also play a major role in the contamination of soils. According to Mzini and Winter
(2015), soil profile analyses after greywater application suggest that it contributes minimally
to the concentration of heavy metals in the soil, and it therefore does not exclusively pollute
the soil or pose an environmental risk within a time-frame of one year. The study further
concluded that the concentration of nutrients and heavy metals found in the greywater samples
were significantly lower, compared to the World Health Organization’s health guidelines for
the safe use of greywater (WHO, 2006). Moreover, they revealed that the nutrient and heavy
metal concentrations in greywater were within the Target Water Quality Range (TWQR)
permitted by the South African guidelines for irrigation (DWAF, 1996). However, it is strongly
recommended that greywater should be diluted, in order to lower the salt content and to
improve the quality of the irrigation water, so as to avoid long-term risks to the soil and the

environment (Mzini and Winter, 2015) and to avoid the contamination of the groundwater.

Although the recharging of groundwater with greywater is frequently substantial, in most cases,
this procedure is done in an uncontrolled manner. The prospective of tainting of groundwater
remains a risk, even though the quality of greywater improves as it infiltrates underground and
is stored for future use (Morel and Diener, 2006). The hydrology of an area, as well as the soil
structure and greywater physiognomies, regulate the level of risk that is posed by greywater,
mainly where groundwater is being used as a source for drinking water. The contamination of
water by pathogens is therefore the main concern, if the recharged water is used for drinking
(Aertgeerts and Angelakis, 2003). However, the contamination of groundwater with microbial
pathogens from the infiltrating greywater is usually an issue where the water table is high.
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Porous rocks and deeply-weathered soils do not serve as an effective blockade against
microbials, which leaves the groundwater greatly exposed to their infiltration. Under these
conditions, tainted discharges can potentially reach the groundwater quickly and can travel
longer distances with the underground water, before the pathogens die off (Morel and Diener,
2006).

2.8 Behavioural Challenges on Greywater Re-use in Developed and Developing
Countries

The traditional approach used to predict water consumption behaviour assumes that water
usage can be explained by a person’s individual attributes, such as his/her education, income
and age (Ryan et al., 2009). Socio-demographic variables are, therefore, construed as indicators
or proxies for a person’s personal capabilities (Stern, 2000). A number of studies have
investigated the socio-economic profile of general household water usage. Gregory and Di Leo
(2003) measured the water consumption for a year in Shoalhaven, New South Wales, and found
that, contrary to their expectations, the households that were proactively using less water had
lower income and educational levels and were older. They noted that many residents were
raised in an era of awareness and when the conservation of dam or tank water was a part of
everyday life. Porter et al. (2005) reported that younger people are more likely to rate a water
conservation proposal positively, while no significant differences were found across education
categories. Po et al. (2003) predicted that the greatest opposition to water re-use schemes came
from people aged 50 years and over, but they also noted that Jeffrey (2002) had found no
significant variations across the gender, age or socio-economic groups. In a summary of ten
empirical studies, Dolnic ar and Saunders (2005) concluded that, the acceptance of recycled
water is correlated with a high level of education, followed by the younger age category, while
income and gender were only significant in one-third of the studies. Thus, generalising about
the influence of socio-economic variables is mitigated by the specific context, with respect to
its costs and benefits, and the characteristics of the population. The challenge of greywater re-
use is not only limited to minimizing water usage and maximizing water re-use; there is also a
need to find a balance between environmental sustainability, while simultaneously addressing
the issues of user safety, economic viability, utilities and politics (Alkhatib et al., 2006; Chen
et al., 2012; Harding, 2006). In some developing countries, city planners and administrators
view greywater as a disposal problem. They are not concerned about its impact on, or threat to,
the livelihoods or health of the stakeholders (Valipour and Singh, 2016). Politics and corruption

play an important role in the decision to construct expensive treatment plants, which often fail
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to function properly, if at all, once they have been commissioned (Bhamoriya, 2004). Strong
traditional water rights, the lack of urban planning and weak institutions are some of the
constraints that hamper the improvement of greywater management in some urban and peri-
urban areas (Huibers et al., 2004).

The use of interviews, questionnaires, focus group discussions, informal discussions, and extra
similar and respectable social surveys to source data on the behavioural tenets of communities
on the re-use of greywater is evident (Bruvold, 1998; Jeffrey, 2001; Dolnieara and Saunders,
2006; Marks, 2006b; Dolnicar and Saunders, 2006; Alhumoud and Madzakanda, 2010). These
strategies have been used to assess the public’s perceptions towards greywater re-use the world
over and there is no doubt that societies back the idea of re-using water as a way of dealing
with water scarcity and trying to reduce pollution (Oteng-Peprah et al., 2019). It has been
shown that water conservation, environmental protection, a reduction in the water bill and
health concerns are some of the substantial contributing factors as to why individuals accept
the re-use of greywater (Hurlimann et al., 2009h; Oteng-Peprah et al., 2019). However, the
transmission of knowledge cannot alter the lifestyle and behavioural patterns of people on its
own (Gifford and Nilsson, 2014).

2.9 Lessons Learnt on Greywater Re-use for Irrigation Worldwide

Greywater re-use is widely practised worldwide, especially in developed nations, such as the
United States of America, the United Kingdom, Australia, Japan and Germany (Oh et al.,
2018). Some developing countries have begun to adopt greywater re-use to reduce freshwater
consumption and to curb water shortages (Mah et al., 2009; Mandal et al., 2011). The United
States, Japan and Australia have been at the forefront of greywater re-use. Home-owners in the
Western United States and Australia have used their own initiative in response to water
shortages by irrigating ornamental gardens with greywater (Domenech and Sauri, 2010). The
widespread use of this resource has urged authorities to legalize greywater re-use and to
develop guidelines for reducing the environmental and health risks that might be associated
with the practice. There has been growing interest in the separation and re-use of greywater as
a water-saving strategy, particularly in water-scarce regions (Busgang et al., 2015). The views
about greywater re-use have shifted in recent years, with developed countries, such as
Australia, the USA and Japan, leading the way (Domenech and Sauri, 2010) with regard to its
use in landscape irrigation (Casanova et al., 2001). The practice of re-using greywater is

becoming more common, particularly in arid and semi-arid regions (Roesner et al., 2006; Wiel-
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Shafran et al., 2006) and it has undergone a resurgence in Australian households. Both roof-
harvested rainwater and greywater re-use are promising substitutes for high quality water in
non-potable applications, such as toilet flushing and irrigation (Ghisi and Ferreira, 2007). Some
studies on the physico-chemical (Friedler, 2004) and microbiological (Birks and Hills, 2007)
characteristics of greywater have focused on Europe and shown that there is a knowledge gap,
while few studies have been conducted in Asia, where perceptions on the use of greywater
vary, depending on the lifestyle and culture of the inhabitants and the greywater sources
(Friedler, 2004). Moreover, studies on greywater characterisation (Katukiza et al., 2015;
Oteng-Peprah et al., 2018b), greywater generation and quality analysis (Qadir et al., 2009;
Abedin and Rakib, 2013) are emerging in Africa and other developing nations. In addition,
Carden et al. (2007a), Kulabako et al. (2011) and Kariuki et al. (2012) conducted studies that
focused on the characteristics of greywater relative to its potential for re-use in the peri-urban
areas of developing countries, while Carden et al. (2007b) and Armitage et al. (2009) have
dealt with its management options. In South Africa and Kenya, greywater characteristics have
been assessed by Carden et al. (2007b), Mungai (2008), Kraft (2009) and Raude et al. (2009);
however, inadequate evidence was found on the precise pollutant load of greywater.
Furthermore, changes in the quality of greywater along the tertiary drains of households are

still under-investigated.

In Jordan and Tunisia, controlled greywater use is practised and has had a significantly positive
impact on water budget of those countries. Apart from the Middle East and the North African
region, other countries have employed a proactive policy of reclaiming greywater for

productive use, including the USA (California and Arizona) and Australia (Redwood, 2008).

The USA has used treated greywater for toilet flushing and irrigation since 1925 (Christova-
Boal, 1995). The first greywater recycling system was constructed in the Grand Canyon to
reclaim greywater from tourist facilities (Oh et al., 2018). A major drought that hit California
in May 1991 triggered the public’s interest in greywater re-use (Dixon et al., 1999), and this
caused 11 counties in California to legalize greywater re-use in 1992. Apart from California,
domestic greywater has also been re-used in Florida for more than 40 years (Parsons, 2009).
South-eastern Australia has been hit by freshwater shortages, due to the impacts of population
growth, urbanization and climate change (Ryan et al., 2009). This has led to Australians
developing several approaches in order to reduce freshwater consumption, and one such

approach is the recycling of greywater (Pham et al., 2011). The Australian Government has
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announced reimbursements of up to $500 for all households that install greywater re-use
systems, which is a way of encouraging its citizens to adopt the idea (Doménech and Sauri,
2010). For a long time, Japan has also been following the tradition of greywater re-use, due to
water shortages. In Tokyo, greywater re-use is compulsory for buildings with an area of over
30,000 m?, or that have the potential to can re-use 100 m%/day (CSBE, 2003). Greywater re-
use is also practised increasingly in countries such as Germany and the UK, where water
shortages are less critical but where environmental conservation is the main concern. In Spain,
regulations relating to greywater re-use have been formulated in order to promote public
awareness, and several localities have endorsed new policies and regulations that promote the
installation of greywater re-use systems in new multi-storey buildings (Domenech and Sauri,
2010). Communities are often more interested in adopting systems that are encouraged by some
sort of reimbursement. It is also of paramount importance that communities are first educated
about certain issues, by means of workshops, in order for them to accept the idea. Since Africa
is already a dry continent, some of the above lessons from developed countries can be adopted

to address the issues of water scarcity within the drier parts of the continent.

2.10 Implications of Re-using Greywater on Food Security

More than 60% of the global population could suffer from water scarcity by 2025 or 2030
(Wallace, 2000; Rijsberman, 2006; Qadir et al., 2007). The agricultural sector uses 80% of the
global water consumption for irrigation and this is a limiting factor in rural food production in
many countries (Hanjra and Qureshi, 2010). The use of groundwater is increasing because of
climate change, population growth and excessive water consumption, and irrigation is not
exempted (Doll et al., 2012, Green et al., 2011), which puts greater pressure on the groundwater
and freshwater resources. Furthermore, the construction and improvement of dams might
influence the levels of underground freshwater. Thus, the use of conventional water is limited
and difficult, from day to day (Valipour and Singh, 2016). Moreover, the price of clean water
is too high (Dominguez, 2010) and it is not reasonable for most of the people residing in the
rural areas of developing countries. Innovative approaches are therefore needed to attain both
water and food security, particularly in sub-Saharan Africa (Finley et al., 2009; Hanjra and
Qureshi, 2010; Rodda et al., 2011). One of the approaches that are used to reduce the pressure
on urban water supplies include the re-use of domestic greywater (wastewater from bathtubs,
showers, hand-wash basins, laundry and kitchen sinks) (Finley et al., 2009; Pinto et al., 2010)
for irrigation (Pinto et al., 2010). Greywater is already used for the irrigation of crops, more
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widely so in arid regions, where its re-use reduces the potable water use by up to 50% (Al-
Hamaiedeh and Bino, 2010).

Therefore, greywater is a non-conventional water resource that can help to provide for a portion
of the irrigation water and reduce the pressure on the conventional water resources, while at
the same time improving food security. Re-using treated greywater for food production is less
common than re-using treated greywater for municipal use, for example, in public parks,
schools and golf courses (Megdal, 2007). However, the use of greywater for agriculture is
common in some countries of the world, particularly where water is simply unavailable or
where the economic encouragement for its re-use is considerable. It is estimated that 20 million
farmers worldwide use untreated or partially-treated greywater for the irrigation of their crops
or vegetables (WHO, 2008). Parts of South Africa receive less than the required 500 mm annual
rainfall for rain-fed cropping (Schulze, 1997), and recycled greywater could, therefore, be used
in these regions for the irrigation of crops, especially for small-scale implementation, such as
household and community food gardens. Greywater could be particularly useful for the
irrigation of subsistence crops, such as African Leafy Vegetables (ALVs), which are consumed
across Africa (van Rensburg et al., 2007).

2.11 Conclusions and Future Recommendations

The re-use of greywater is likely to help address food insecurity in rural households and areas
by employing female youth/women during the dry and wet seasons and thereby improving food
production during the dry periods. It is also important to promote an awareness of greywater
re-use for crop production and to transfer this knowledge, which will be bridging the gap
between researchers and the actual beneficiaries of the research outputs. It is claimed that
public understanding is a key factor with regard to the acceptance greywater re-use, and it has
been contended that it is equal to, or even greater than having the technical knowledge. There
is however considerable concern over the reactions of the public on the re-use of greywater for
crop production, and the need for developmental research in the field is still vital. In addition,
the level of acceptance is particularly dependent on whether the crop is meant to be eaten
uncooked, or not. Developing countries can also adopt methods, such as the reimbursement of
households who are interested in the re-use of their onsite greywater for certain purposes, as
well as by encouraging the connection of sewage systems in households at no cost. Although

simply the provision of information and public engagement activities cannot work on their
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own, there needs to be comprehensive thinking around the issue of the public awareness

approaches that are used.

There is therefore an urgent need for water conservation technologies to also consider
greywater re-use. In many countries, greywater has proved itself to be a useful substitute for
freshwater, for non-potable uses, such as toilet flushing and irrigation. However, greywater
has to be used with caution and extended periods of greywater re-use should be avoided. The
environmental and health risks associated with greywater re-use through irrigation should also
be taken into consideration. Furthermore, it is recommended that grey-water and potable water
dilution rates (1:1) should be studied further. Governments should also promote water
sustainability by educating the public about water re-use and by creating an awareness of its
advantages. Other studies provide readily-available information that apply to African states
where, in many instances, the easiest way of recycling and using greywater is plant irrigation,
which is mainly done in water-scarce areas where irrigation water can be transported by hand

into a garden by using a bucket.

Furthermore, implementing simple-installation, -maintenance, -operation and cost- and
energy-effective greywater systems will benefit rural communities if they adopt these systems
in their households. In addition, greywater re-use should be backed up by by-laws and
legislation, in particular where the irrigation of food crops is concerned. The wider adoption of
greywater re-use will be possible if municipalities are encouraged to have wastewater treatment
plants, while also building the skills and knowledge of the people on greywater re-use in rural
areas. An increase in awareness education, restructuring policies and laws, developing and
encouraging technological innovations, while also enlightening local communities on the best
practices of greywater treatment and re-use, are some of the most important steps for securing
a water supply, while also achieving the sustainability of water resources in rural areas.
Furthermore, continuous studies on greywater re-use for crop production can also help to shape

the policies and legislation and to curb food and water insecurity.
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CHAPTER THREE

3 AN ASSESSMENT OF IRRIGATION WATER QUALITY AND
POTENTIAL OF RE-USING GREYWATER IN HOME GARDENS IN
WATER-LIMITED ENVIRONMENTS

This chapter is based on:

Makgalake P. Radingoana, Timothy Dube and Dominic Mazvimavi, 2020. An assessment
of irrigation water quality and the potential of re-using greywater in home gardens in water-
limited environments. Journal of Physics and Chemistry of the Earth, 116: 102857.
https://doi.org/10.1016/j.pce.2020.102857

Abstract

In this study, the quality of greywater for re-use in home gardening irrigation was evaluated,
in the water-limited environments of the rural Limpopo Province, South Africa. To address this
objective, the pH, Electrical Conductivity (EC), Potassium (K*), Calcium (Ca?*), Magnesium
(Mg?*) and Sodium (Na*) were tested from the sampled household greywater e.g. from
kitchens, bathtubs and the laundry. The hazards of greywater were determined by using water
quality indices and the derived results were assessed for any differences, using the ANOVA
and Tukey methods. The average pH values of Study Area 1 (STAL), Study Area 2 (STA2)
and Study Area 3 (STA3) were found to be slightly alkaline (pH 8-9). Generally, most of the
Sodium Adsorption Ratio (SAR) values where within the low category (1-10), indicating its
acceptability for re-use. Most water quality parameters had a high Soluble Sodium Percentage
(SSP), with an average of 68.09%, 79.42% and 92.30% in STA1, STA2 and STAS3,
respectively. Furthermore, the Kelley’s Ratio (KR) indicated elevated levels of salt
concentrations in the greywater, with the exception of the laundry water in STAL. On the
contrary, residual chloride levels in all samples were found to be within the acceptable range
(0-30 meqg/L), with <4 meg/L having no restrictions. Therefore, this study concludes that
untreated water can be used for home gardening irrigation with caution, unless it is diluted with

freshwater.
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3.1 Introduction

Most parts of sub-Saharan Africa (SSA) are characterized by erratic rainfall, high temperatures
and the frequent occurrence of drought. This has led to severe water scarcity, food insecurity
and malnutrition (Ogallo et al., 2002). Although the various national rates of poverty are on
the decline, SSA remains the leading region in the world with the largest number of people
living below the poverty line (Serdeczny et al., 2016; World Bank, 2015). For instance, studies
conducted across the region have demonstrated that hunger is prevalent in 23.2% of sub-
Saharan Africa (FAO et al., 2015; Burchi et al., 2018).

In addition, poor governance, weak adaptive mechanisms, the overreliance on rain-fed
agriculture and the exponential population growth make it difficult to curb food insecurity
across the region (Pereira et al., 2002). Most parts of the sub-Saharan African region receive
an average of between 300 mm and 500 mm rainfall per year (Collins, 2011). This is further
exacerbated by climate change, which has seen the drier areas becoming even drier across
Africa (Arslan et al., 2015; Juana et al., 2013). The high temperatures and the lack of rainfall
(IPCC, 2007a; 2011), as well as the inability of the continent to adapt to, or cope with, these
changes, further complicates the situation, with the poor being the most affected (Benhin, 2008;
Hellin et al., 2012).

Although sub-Saharan Africa forms part of the least-developed regions the world over,
Tostensen et al. (2001) argues that the continent'is also experiencing a rapid rate of expansion,
which is disturbingly high. Nearly 1.3 billion of the world’s population will be hosted by the
continent by 2050 (Cobbinah et al., 2015; UNDESA/PD, 2012). According to Faurés and
Santini (2008), above 60% of the households in sub-Saharan Africa live in rural areas and their
main source of livelihood is agriculture, which is mainly rain-fed. During the dry season, food
production is interrupted due to limited rainfall, and the communities tend to buy their food or
stock feed (Domenech, 2015). SSA’s urban population is estimated to be approximately 472
million and it is expected to double in the next 25 years (Saghir and Santoro, 2018). Therefore,
urban areas are likely to be exposed to numerous socio-economic and environmental
challenges, such as the lack of housing, pollution, the lack of sanitation infrastructure, the
elevated incidence of poverty and, more importantly, food insecurity and malnutrition, among
others (Tacoli, 2017). The projected increases in the rate of urbanization are exacerbated by
the lingering poverty in rural areas, and the problem is further aggravated by huge bottlenecks

in service delivery (van Schalkwyk, 2015). This has led to calls from across the globe to come
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up with ground-breaking methods to mitigate against the scourge of water scarcity and climate
change and to help reduce poverty, principally in sub-Saharan Africa (Finley et al., 2009;
Hanjra and Qureshi, 2010; Rodda et al., 2011).

Faced by the burden that the rising population is placing on the available water resources,
developing countries in the sub-Saharan region have resorted to building dams, inter-catchment
water transfers, rainwater harvesting and greywater re-use. Although such ground-breaking
methods to alleviate water scarcity have been adopted, greywater re-use for agricultural
purposes (Pinto et al., 2010) seems to be the most lucrative method for the poor, given the
urgent need to reduce food insecurity and malnutrition. The re-use of greywater has become a
common practice the world over, predominantly in regions that are facing water stress.
However, its adoption across the sub-Saharan countries has been slow, due to the skepticism
associated with its quality (Finley et al., 2009; Hanjra and Qureshi, 2010; Rodda et al., 2011).
Various greywater studies in Europe have assessed the production of greywater by households.
One of these studies was by Noutsopoulus et al. (2018) in Greece, which showed that
households produced 98.4 liters of greywater per day, on average. Antonoupoulou et al. (2013)
revealed that 82.6 liters of greywater were produced in Greece in a day, whereas in Holland it
was estimated to be about 86 liters per household per day (Krozer et al. 2010). A similar trend
was also reported in Denmark (Revitt et al. 2011). Greywater, which includes water from
bathtubs, showers, hand-wash basins, laundry and kitchen sinks, can therefore help to
supplement the limited rainwater for use in small-scale farming (Finley et al., 2009; Pinto et
al., 2010). Greywater re-use has the potential to reduce the use of freshwater for agricultural
purposes by almost 50% (Al-Hamaiedeh and Bino, 2010; Ghisi and Ferreira, 2007).

However, besides the associated benefits, the re-use of greywater might also bring about some
public wellbeing, ecological or environmental challenges (Maimon et al., 2010). The elevated
salinity, pH and bromine content found in greywater can adversely affect the quality of the soil,
in the long term (Finley et al., 2009; Al-Hamaiedeh and Bino, 2010; Misra et al., 2010; Rodda
et al., 2011). The over-use, or use, of greywater is hypothesized to have a side effect on the
growth of certain plants and vegetables, and it can pollute the surface/groundwater if it is not
properly regulated (Eriksson et al., 2002; Negahban-Azar et al., 2013). Information on the
associated impacts of greywater re-use for home gardening irrigation is not well-documented,

especially in developing countries. Therefore, it is upon this premise that this study sought to
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assess the quality of greywater and its potential for possible re-use for home gardening

irrigation in water-limited environments.

3.2 Methodology
3.2.1 Study area description

Greywater sampling was conducted in three study sites, which included the Schoonoord,
Malegale and Ga-Radingwana communities (Figure 3.1). These communities are located in the
Sekhukhune district, southeast of the city of Polokwane in the Limpopo Province, South Africa.
Geographically, the area is located at the coordinates of 24°23'27.52” S and 29°50'06.83" E.
The district is situated in a semi-arid environment, with an average annual rainfall of £560 mm
and average summer temperatures of £ 23°C (Mpandeli et al., 2015; Stronkhorst et al., 2009;
Sepuru and Dube, 2018). Subsistence, or smallholder, agriculture accounts for 70%, whilst the
other 30% is accounted for by commercial agriculture (Siambi et al., 2007). Prior to the
selection of specific households, a pilot study was conducted to assess if there were any
differences in the use and quality of greywater within the households in these communities. It
was observed that most households used more or less similar detergents for washing and
bathing. The detergents included the Omo, Mag, Surf and Sunlight branded washing powders,
Sunlight liquid or green bar, together with bleach for their dishes, as well as the Sunlight green
bar, Protex and Lifebuoy branded bath soaps. Participating households were sampled using
purposive sampling based on their willingness to participate, the number of years they have
been reusing greywater and how long they have been in the area. The individuals within the
households were however not directly involved in the research. Since these communities were
small and used the same detergents, the results obtained for each household were not very
different. Based on this information and the costs involved in water quality tests, a small, but
representative, number of households were selected for sampling purposes, which consisted of

5 to 7 members each.
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Figure 3.1 Location of the sampled study sites in Limpopo Province, South Africa
3.2.3 Greywater sampling

Before sampling, all plastic bottles were rinsed and sterilised to remove any impurities. The
sterilised bottles were collected from the Capricorn District Municipality Water Laboratory.
The bottles were labelled to indicate the type of greywater collected, the source and the study
area. The greywater was stirred before sampling, to ensure that the water and constituents were
properly mixed. Samples were collected from 100% greywater (bathtub, laundry and Kitchen),
as well as 50-50% (bathtub, laundry or kitchen water, mixed with potable water). The bottles
were submerged into the centre of the greywater storage basins and buckets to obtain a sample
of the greywater concentration. A total of six samples were collected and analysed from each
site, which was a total of 18 samples for the three communities. Specifically, two samples
(100% and 50-50%) per source of production (bathtub, laundry and kitchen) were collected
from each site. The collected samples were stored in a cooler bag, with ice to keep them cold
and to limit any possible microbial activity. They were then transported to the Capricorn

District Municipality Water Testing Laboratory within 12 hrs and stored for further analysis.

Analyses were conducted within 48 hrs on the physical and aesthetic water quality components,
namely pH, EC, Total Dissolved Solids (TDS) and Chloride (CI°), as well as on metals, namely,
Potassium (K*), Calcium (Ca?*), Magnesium (Mg?*) and Sodium (Na*). These parameters were
measured by using different equipment. For example, the pH was measured by using a pH
model pH3 meter, while the Electrical Conductivity (EC) was measured by using a

conductivity model CONDG61 meter. Inductively Coupled Plasma-Optical Emission
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Spectrometer (ICP-OES), manufactured by Thermofischer Scientific was used to test the
following metals: Potassium (K*), Calcium (Ca?*), Magnesium (Mg?*) and Sodium (Na?*).
Samples were acidified with Hydrochloric acid (HCI) during sampling to preserve them from
any chemical reactions during transportation and storage. The samples were filtered prior to

testing, to remove any particles. A syringe micro-filter method was used for this purpose.

3.3 Evaluation Methods
3.3.1 Water quality indices

The three most significant quality measuring indices, namely, Sodium Adsorption Ratio
(SAR), Soluble Sodium Percentage (SSP) and Kelley’s Ratio (KR), were used to assess the
greywater quality and to determine its appropriateness for agricultural use (Ishaku et al., 2011;
Darwisha et al., 2011; Jang et al., 2012, Deshpande and Aher, 2012; Wang and Jiao, 2012).
These indices are paramount for determining the concentrations of sodium in water. The

indices are described, in detail, in the sections below:
3.3.1.1 Salinity Hazard

The EC and TDS values obtained from the analysed water samples were used to assess the
salinity hazard. Four classes of EC limits were used, as defined by Richards (1954). These
included low salinity (EC<250), medium salinity (250<EC<750), high salinity
(750<EC<2250) and very high salinity (EC>2250), which were measured in microsiemens per

centimetre.
3.3.1.2 Sodium Hazard

The sodium hazard was obtained by calculating the Sodium Adsorption Ratio, the Soluble

Sodium Percentage and Kelley’s Ratio.

3.3.2 Sodium Adsorption Ratio (SAR)

The Sodium Adsorption Ratio (SAR) is used to measure the relative concentration of sodium
to calcium and magnesium in the water and soil (Aboukarima et al., 2018; DERM, 2009,
Rashidi and Seilsepour, 2008). The ratio expresses the relative activity of sodium ions in the
exchange reactions with the soil. The following Equation 3.1 by Richards (1954) was used:
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SAR = , (3.1)

(Ca2+ +(M92+)
\l 2

where: sodium, calcium and magnesium concentrations are expressed in milli-equivalents/litre.

Since concentrations of ions in water samples are usually provided in milligrams per Litre
(mg/L), the ions were converted into milli-equivalents per Litre (meg/L). This was done by
dividing the concentration of Na*, Ca?* and Mg?* by their equivalent weights, which are 22.90,
20.04 and 12.15, respectively. Equation 3.1 was used to calculate the SAR of each collected
sample (Richards, 1954). Large concentrations of sodium in irrigation water increase the
hazards to soils, as the accumulation of sodium ions reduces soil permeability (Hong et al.,
2009).

3.3.3 Soluble Sodium Percent (SSP)

The following Equation 3.2 was adopted from (Wilcox, 1955) for calculation of SSP:

(KT +Na™)
Ca?t+Mg?2+*+Nat+K*

SSP = x 100 , (3.2)

where: potassium, sodium, calcium and magnesium concentrations are expressed in milli-

equivalents/litre.

Water with a high SSP of greater than 60% affects the physical quality of soils (Khodapanah
et al., 2009). The ions were converted from milligrams per Litre (mg/L) to milli-equivalents
per Litre (meg/L). This was prepared by dividing the concentrations of Na*, Ca?*, Mg?* and K*
by their equivalent weights, which are 22.90, 20.04, 12.15 and 39.00, respectively.

3.3.4 Kelley’s Ratio (KR)

The Equation 3.2 for calculating KR was sourced from (Kelley, 1963) as is shown below:

+
KR = Na

- , 33
Ca?t+Mg?+ (3.3)
where: sodium, calcium and magnesium concentrations are expressed in milli-equivalents/litre.

Kelley’s ratio (KR) indicates the balance among the Na*, Ca®" and Mg?* ions in water. A
Kelley’s Ratio of >1 indicates an excess level of sodium in the water; therefore, the water

samples with a KR of <1 are considered to be suitable for irrigation (Ibraheem and Khan, 2017).
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Kelley (1963) suggests that the proportion of irrigation water should not exceed 1. The ions
were converted from mg/L in milli-equivalents per litre (meg/L). This was done by dividing
the concentration of Na*, Ca** and Mg?* by their equivalent weights, which are 22.90, 20.04
and 12.15, respectively.

3.3.5 Chloride Hazard

The chloride hazard was analysed by using the amount of residual chlorine found in the

assessed sampled greywater.

3.3.6 Magnesium Adsorption Ratio (MAR)

The MAR was calculated by using the method proposed by Szabolcs and Darab (1964), for

water use in agriculture. The MAR for this study was computed using Equation 3.4 as follows:

Mg2+
Ca2++Mgz+

MAR = X 100 : (3.4)

where: magnesium and calcium concentrations are expressed in milli-equivalents/litre.

The ions were converted from mg/L into milli-equivalents per litre (meg/L) where the
concentrations of Ca** and Mg?* were divided by their equivalent weights, which are 20.04 and
12.15, respectively.

3.4  Statistical Analysis

An Analysis of Variance (ANOVA) was used to determine whether there were any significant
differences in concentrations of the selected water quality parameters (K*, Na*, C?* and Mg?*).

The significance level was set at 0.05.

The following Equation 3.5 was used to calculate ANOVA:

T =qa(c,n—rc) : (3.5)

ni

where: T is the Tukey criterion, qa (c, n-C) is the studentized range distribution, based on ¢ and
n-c df, ¢ is the number of groups, n-c is the total sample size, MSE is the Mean Square Error
(from the ANOVA table) and nj is the sample size of the group with smallest number of

observations.
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35 Results
351 pH

In Study Area 1 (STAL), the combined pH values from the sampled greywater ranged from
5.20 to 10.02, with an average value of 8.03, depicting that the sampled greywater is faintly
alkaline in nature. Fifty percent (50%) of the samples in STAL1 were good for irrigation
according to the South African Water Quality Guidelines for agricultural irrigation. The overall
pH values for STA1 were within the irrigation water limits of 6.5 to 8.4 (DWAF, 1996). The
values in Study Area 3 (STA2) ranged from 7.43 to 10.47, with an average of 8.73, which is
alkaline/basic. Moreover, in Study Area 3 (STA3), 33% of the pH values were suitable for
irrigation, with 77% of the samples being outside the limits (Bath 100%). The values ranged
from 6.25 to 10.49, with an average of 8.71, which is alkaline.

3.5.2 Salinity hazard

The EC in sampled greywater ranged from 1.48 to 585mS/m (millisiemens per meter).
According to van Rensburg et al. (2011), water used for irrigation with EC<400 is still
considered to be safe. Most of these values (100%, 83% and 83% in STAL, STA2 and STA3,
respectively) are within the limit, with the EC of laundry (50-50%) in STAS3 being the lowest
and with laundry (100%) in STAS3 as the highest. The EC values of experimental samples for
STAL1 varied from 42.00-271 mS/m (mean value = 129mS/m), followed by STA2 with values
ranging from 3.91-585 mS/m (mean value = 173 mS/m). The EC value of STA3 samples varied
from 1.48-631 mS/m, with a mean value of 134 mS/m. The average values for EC in all study
areas were within the limit, as specified in van Rensburg et al. (2011). The DWAF (1996) limit
for TDS in irrigation water is <540 mg/L. Almost half (44%) of the samples were within the
limit. The average TDS for STAL, STA2 and STA3 were 836.65 mg/L, 1124.26 mg/L and
869.73 mg/L, respectively, and they were all above the limit. Given the EC results, greywater

can be applied on food crops.

3.5.3 Sodium Hazard

3.5.3.1 Sodium Adsorption Ratio (SAR)

Table 2 displays the SAR concentrations in the sampled water. In STAL, the values ranged
from 2.33 to 51.11 meg/L, with a mean of 66.63 meqg/L. The water from washing dishes
contains high SAR values, probably due to the type of detergents used for washing their dishes.
The SAR values for STA2 ranged from 1.56 to 37.13 meg/L, with a mean of 9.60 meg/L. The
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mean value of SAR in STA2 suggests that the hazard of using greywater in this study area is
low; however, caution should be applied to sensitive crops. STA3 revealed a range of 10.31 to
90.45 meq/L, with a mean of 46.55 meqg/L. Generally, most of the values are within the low
sodium hazard category of Table 3.1 below. The SAR values recommended for irrigation are

summarised in Table 3.1.

Table 3.1 The sodium hazard of water based on SAR™ values (Fipps, 2003)

SAR"values Sodium hazard of Comments

water
1-10 Low Use on sodium sensitive crops such as avocados must be
cautioned
10-18 Medium Amendments (such as Gypsum) and leaching needed
18 - 26 High Unsuitable for continuous use.
> 26 Very ~High - generally unsuitable for use

“Sodium Adsorption Ratio
3.5.3.2 Soluble Sodium Percent (SSP)

In STAL, the SSP values ranged from 44.64 to 99.27%, with a mean of 68.09%. The samples
with the highest percentages were from dish water, with laundry water having the lowest
percentage. In STA2, the values range from 60.41 to 97.77%, with a mean of 79.42%. In STA3,
the results surpassed the permitted values of SSP for irrigation, which is 60%. The values range
from 77.69 to 99.18%, with a mean of 92.30%. Therefore, the results depict that, when using
water that is high in SSP, continuous use should be avoided.

3.5.3.3 Kelley’s Ratio (KR)

The results in Table 3.2 show that almost all the KR values were high, which indicates a high
sodium concentration in the water, with the exception of laundry water in STAL. In STAL, the
KR values ranged from 0.78 to 131.21 meq/L, with a mean of 34.00 meg/L. The KR values for
STAL were high, with the exception of laundry water. In STA2, the KR values ranged between
1.40 and 43.44 meqg/L, with a mean of 12.90. In STAS3, all the sample values ranged between
3.46 and 119.15 meg/L, with a mean of 38.73 meg/L. These results indicated that the greywater
had excessive sodium levels. This water can only be used for irrigation or home gardening

purposes, if leaching is allowed, and this can be done by alternating grey- and freshwater.
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3.5.3.4 Chloride Hazard (CH)

Table 3.2 shows the amount of chloride in the water samples per study site. The results in Table
3.2 indicate that chloride concentration in all the water samples was within the acceptable
limits, which made it suitable for irrigation or for home gardening. Most samples (56%, n =18)
were below 2meq/L, which is regarded to be safe for all plants, followed by 22% of the samples,
which were between 2 and 4meg/L and suitable for sensitive plants. In addition, the remaining
22% of the samples were found to be between 4 and 10meg/L, which can be used on moderate
to tolerant plants. According to Alobaidy et al. (2010), the amount of CI" (meg/L) in irrigation
water is considered to be safe for all plants when it is less than 2, it is safe for sensitive plants
when it ranges between 2 and 4, and it is safe for moderate to tolerant plants when it is between
4 and 10.

3.5.3.5 Magnesium Adsorption Ratio (MAR)

Table 3.2 below reveals that 50% of the samples in STA1 and STA3 are within the acceptable
MAR limits, while only 16% of the samples are within the limits in STA2. This means that
greywater can be used on food crops, but it cannot be used for long periods without alternating
it with freshwater. During the rainy season, the use of greywater can be supplemented by
rainwater to stabilize the ions in the soils. The MAR negatively affects the soil when it
surpasses 50% (Gupta and Gupta, 1987). If the value of the MAR is less than 50%, then the
water is safe and suitable for irrigation (Khodapanah et al., 2009). However, elevated
concentrations of Ca?" and Mg?" are sometimes required to hinder or neutralize the negative

effects that might be brought about by excessive amounts of Na* in soils and water.
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Table 3.2 Descriptive statistics of metal concentrations in sampled greywater

Water Study Bath Bath Laundry  Laundry Dish Dish Minimu Maximu Average
Quality  Areas (100%6) (50/50% (100%)  (50/50% (100%) (50/50%) m m
Indices (STA) ) )
.S STAL 2.33 2.90 2.93 2.79 51.11 27.51 2.33 5111  14.96
<23 STA2 3.77 3713 468 7.25 3.24 1.56 1.56 3713 9.61
= STA3 76.21 1100  16.85 7429 1031 90.45 10.31 90.45  46.52
.S STAL 56.57 63.04 4641 4464 99.27 98.61 44.64 99.27  68.09
R STA2 95.73 97.77 6041 T e a6, 61.93 60.41 97.77  79.42
= STA3 99.18 87.38  98.77 7769 9158 99.17 77.69 99.18  92.30
= STAL 1.16 143  [IEsHIN NDN WIN 181 NIl 68.55 0.78 13121 34.00
<3 STA2 22.16 43.44 140 2.48 6.39 1.56 1.40 4344 1291
= STA3 11.98 686 8038 344 1055 | 119.15 3.44 119.15  38.73
= STAL 1.35 133 [IB2oll1 IBi7 111 obyy [l 250 1.33 9.01 3.44
5<3 STA2 1.30 166  [lks4ll W57 111 oBfl [l o024 0.24 4.84 2.66
= STA3 2.52 1.01 1.08 4.28 0.01 0.01 0.01 4.28 1.49
v STAL 31.64 3747 63.94 61.82  68.33 45.96 31.64 68.33  51.53
< STA2 74.72 6549  74.00 8431  59.04 16.24 16.24 8431  62.30
=~ STA3 65.27 4533 1L .7V b Beon | T 4a31f flhieei12 42.97 6527  53.08
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3.5.4 Statistical analysis results

Overall, the one-way ANOVA results showed that the concentration of metals in greywater
varied significantly across all study areas. In STAL, the ANOVA test revealed that the metals
were different, where Fzos4 = 13.66, p<0.05. STA2 and STA 3 were also significantly
different, with ANOVA revealing that F3oess = 6.83, p<0.05 and F3.0084 = 22.74, p<0.05. The
Tukey HSD test was performed as one of the post-hoc tests to examine the mean differences.
The test revealed that, across all study areas, 50% (3 out of 6) of the means per study area were

different from one another.

3.6 Discussion

In this study, the quality of greywater was assessed for its potential re-use in home gardening
irrigation in water-limited environments in the rural areas of the Limpopo Province of South
Africa. Water quality results from all three monitoring sites showed that the pH was alkaline.
The average pH was 8.03, 8.73 and 8.71 in STAL, STA2 and STA3, respectively. The
recommended range of pH for agricultural water should be between 6.5 and 8.4. Therefore, our
results indicated that greywater from the three sampled sites should be used with caution or be
prioritized on crops that are salt-tolerant. Literature shows that the use of water with a pH value
of below 6.5, or above 8.4, can result in a nutritional imbalance or it may contain toxic ions
(Ayers and Westcot, 1985; Pescod, 1985), which can result in crops being stunted, due to
nutrient deficiencies. For example, the study by Brown et al. (2008) has shown that acidic
water can have a harmful effect on plant growth as it can contribute to nutritional problems in
the soil. On the contrary, strongly acidic water, i.e. with a pH of less than 4, can lead to soil
acidification, a condition that is very unfavourable for crop growth (Ourimbah, 2011). This
water can be used effectively when it is alternated or diluted with freshwater, or when lime is

added to the water to increase the pH and to minimise the impacts (Ourimbah, 2011).

Salinity tests revealed that the greywater from the three sites was fit for the irrigation of food
crops. The EC results of all the study areas were shown to be within the 250 mS/m limit, as
suggested by Agriculture and Food (2019), and they were classified as moderately salty.
According to the South African Water Quality Guidelines, the recommended limit for TDS in
irrigation water is 540 mg/L (DWAF, 1996). In general, 44% of the samples were within these
limits. These results demonstrate the usability of greywater for the irrigation of food crops that
are highly tolerant to salts. Elevated EC and TDS levels in water have the potential to reduce

the productivity of the soil in the long term, more especially if it is uncontrolled (WHO, 2005).
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Conversely, the EC of water used for agricultural purposes is within the limits of 75-225 mS/m
and is tolerable for irrigation (Alobaidy et al., 2010). This is further supported by van Rensburg
etal. (2011), who stated that soils are considered to be saline when they have an EC>400 mS/m,

and irrigation water exceeding the limit will result in a decrease in the crop quality and yield.

Levels of sodium in water quality assessments were revealed to have a low SAR and to be
suitable for irrigation. The levels of chloride in greywater are regarded as acceptable as they
are within the limits depicted in literature (Alobaidy et al., 2010). However, other indices, such
as SSP, KR and MAR, have revealed an elevated sodium content. An accumulation of sodium
in the soil might influence changes in its physical properties due to irrigation or the application
of water containing an SSP of greater than 60% (Halliwell et al., 2001). This can, however, be
reduced by allowing the sodium to leach through the soil, and it can be achieved if greywater
irrigation is discontinued during the rainy season, to allow the leaching of Na* to take place. If
the levels of sodium are high in the soil, the infiltration of water will be reduced and runoff
will be increased (Bauder et al., 2011). Alternatively, soils with a low SAR encourage

infiltration, thus improving crop production.

3.6.1 Implications of greywater re-use for home gardening and policy implementations

These results imply that greywater can be a source of water for home gardening when there is
a shortage of freshwater sources. However, this resource should not be used on rainy days, in
order to allow leachate to take place. Since this water is mostly alkaline, it should not be used
on crops that require an acidic pH to thrive/survive. It also implies that crop production does
not have to be interrupted during the dry season. The policy direction in water-limited
environments should be to focus on educating the public or raising their awareness on
greywater re-use and its definition. The regulations should bear in mind the potential for actual
compliance and implementation of greywater systems. Governments should also allow
households that are willing to install these systems to have easy access to them and to subsidize
them (Carden et al., 2018). It should be clearly stated that greywater should be used within <24
hours of production. In the case of irrigation, sub-surface irrigation should be used, or crops
should be heavily mulched (Carden et al., 2018).
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3.7 Conclusions

It is therefore concluded that the greywater from the three study sites was within the
recommended standards for home gardening or irrigation purposes. All the key water quality
parameters assessed in this work have been found to be slightly within acceptable
concentrations. However, its use should be prioritized more on salt-tolerant crops, although the
presence of Ca?* and Mg?* in greywater would help to neutralize the sodium concentrations.
Furthermore, there is need for caution when this water is used, especially when it comes to
prolonged irrigation, as the Na?* concentration in greywater will have an impact on the plant
and soil quality, in the long run. Overall, the findings of this study underscore the potential of
greywater as an alternative source of water for home gardening or small-scale irrigation in the

water-limited environments of the Limpopo Province, and in sub-Saharan Africa in general.
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CHAPTER FOUR

4 AN ASSESSMENT OF SOIL CONTAMINATION FROM
GREYWATER IRRIGATION IN SMALL HOME GARDENING PLOTS

This chapter is based on:

Makgalake P. Radingoana, Timothy Dube and Dominic Mazvimavi 2021. Assessing soil
contamination from greywater irrigation in small home gardening plots. Under review,
Manuscript number: JPCE-D-21-00152.

Abstract

Africa has been identified as one of the most vulnerable continents in the world, because of its
projected population growth and the impacts of climate change. Sub-Saharan Africa is
currently projected to have a steady annual population increase of 2.7%, which will possibly
double by 2050 and which will have a negative impact on the existing water resources. Water
scarcity has become a worldwide problem and greywater re-use has been extensively adopted
to circumvent the impacts of food security. Although greywater re-use seems to be fit for
supplementing potable water in home gardening, it still possesses some characteristics that
might have a negative impact on the soils and irrigated produce, if they are not monitored well.
In this study, the impacts of greywater re-use on the soils in home gardening vegetable
production were assessed. Four households, located in the Dihlabaneng village within the
Makhuduthamaga Municipality of the Limpopo Province, South Africa, were purposefully
selected to participate in this particular study. A total of eight soil samples were collected (two
per household) consisting of 2 samples each for kitchen-, laundry-, bath irrigated greywater
and lastly clean water irrigated soil to serve as a control site. The soil samples were collected
from depths of 30 cm and 60 cm, stored in Ziplock polythene bags and labelled for further
laboratory analysis. These depths were selected because some of the selected crops had taproots
that extended to a depth of 60 cm. Heavy metals, such as arsenic (As), chromium (Cr), copper
(Cu), manganese (Mn), lead (Pb) and zinc (Zn) were tested from each collected soil sample in
the area that were irrigated with greywater (i.e. kitchen, bathtub and laundry) and control site
resulting in 48 tests. The intra- and inter-variations in heavy metals across the two soil depths

were statistically evaluated. The Analysis of Variance, Pearson’s correlation, the index of geo-
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accumulation, the contamination factors and the modified degree of contamination were used
to assess the heavy metal contamination levels in the area under study. The results revealed
that the pH of all the sampled soils was within the optimal range for agricultural soils (5.5 to
7.5). The Analysis of Variance displayed that the highest percentages of metals (62% and 95%)
in both the 30 cm and 60 cm soil depths were significantly different. There was a strong positive
relationship between the metals at both soil depths, with the exception of Zn, at a depth of 30
cm. This shows that greywater was not the only cause of metal accumulation in the soils. The
pollution indices revealed that As was the highest contaminant amongst all the other metals.
Generally, the soils were moderately contaminated. It can therefore be concluded that
greywater use over a long period is likely to contribute to metal accumulation in soils.
However, crop rotation and other farming practices, such as intercropping, can be encouraged

to reduce certain metal concentrations in the soils.
Keywords: greywater; home gardening; irrigated soils; rural area; trace elements

4.1 Introduction

Globally, the challenges associated with climate change, for example, the lack of proper
infrastructure to trap and supply the water (Adams et al., 2019; Dos Santos et al., 2017), as
well as water supply problems due to limited financial resources, especially in developing
countries, are of major concern, as they have an impact on the already scarce water resources
(IPCC, 2018; Ripple et al., 2019; Radingoana et al., 2020a; World Economic Forum, 2020;
Pinto et al., 2010; Godfrey et al., 2009; Abusam, 2008; Jury and Vaux, 2007; Jenerette and
Larsen, 2006; Lundqvist et al., 2005). Furthermore, pressure is being exerted on the water
resources by pollution, leakages and population growth (Reichman and Wightwick, 2013).
According to the full CMIP5 model ensemble (Sillmann et al., 2013), extreme precipitation is
projected on the Horn of Africa with tropical eastern Africa predicted to experience
precipitation increase of 5-75%. However, on the contrary, regional models project that there
will be no change in rainfall; instead, the eastern region is drying up (Laprise et al., 2013). Vizy
and Cook (2012) projected that the number of dry days in the eastern region of Africa will
increase. The developing world is currently experiencing an increase in the population, with
most of the people having poor access to clean water. Since African livelihoods are typically
focused on subsistence agriculture, it will become almost impossible for these farmers to
continue feeding their households sustainably, without being able to irrigate their fields
(Radingoana et al., 2020a).

http://etd twe.ac.zal



Water scarcity has become a worldwide problem (Godfrey et al., 2009); therefore, the re-use
of greywater for irrigation purposes has been widely adopted throughout the world as a way of
combatting this scarcity, as well as for improving food security (Maimon et al., 2010; Turner
et al., 2013; Zhu et al., 2015; Turner et al., 2016). Even though greywater re-use is fit for
substituting potable water in subsistence irrigation, this water still contains a lot of pollutants
(Stevens et al., 2011; Mohamed et al., 2013; Turner et al., 2013; Albalawneh et al., 2016;
Turner et al., 2016). Re-using greywater for irrigation purposes requires an understanding of
the potential impacts that this practice can have on the environment (Travis et al., 2010).
Although greywater irrigation on a larger scale is preceded by treatment measures (Travis et
al., 2010), this might not be the case with irrigation at a household level (Wiel-Shafran et al.,
2006).

As a result of the increased awareness of the problem of water scarcity, greywater re-use
technology is currently considered to be of significant importance and a lucrative alternative
(Travis et al., 2010). It is seen to be a potential substitute for the freshwater supply when the
water demand increases (Lambert and Lee, 2018; Oteng-Peprah et al., 2018b; Atanasova et al.,
2017; Zhu et al., 2015; Maimon et al., 2010). However, its sustainability still remains
questionable, because it is linked to fears of environmental pollution (Wiel-Shafran et al.,
2006). Maimon et al. (2010) recommends that greywater be treated before garden irrigation, as
this reduces the risk of microbial contamination. Nevertheless, as the water shortages increase,
untreated irrigation greywater is allowed in some countries (Maimon and Gross, 2018;
Newcomer et al., 2017; Maimon et al., 2010).

During the severe drought conditions in the City of Cape Town, South Africa, between 2015
and 2018, residents were forced to rely on alternative water sources for irrigating their
vegetable gardens. Rainwater, groundwater and domestic greywater were among the sources
used (Hardie et al., 2021). Since the abstraction of groundwater is costly and requires the
installation of boreholes, the reliability of this method was not a guaranteed solution for some
residents. In addition, given the erratic nature of the South African rainfall, the storage capacity
required for rainwater to last longer affects the availability of potable water for irrigation.
Therefore, in such incidences, people were forced to use the readily available sources, such as
greywater, and this was publicly emphasized by the City of Cape Town (City of Cape Town,
2019). However, although this water is regarded as the most potentially reusable source, the

literature is still limited regarding its impact on soil when it is used for irrigation purposes
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(YYashni et al., 2020). This is supported by Travis et al. (2010) and Turner et al. (2016) who
stated that the impact of micro-pollutants in greywater and their environmental impact on the
soil, groundwater and surface water (Erikson and Donner, 2009) has still not been established.
It is therefore assumed by Turner et al. (2016) that most organic micro-pollutants can be
treated, and their impact minimized through appropriate treatment systems. Unfortunately, this
is not possible for the rural South African populace, where wastewater systems are lacking,
and service delivery is still hindered by the lack of proper infrastructure, finance, vandalism
and corruption. In addition, even though numerous techniques can be put in place to help
reclaim greywater for use in non-potable cases (Zipf et al., 2016; Abed et al., 2017; Prodanovic
et al., 2020), this remains impossible in developing and under-developed countries, due to the
associated costs. Despite some metals that are found in greywater being essential for plant
growth, their availability in large quantities can have an impact on the health of the soil (Shaikh
and Ahammed, 2020). The availability of sodium (Na) in greywater has the potential of causing
a Na build-up, which, in turn, is likely to cause the deterioration of the soil structure, which
affects plant growth (Oteng-Pephra et al., 2018a)

Soil metals can be deposited through geogenic and anthropogenic activities. However,
geogenic activities that contribute to the contamination of soils only amount to 20% of the total
pollutants (Ludden et al., 2015). On the other hand, anthropogenic activities that lead to soil
contamination include acid mine drainage, irrigation water, the application of fertilizers and
pesticides, as well as some urban activities, etc. (Gonzalez et al., 2011; Wuana and Okieimen,
2011). These contributions to soil pollution are of primary concern as they are the only ones
that are regarded as true legal contaminants (Galan et al., 2019). However, the distinction of
whether the cause of the pollution is anthropogenic or geogenic still lacks enough research
evidence (Galan et al., 2014; Petrick et al., 2018). Furthermore, geogenic elements hardly
exceed the threshold (Gonzalez et al., 2011) and if they do surpass it, the risk of toxicity is still
low, because of their low availability (Romero et al., 2012; Galan et al., 2014; Romero-Baena
etal., 2018).

Most studies on untreated greywater tend to focus on traditional parameters, such as plant yield,
pH and conductivity, as well as major nutrients, such as nitrogen, phosphorus, potassium,
magnesium and calcium (Maimon and Gross, 2018; Lubbe et al., 2016; Pandey et al., 2011;
Pinto et al., 2010). It is on this premise that the current study aimed to assess the impact of

greywater irrigation on trace elements in soils, as there is little research on the metal elements
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(Rodda et al., 2011; Misra et al., 2010). This study hypothesizes that the irrigation of soils with
greywater has a minimal impact on the soil, particularly during the dry season, as rainfall
reduces the accumulation of metals in soils during the rainy season. In addition, untreated
greywater has been proven to be an available source that can be used for small-scale farming,
which usually takes place in rural areas and informal settlements, where the available potable
water does not meet all the household needs. Moreover, this will improve food security for the
poor by providing a year-round harvest of vegetables and it will promote the independence of
female and child-headed households.

4.2 Materials and Methods
4.2.1 Study area

This study was conducted in the Dihlabaneng village, which is located in the Makhuduthamaga
Municipality of the Limpopo Province, South Africa (Figure 4.1). Villagers from this area
frequently use greywater for home gardening purposes and the area is easily-accessible, hence
the choice of this particular area. For the purposes of this particular study, four households
were randomly selected. Their selection was based on their use of greywater to irrigate their
crops, as well as the absence of a borehole in the yard. The selected households have also been
re-using greywater for irrigation since they relocated to the area. Two soil samples were
collected from each household, where different greywater sources were used to irrigate their
crops. This means that, from Household 1, soil samples were collected from an area that was
irrigated with kitchen greywater, from Household 2, soil samples were collected from an area
that was irrigated with bath greywater, from Household 3, soil samples were collected from an
area irrigated with laundry greywater, and lastly, the potable water of Household 4 was the
control. The soil samples were collected from depths of 0-30 cm and 30-60 cm. This village is
made up of virtually 209 265 hectares (ha) and is under the leadership of traditional authorities
(MLM IDP, 2019/20). High poverty levels, municipal backlogs in service delivery, dispersed
settlements and subsistence agriculture are some of its physiognomies (MLM IDP, 2019/20).
The area is characterized by a hot climate, with average summer temperatures of 23°C (a
maximum of 28°C and a minimum of 18°C). In winter, the average temperature is 13.5°C, with
a maximum of 20°C and a minimum of 7°C (MLM IDP, 2019/20).
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South Africa

Makhuduthamaga local
municipality

Figure 4.1 The Makhuduthamaga village in the Limpopo Province, South Africa

A total of eight soil samples were homogeneously collected from the four sites at depths of 0—
30 cm and 30-60 cm. Each soil sample was tested for six different heavy metals which might
be present in the soils. The total tests performed on the soils equalled 48 (8 samples x 6 metals).
Sample 1 included soil obtained from area irrigated with kitchen water, Sample 2 from an area
irrigated with bath water, Sample 3 from an area irrigated with laundry water and Sample 4
from an area irrigated with potable water, which served as the control site. The V method was
used to collect the samples, whereby a spade was used to make a V-shaped cut of about 60 cm
on the ground. Foreign materials, such as pebbles, twigs, litter and roots, were removed from
the sample and the topsoil was cleared before sampling. The collected samples were thoroughly
mixed. The soils were sieved through a 5 mm and 2 mm sieve to remove any coarse materials
or any other remaining plant materials. The samples were stored in ziplock polythene bags,
labelled and then sent to the Limpopo Agro-Food Technology Station at the University of
Limpopo for metal (i.e. As, Cr, Cu, Mn, Pb and Zn) testing. The metals were prepared by using
the microwave digester for an Inductively Coupled Plasma Emission (ICPE) spectrometry
analysis. The soil was extracted in an acid solution with PerkinElmer Titan MPS in a standard
75 mL digester vessel, according to the EPA method 3051A. A total of 3.5-4.0 g of the sample
was weighed into the digestion vessel. The amount of organic material did not exceed 250 mg.
Ten milligrams (10 mg) of nitric acid (HNOz) was added to the mixture and stirred carefully
with a clean polytetrafluoroethylene (PTFE) bar. The vessel was closed, after waiting for at

least 10 minutes.
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4.2.2 Data analysis

4.2.2.1 Analysis of Variance test technique (ANOVA)

An analysis for the statistical significance of differences among the means of the samples
obtained at 30 cm and 60 cm was performed, using the add-in Data Analysis Toolpak on the
Excel Stats software. The tests were confirmed at a significance level of 0.05. A Pearson’s
correlation test was used to measure the strength of the relationship between the relative
movements of the metals in the soils. An Analysis of Variance (ANOVA) test technique and
two tailed post-hoc corrected two sample T-test assuming equal variances was used to evaluate
the differences in soil metals between the different soil depths. In addition, the Bonferroni post-
hoc correction was used to adjust the significance level to avoid errors when performing many

corrections. The correction was done by using following Equation 4.1 below:

_SL

BC =
NC

- (4.1)

Where BC is the Bonferroni correction, SL is the significant level used, and NC is the number

of comparisons
4.2.2.2 Pollution levels

There are numerous indices or techniques that can be applied when assessing the metal
pollution of soils. For this study, the geo-accumulation index, contamination factor and
modified degree of contamination were used to evaluate the levels of pollution. The
background values determined by Herselman (2007) were used. Since Herselman (2007) did
not calculate the value for As, Rudnick and Gao’s (2003) As value in the upper continental
crust was used. Manganese (Mn) has not been included in the calculation of pollution levels,
as there were no background reference values from either Herselman (2007) or Rudnick and
Gao (2003).

a. Index of geo-accumulation (1geo)
The Index of geo-accumulation (Igeo) (Muller, 1969) was used to assess the contamination of
soils, in comparison with their geochemical background values. The below Equation 4.2 was

used to assess the contamination level of the soils:

Igeo = Log, : (4.2)

1.5(B; )
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Where Ciis the concentration of element i in the soil, 1.5 is a constant used in minimising the
possible disparities in the background value owed to lithologic discrepancies (Stoffers et al,
1986), and Bi is the geochemical background concentration of element i

According to Miiller (1969), the Igeo value is assessed based on seven classes, which consist
of the following ranges: <0, 0-1, 1-2, 2-3,3-4, 4-5 and >5. These ranges are interpreted as
follows: uncontaminated, uncontaminated to moderately contaminated, moderately
contaminated, moderately to heavily contaminated, heavily contaminated, heavily to extremely

contaminated and extremely contaminated, respectively.

b. Contamination Factor (CF)
The Contamination Factor (CF) is advantageous when monitoring the pollution of soil over
time. This is calculated as a relation of the assessed metal with the background value of that

specific metal (Varol, 2011). It is calculated by using the formula 4.3 below:

CF — Cheavy metal 1 (4.3)
Cbackground
Where C heavy metal IS the value of the analysed heavy metal, and C packground IS the background

value of that particular metal

The degree of contamination can be categorized according to their values from 1 to 6, as
follows: “if CF < 1, low pollution; 1 < CF < 3, moderate pollution; 3 < CF < 6, considerable

pollution; CF > 6, very high pollution” (Hakanson, 1979).

C. Modified degree of contamination (mCd)

Abrahim (2005) modified Hakanson’s (1979) degree of contamination equation. This modified
equation allows for the calculation of many elements, without having an upper limit. The
reason for calculating the degree of contamination is to assess the overall degree of
contamination in the surface layers of the sampling site. mCd is therefore the sum of the CF
divided by the total number of elements assessed. The degrees of contamination used are
interpreted as follows: mCd < 1.5 = nil to very low degree of contamination, 1.5 <mCd <2 =
low degree of contamination, 2 < mCd < 4 = moderate degree of contamination, 4 < mCd < 8

= high degree of contamination, 8 <mCd < 16 = very high degree of contamination, 16 <mCd
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< 32 = extremely high degree of contamination and mCd > 32 = ultra-high degree of

contamination.

The following formula was used to calculate mCd:

mCd = ch , (4.4)

Where n is the number of analysed metals, i is the i element, and Cf is the contamination
factor

4.3 Results and Discussion
4.3.1 pH inwater

The pH of the soils (n = 8) varied between 5.92 and 7.64, with a median value of 6.88 (Figure
4.2). The optimal range for agricultural pH is 5.5 to 7.5 (Oshunsanya, 2018). According to
Figure 4.2, the pH values of the soils are within the optimal range for crop production, with the
exception of soil irrigated with laundry water at a depth of 30 cm. It has been revealed from
the study that the pH levels of the tested soil samples were within the recommended range

required for agricultural crops.
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Figure 4.2 Levels of pH in the tested samples

Even though laundry detergent manufacturers are moving towards producing detergents that
are environmentally friendly, the use of other detergents, such as bleach and fabric softeners,
can alter the pH and total productivity of the soil. The safety of agricultural products is usually
of concern where agricultural soils have been exposed to some sort of pollution (Xue et al.,

2014; Sarwar et al., 2017). The duration of irrigation with greywater, without enough time for

http://etd we.ac.zal



percolation or supplementation with freshwater irrigation, can affect the pH of an area,

rendering it less productive for the production of certain crops.

4.3.2 Metal distribution (descriptive analysis)

The results of metal distribution in soil at 30 cm and 60 cm depths are shown in Table 4.1.
From the data, the dominant metals in milligrams per kilogram (mg/kg) were As (40.65; 45.50),
and Cu (30.30; 34.79) at both the 30 cm and 60 cm soil depths, respectively. At both depths,
the order of the concentration, according to the mean values, was As > Cu > Cr > Mn > Pb >
Zn. In the 30 cm depth zone, soils irrigated with greywater obtained from bathing contained
the lowest concentrations of metals, excluding Zn, where soils irrigated with laundry water had
the lowest concentrations, when compared to soils irrigated with water obtained from other
sources. Bath and laundry greywater had the lowest metal concentrations of Mn and Pb at a
depth of 30 cm depth, and of As, Cr, Cu, and Zn at a depth of 60 cm, respectively (Table 4.1).

The other metals exhibited relatively low concentrations of less than 16 mg/kg at both soil
depths. As and Cu exhibited the highest dispersion in terms of the Standard Deviation (SD)
and Standard Error (SE) in both soil depths (Table 4.1). The metals are seen to be lower at a
depth of 30 cm, compared to the control, whereas it is the opposite at a depth of 60 cm. The
standard deviation of the results at the 30cm depth was affected by outliers and the soil samples
varied greatly from the mean. On the contrary, the standard deviation of metals at a 60 cm
depth did not have high variations from the mean, compared to those at a 30 cm depth.
According to Errikson et al. (2002), domestic greywater stands at a 50-80% production rate
and might increase considerably with urbanization, population growth and increasing
sanitation measures (Eman et al., 2014; Alobaidy et al., 2010; Qadir et al., 2009). This will be
the future of crop production in the coming years. Therefore, the management and treatment of
this greywater is of importance, in order to help regulate the deposit of metals in the soil and,

consequently, in the water systems.
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Table 4.1

Statistical distribution of metals at the tested soil depths

Greywater metals (Mg/Kg)

As Cr Cu Mn Pb Zn
Control (30 cm) 43.5 14.28 32.78 14 9,51 3.77
Bath (30 cm) 33.63 7.95 23.5 8.16 6.38 10.4
Kitchen (30 cm) 42.1 13.48 30.98 10.9 8.76 4.07
Laundry (30 cm) 43.38 14.63 33.93 14 10.38 3.99
Min (30 cm) 33.63 7.95 2325 8.16 6.38 3.77
Mean (30 cm) 40.65 12.59 30.30 1LrR 8.76 5.56
Max (30 cm) 43.5 14.63 33.93 14 10.38 10.4
Standard Deviation 4.72 3.13 4.69 2.81 L72 3.23
Standard Error 2.36 1.56 1 3S 1.41 0.86 1.62
As Cr Cu Mn Pb Zn
Control (60 cm) 45.93 15.43 35.18 14.68 10.1 4.09
Bath (60 cm) 46.08 15.23 34.43 12.63 9.88 3.98
Kitchen (60 cm) 46.3 15.78 35.63 14.1 10.78 4.19
Laundry (60 cm) 44 14.55 33.93 13.63 10.4 3.94
Min (60 cm) 44 14.55 33.93 12.63 9.88 3.94
Mean (60 cm) 45.58 15.25 34.79 13.76 10.29 4.05
Max (60 cm) 46.3 15.78 35.63 14.68 10.78 4.19
Standard Deviation 1.06 0.52 0.76 0.87 0.39 0.11
Standard Error 0.53 0.26 0.38 0.43 0.20 0.06
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Bath water was revealed to have the lowest metals discharged into the soils at a depth of 30 cm
(Table 4.1). According to Jefferson et al. (2004), greywater generated from bathing is
considered less polluted, when compared to other sources of domestic greywater. Nevertheless,
greywater generated from bathing has a high electrical conductivity on the soil, when irrigating
food crops, as it contains high sodium ions (Holgate et al., 2011). Even though the organic
matter found in greywater can contribute to the building of organic matter in soil over time
(Rusan et al., 2007), the sources of untreated domestic water still contribute to the health of
soils irrigated with this water (Mzini, 2013). Mzini (2013) has also highlighted some of the
possible pollutants caused by greywater irrigation and their effect on soils, in the short term
(see Table 4.2).

Table 4.2 Effects of domestic greywater generating appliances on soils
Greywater source  Pollutants Effects on the soil Reference
Kitchen sink Grease and  oil Reduction insoil water Travis et al., 2008
capillary rise

Washing machine  Surfactants and salts  Modest influence on Misra et al., 2009
soil ~water retention

and evapotranspiration

Bathtub Microorganisms, -High electrical Holgate et al., 2011
such as E. Coli Conductivity (EC)

4.3.3 Pearson’s co-relation co-efficient matrix

This study hypothesized that a significant negative correlation would be indicative of greywater
as a source of contamination; on the contrary, a positive correlation therefore signifies that
greywater is a non-constituent of metals in the soil. The correlation matrix for soils at a depth
of 30 cm revealed strong positive inter-metal relationships (Table 4.3). A strong positive
relationship was observed between all metals against each other, except for Zn. The
relationship of the Zn metal against the others displays a strong negative relationship (Table
4.3). Table 4.3 reveals that greywater is not a constituent in the availability of the metals in the
soils, with the exception of Zn, which can be viewed as greywater being the cause of its
availability in the soils. Wu et al. (2011) supports this assertion by stating that the main source

of heavy metal pollution is solid waste, waste gas and the discharge of industrial wastewater.
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However, there are also agricultural activities that contribute to the accumulation of metals in
soils, such as fertilizers use, irrigation, as well as the production of livestock manure (Shi et
al., 2019). The bioavailability of heavy metal movement is dependent on the physical and
chemical properties of soils, as well as the adsorption-desorption characteristics of the soil,
environmental factors, metal properties, etc. Even though greywater re-use for irrigation is not
always the only source that leads to the concentration of metals in soils (Turner et al., 2016),
these waters are prone to leaching. Therefore, it is important to use models for assessing the
ability of greywater to increase leaching (Gardner et al., 2002).

Table 4.3 Pearson’s co-relation co-efficient (r) matrix for metals found in soils at a depth
of 30 cm
As Cr Cu Mn Pb Zn
As 1
Cr 0.99 1 e
Cu 0.99 0.99 1 -
Mn 0.92 0.92 0.95 ¥ *
Pb 0.96 0.9qll TIT ldbo [Il [Gloss[]] 1
Zn -0.99 o098 I Hdor Il 1ds7lll -0.93 1

Table 4.4 below reveals the relationships of analysed metals at a soil depth of 60 cm. The
following metals have a strong positive relationship with each other (Cr-As), (Cu-As), (Cu-
Cr), (Zn-As), (Zn-Cr) and (Zn-Cu). With metals found at a depth of 30 cm (Table 4.3), it has
been observed that Zn has a strong positive relationship with all the other metals at a soil depth
of 60 cm (Table 4.4) as compared to Table 4.3. Therefore, it can be argued that accumulation
of metals in the 60 cm soil depth are not caused by greywater irrigation with the exception of

Zn-As relation.

Table 4.4 Pearson’s co-relation co-efficient (r) matrix for metals found in soils at a depth

of 60 cm
As Cr Cu Mn Pb Zn
As 1
Cr 0.93 1
Cu 0.79 0.95 1
Mn 0.07 0.34 0.59 1
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Pb -0.07 0.267 0.44 0.43 1
Zn 0.71 0.914 0.99 0.61 0.59 1

4.3.4 Analysis of Variance (ANOVA)

Generally, the one-way ANOVA outcomes express that the concentration of metals in soils
irrigated with greywater varied significantly across both soil depths. At a 30 cm depth, the
ANOVA test revealed that the metals were significantly different, where Fos727 = 48.93,
p<0.05. In addition, the means of the metals at the 60 cm depth were proved to be significantly
different with ANOVA, revealing that F2s727 = 1544.88, p<0.05. The significance level was
adjusted using the Bonferroni post-hoc correction (Equation 1) before performing the two-
tailed post-hoc corrected T-test. This was done in order to avoid associated errors when
performing many corrections. The corrected significance level was 0.007. Furthermore, a two-
tailed post-hoc corrected sample T-test assuming equal variances revealed that, at the 30 cm
depth, most (62%) of the metal concentrations were different from the rest of the percentages
(38%), showing no discrepancies. On the other hand, at the 60 cm depth, 95% of the metal
concentrations were generally significantly different, with only 5% (Cr-Mn) displaying no

form differences.

4.3.5 Index of geo-accumulation (1geo)

The values of the Igeo results have been presented in Table 4.5 below. This study revealed that
As moderately (Igeo 1-2) contaminates the soil, while all the other metals (Cr, Cu, Pb and Zn)

fall within the uncontaminated to moderately contaminated (Igeo 0-1) groups.

Table 4.5 Index of geo-accumulation for elements at both soil depths
lgeo
Source As Cr Cu Pb Zn
30cm  Control 1,82 0,04 0,22 0,09 0,02
Bath 1,4 0,02 0,16 0,06 0,05
Kitchen 1,76 0,04 0,21 0,08 0,02
Laundry 1,81 0,04 0,23 0,09 0,02
60cm  Control 1,92 0,04 0,24 0,09 0,02
Bath 1,93 0,04 0,23 0,09 0,02
Kitchen 0,94 0,04 0,24 0,09 0,02
Laundry 1,84 0,04 0,23 0,09 0,02
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The results concur with those of Ahamad et al. (2020), which revealed that As has moderately
contaminated the Weihe River in China. The average contamination of metals from all sources,
at both soil depths, followed the same order of As > Cu > Pb > Cr >Zn. From Table 4.5, it can
be seen that the concentration of metals was higher at the 60 cm depth, compared to the metals
at the 30 cm depth.

4.3.5.1 Contamination Factor (CF)

The average concentrations of As, Cr, Cu, Pb and Zn in all the sources at a 30 cm soil depth
were 8.48, 0.18, 0.80, 0.40 and 0.13 respectively. At a 60 cm depth, the average concentrations
of As, Cr, Cu, Pb and Zn were 9.53, 0.20, 0.98, 0.50 and 0.10, respectively.

Table 4.6 Contamination factor analysis for the soils at both depths
CF
Source T T, Cu Pb Zn
30cm  Control T o A e |4 0,4 0,1
Bath e s v v e T 0,3 0,2
Kitchen 8,8 0,2 T.1 0,4 0,1
“Laundry T 18lo [ ez 1T [1e.2 0,5 0,1
60cm  Control Ml I®le 11l 62 (I M3 0,5 0,1
‘Bath 1] u9_,6 111 __OA,Z 1] “C_),Z 0,5 0,1
Kitchen 9,7 0,2 = 0,5 0,1
Laundry 9,2 0,2 12 0,5 0,1

The average pollution level of metals from all sources at both soil depths in Table 4.6 above
followed the same order of As > Cu > Pb > Cr >Zn as in Table 4.5. Among all the heavy metals,
at the 30cm soil depth, Zn (control, kitchen and laundry) and Cr (bath) had the lowest pollution
factor, while As had the highest contamination factor from all the sources. According to
Kabata-Pendias (2010), the high value of CF reflects pollution through anthropogenic

activities, while the lower values confirm natural contamination.
4.3.5.2 Modified degree of contamination (mCd)

The mCd values were calculated for the contamination of soils by all metals per source of
greywater. Amongst all the sources of greywater at both soil depths, bath water had a low
degree of contamination (1.5 < mCd < 2) at the 30cm depth, and all other greywater sources
had a moderate degree of contamination (2 < mCd < 4) (Table 4.7).
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Table 4.7 Modified degree of contamination analysis for the soils at both depths

CF mCd

Source As Cr Cu Pb Zn
30cm  Control 91 0,2 11 0,4 0,1 2,2
Bath 7,0 0,1 0,8 0,3 0,2 1,7
Kitchen 8,8 0,2 1,1 0,4 0,1 2,1
Laundry 9,0 0,2 0,2 0,5 0,1 2,0
60cm  Control 9,6 0,2 1,3 0,5 0,1 2,3
Bath 9,6 0,2 0,2 0,5 0,1 2,1
Kitchen 9,7 0,2 1,2 0,5 0,1 2,3
Laundry 9,2 0,2 1,2 0,5 0,1 2,2

Even though soil irrigated with greywater might show the minimal availability of metals, the
use of greywater over time will increase the metal concentration, which poses a moderate risk
to the ecosystem (Turner et al., 2016). However, the environmental impact of greywater will
vary with the location or households, given the variations in the composition of the water
(Turner et al., 2016). It is therefore of paramount importance that irrigation with greywater be
managed. The metals present in the water should be considered as potential contaminants, and
the amount, as well as the frequency, of greywater irrigation should be controlled. This will
allow the users to save their water and continue with agricultural production, while also

minimizing the environmental impacts.

4.4 Conclusions

The pH levels of the soils were within the standard range in agricultural soils (5.5 to 7.5).
Heavy metals concentrations were revealed to be significantly different from each other, even
when the availability of these heavy metals in the soils was not due to irrigation with greywater.
The manifestation of these metals can be from geogenic activities, rather than anthropogenic
activities. However, the results also revealed that greywater did not contribute to the
concentration of metals in the soils at both depths, with the exception of Zinc, at a 30 cm depth.
Therefore, there might be high chances that most of metals in the soils are as a result of
geogenic or mining activities taking place in the Sekhukhune district or the province. This thus
implies that, should there be continuous irrigation with greywater (particularly laundry
greywater), while also alternating it with freshwater, probable future heavy metals
accumulation in the soil might be avoided all together. The ANOVA results revealed that the

accumulation of metals in the soil was not due to irrigation with greywater. The post-hoc
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correction t-test also displayed that the concentrations of metals in the soils were very different

from one another.

Pearson's correlation coefficient revealed that, at a 30 cm soil depth, the positive inter-metals
relationship exposed greywater as not contributing to the availability of metals in the soils, with
the exclusion of Zn. However, at a 60 cm soil depth, Zn had a positive relationship with the
other metals. It was also disclosed that greywater is not the only cause of the accumulation of
these metals in the soils. The pollution indices were used and Igeo showed that the soils
generally fell into the moderately contaminated group (Igeo 1-2). In addition, the CF showed
that the metals followed the pollution order of As > Cu > Pb > Cr > Zn, with As being the
highest pollutant through anthropogenic activities. Moreover, mCd showed a generally

moderate contamination level (2 <mCd < 4).

The order of the heavy metals at both depths was similar. The order of magnitude and the
concentration of heavy metals in the soil was dependent on the type of greywater used, as well
as the type of detergents used in the water. From the results, it can be concluded that greywater
should be alternated with freshwater to allow percolation and to avoid the accumulation of
heavy metals in the soils. Moreover, sustainable farming practices, such as rotational and mixed
crop farming, should be encouraged, to allow certain metals to be absorbed by certain crops as
a way of reducing their abundance. However, future studies should focus on the nutritional
qualities of crops irrigated with greywater to see if there is any movement of metals from the
soil to the crops.
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CHAPTER FIVE

5 MICROBIAL AND HEAVY METAL CONTAMINATION OF
VEGETABLES IRRIGATED WITH UNTREATED GREYWATER IN
RURAL HOME GARDENS

This chapter is based on:

Makgalake P. Radingoana, Timothy Dube and Dominic Mazvimavi. 2021. Microbial and
heavy metal contamination of vegetables irrigated with untreated greywater in rural home

gardens. Water SA. Under review.

Abstract

The sustenance of rural livelihoods across Africa relies on the availability of water resources.
Over the years, freshwater sources have been deteriorating and alternative methods have been
sought. Greywater re-use is one of the technologies that has been proven to be of value for the
improvement of food security. The aim of this study was to assess the presence of heavy metals
and microbial activity in vegetables irrigated with untreated greywater. Four common
vegetables (sweet pepper, tomato, Swiss chard and lettuce) were planted, irrigated with
greywater and taken for laboratory analysis to determine the concentrations of heavy metals,
such as Arsenic (As), Copper (Cu), Cadmium (Cd), Magnesium (Mn), Lead (Pb) and Zinc
(Zn), and to identify any microbial risks (i.e Escherichia coli (E-coli), Lysteria monocytogenes
(Lysteria) and Salmonella enterica (Salmonella spp)). These metals have a detrimental effect
on the health of humans when consumed in large quantities, while these microbes also cause
food-borne diseases. The experiment was conducted from February to May 2021. The data
were analysed by using the statistical analysis and indices, such as the Estimated Daily Intake,
Hazard Quotient and Target Hazard Quotient, and they were then computed. The indices
revealed that the heavy metals present in the edible parts of the vegetables surpassed the
maximum daily limits for heavy metals to be ingested through food, which might or might not
have a non-carcinogenic effect on human health considering that the vegetables are either
cooked or eaten raw. Although some metals present in some of these vegetables were within
the permissible limits, their HQ and THQ were still above the permissible unit of 1. Even

though Cd and As had the overall lowest EDI values, their values were still higher than the
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acceptable limits of 3 and 0.13 mg/kg/day respectively in their dry basis as compared to their
wet basis. All the vegetables tested negative for salmonella, listeria and E-coli. It was
concluded that, since the HQ and THQ limit of 1 does not elucidate the received value as a
probability of health risk, there might still be a chance that these greywaters can be used.
Therefore, it is recommended that greywater be alternated with freshwater, to reduce the
accumulation of metals in vegetables, and that there must be a good drainage area to reduce

the possibility of food-borne bacteria being present on the edible parts of the vegetables.
Keywords: Heavy metals; irrigation; home gardening; greywater; microbial risks; rural

5.1 Introduction

The decrease in the availability of potable water is perceived as being a global systematic risk
(Disha et al., 2020). In addition, the decrease in water supply for agricultural purposes has led
to a steadily-intensifying demand for water in recent years (Finley et al., 2009). Therefore,
according to Marinoski et al. (2018), it is important to develop alternative strategies in the
management of potable water and for the recycling of greywater. These innovations can largely
contribute to water stress alleviation, while also saving huge amounts of financial resources
that are being dedicated to the management of water resources (Chirisa et al., 2017). Given the
available alternative water sources, such as rainwater harvesting and the desalination of
seawater, greywater re-use still serves as the cheapest and most readily-available form of water
for supplementing potable water for home gardening irrigation purposes. According to Shaikh
and Ahammed (2020), greywater can be described as a water produced from bathtubs, showers,
basins, laundry machines and sinks, with the exclusion of toilet water. The pollution capacity
of this water is dependent on a few things, such as the source type, the quality of the water
supply, the household size, the ages of the household members and their living standards, to
name a few (Porob et al., 2020). This water is produced in large quantities and is locally
available to sustain the purposes of garden irrigation and toilet flushing (Ghaitidak and Yadav,
2013). Greywater amounts to between 50-80% of all effluent produced at a household level
(Al-Gheethi et al., 2019; Al-Hamaiedeh and Bino, 2010). According to Oteng-Peprah et al.
(2018a) approximately 89% of domestic water demand is converted into greywater in some of
the developing countries. Greywater has evidently been used in the agricultural sector in cities
such as Berlin, London, Milan and Paris (Norton-Branddo et al., 2013). Approximately 260
000 hectares of vegetables have been irrigated with mostly untreated water in Mexico, while
26% of the vegetables produced in Pakistan are irrigated with this water, thus improving food
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security and reducing the use of potable water for irrigation purposes (Pedredo et al., 2010).
Finley et al. (2009) noted the greatest threat of greywater re-use was the contamination of
vegetables with microbials, such as E-Coli, Listeria, Salmonella and Campylobacter. These
microbials can cause food-borne illnesses that can have an impact on mortality. Children,
pregnant women, the elderly and those with weakened immune systems are the most vulnerable
to illnesses caused by these microbes. Although certain techniques have been used in
recovering greywater for non-portable use (Zipf et al., 2016; Abed et al., 2017; Prodanovic et
al., 2020), developing and underdeveloped countries cannot afford to implement these
techniques. The sustainment of life and the promotion of good health are related to the
consumption of safe and nutritious food (Zamuz et al., 2021). Approximately 600 million
people fall ill the world over, due to consumption of contaminated food, while 42 000 die
annually, for the same reason (Zamuz et al., 2021). Some of the common bacteria causing food-
borne illnesses include E-coli, listeriosis, salmonella and campylobacter. These bacteria can
cause severe symptoms in people who are considered to be at-risk groups, such as infants, the
elderly, pregnant women and patients living with HI\VV and aids, as well as cancer (Li, 2017).
Negative impacts associated with greywater re-use such as microbial risks and unpleasant
odours can be posed to users (Etchepare and van der Hoek, 2015; Shi et al., 2018) due to the
high availability of organic matter, suspended solids, sulphates and faecal contamination
(Vuppaladadiyam et al., 2019) present in untreated greywater. Although the re-use of untreated
greywater is not recommended (Goncalves et al., 2021), the rural poor continue to use it, as
they still lack services, such as proper water and sanitation. It is on this premise that the study
therefore seeks to assess the availability of heavy metals and microbials in vegetables irrigated

with greywater.

5.2 Materials and Methods
5.2.1 Experimental design

A trial was conducted between February and May 2021 as a pot-based experiment under open
field conditions. Sixteen (16) brown pots (1.5 litre) with a mixture of half-potting mix and half
fertiliser (seedlings food) were used (Figure 5.1A). The seedlings-nutrient ratio was 6:2:5(13),
which consisted of 60 g/kg of Sodium (N), 20 g/kg of Phosphorus (P) and 50 g/kg of Potassium
(K). Prior to being filled with soil, a layer of kitchen paper towel was placed at the bottom of
each pot to prevent the soil from escaping through the drainage holes. The pots were labelled

according to the vegetables planted and the irrigation water used e.g. Spinach-bath (Figure
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5.1B). The pots were free draining, in order to reduce the potential accumulation of salts during
the experiment. Sweet pepper (California wonder), tomato (Cherry little wonder), Swiss Chard
(Fordhook giant) and lettuce (Mixed salad) seeds were planted into a total of 16 pots (four pots
per vegetable). When the vegetables were big enough and the roots protruded through the holes,
they were moved to an area that had enough soil for the roots to penetrate through (Figure 5.1C
and 5.1D).

Figure 5.1 Experimental set-up of vegetables (A - preparation, B - labelled pots with seeds

planted, C and D - spinach and flowering tomatoes put in soil due to long roots)

These vegetables were chosen because they are common vegetables grown in home gardens.
Immediately after planting, the pots were irrigated with municipal tap water until the soil was
thoroughly saturated and the excess water was draining from the holes. Thereafter, the plants
were irrigated with 500 ml of experiment-specific water daily, which drained freely. Greywater
collected from the kitchen, laundry and bathtubs was used. This was sought from a volunteer’s
home in the Dihlabaneng village, which consisted of four adults and four children (10 years to

14 years), and the experiment was conducted in the same household.
5.3  Laboratory Analysis

5.3.1 Microbial analysis

After all the vegetables had germinated and/or flowered and produced fruit, they were
harvested and sent for laboratory analysis at two different laboratories of the Agricultural
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Research Council (ARC) in Irene and Arcadia, South Africa. The vegetables were analysed for
the presence of microbial risks and heavy metals. The microbials that were analysed were
Escherichia coli (E-coli), Lysteria monocytogenes (Lysteria) and Salmonella enterica
(Salmonella spp). The testing for microbials in vegetables was conducted by following the
methods of the International Organisation of Standardisation (ISO). These methods give
guidance on the standard procedures to be followed and the general requirements and guidance
with regard to microbial examinations that are applicable to products required for human
consumption, animal feeding and environmental samples in the area of food production and
handling. These can also be referred to as reference methods for the microbiological regulation
of food. The standards are of paramount importance for assuring food safety and quality.
Moreover, they are important for laboratory accreditation, in accordance with the 1SO 17025
(David, 2020). The microbial risks, as well as E-coli and coliforms, in the vegetables were
tested using ISO standard 4832. This standard gives general guidelines for the enumeration of
coliforms by using the technique of counting colonies after incubation on a solid medium at
30°C or 37°C. The inoculation of a selective Agar medium (Paul played medium method) was
used. In addition to the used technique for the initial suspension of the test samples, the plates
were incubated aerobically at 30°C for 24 hours. The counting and calculation of organisms
was done per cfu /g. Listeria monogytogenes detection by using a detection method following
the ISO standard 11290 Part 1. This standard specifies a standard horizontal method for the
detection of L. monocytogenes and Listeria spp. The principles of the method were carried out
in three stages, namely, the enrichment in the selected liquid medium, streaking out and
recognition. The confirmation was done only when the presumptive positive was detected.
Salmonella spp detection was done according to the ISO standard 6579, which specifies a
horizontal method for its detection. The principles of the method were carried out following
four stages, namely, the pre-enrichment of a non-selective liquid medium, the enrichment in a
selective liquid medium, followed by streaking out and recognition. The confirmation was also

only done when the presumptive positive was detected.

5.3.2 Heavy metal analysis

The heavy metals that were analysed on the vegetables were Arsenic (As), Copper (Cu),
Cadmium (Cd), Magnesium (Mn), Lead (Pb) and Zinc (Zn). The sample was weighed and
recorded and then oven-dried for 48 hours in a 50°C oven. They were then milled into a fine
powder, by using a mortar and pestle. Microwave digestion was used for ICP-OES and ICP-

MS. A 0.5 g of the sample was weighed into polymeric vessels and 9 ml of HNO3 was added.
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The samples were left overnight and the following day, 2 ml of HCLO4 was added and sealed.
The vessels were shaken and heated in a microwave at 180°C for 15 minutes, then left to cool
to room temperature for 20 minutes and transferred into a 50 ml volumetric flask (EPA, 2020).
Copper was determined by using the ICP-OES Agilent 725 (700 series), which is a multi-
element instrument. The instrument used is an Agilent 725 (700 Series) simultaneous
instrument, where all the elements (all the wavelengths) are determined simultaneously. Thus,
several of the elements may be determined at more than one wavelength, which allows for the
confirmation of the values, with no increase in the analysis time or consumption of the digest
solution. The Cu element was measured at two appropriate emission wavelengths, which were
chosen for their high sensitivity and for their lack of spectral interferences (Agilent
Technologies, 2010). The remaining metals were determined by using ICP-MS and diluted
with 10 times Indium, which is a standard solution (Agilent Technologies, 2008).

54 Non-carcinogenic Risk Assessment
5.4.1 Human health risk assessment

The heavy metal concentrations in vegetables were tested to evaluate the health risks that can
be associated with the consumption of vegetables irrigated with untreated greywater. An
assessment of human risk was done according to several indices. The non-carcinogenic method
for human health risk assessment, as labelled by Muhammed et al. (2011), was used in this
study. For the assessment of risks associated with the consumption of vegetables irrigated with

greywater, the following equations have been used:
5.4.1.1 Estimated Daily Intake (EDI)

The EDI of heavy metals in vegetables was calculated by using the average concentration of
metals, the consumption rate of the vegetables and the individuals’ body weight. The following
formula 5.1 was used in calculating EDI (Chen et al., 2011):

Firx C
EDI= IR metal

- , (5.1)

Where, Fir is the food ingestion rate of an adult averaged at 342gd™ (Taric, 2021), Cmeta is the
heavy metal in the vegetable (mg/kg™) and BW Is the body weight (kg) of an adult assumed at
70kg (Hawrami et al., 2019).
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5.4.1.2 Hazard Quotient (HQ)

The HQ for non-carcinogenic risk was calculated by using formula 5.2 below:

EDI

HQ = , (5.2)

" RfDo

Where, EF is the exposure frequency of the metal ingestion, based on 365 days per year, and
ED is the exposure duration set at 70 years, according to USEPA (1991), and AT is the average
time for the non-carcinogens calculated as (EF x ED). RfD, is the oral reference dose of a
particular metal. If the HQ is <1, it is commonly viewed as being safe from the risk of non-
carcinogenic effects, while it is presumed that there is a possibility for non-carcinogenic effects
if the HQ is > 1, with an increasing possibility as the value increases (Antoine et al., 2017,
Chen et al., 2011). The RfD, values of the assessed metals are represented in Table 5.1 below:

Table 5.1 RfD, values used to characterize the HQ and THQ

Heavy Metal RfD oral value Reference

Arsenic (As) 0.0003 DEA, 2010; USEPA, 2010
Cadmium (Cd) 00005  DEA, 2010; USEPA IRIS, 2011
Copper (Cu) IooBid 111 1T Tl 1HEA. 2010

Lead (Pb) 0.0036 Luoetal., 2012

Zinc (Zn) 0.3 DEA, 2010

Manganese (Mn) 0.024 DEA, 2010

5.4.1.3 Target Hazard Quotient (THQ)

The THQ was evaluated using the following formula 5.3 as in FAO/WHO (2011):

EF x ED x FigR X Cetal

THQ = RfD x BW x AT

, (5.3)

Where the values used are the same as those in the previous equations.

5.4.2 Statistical analysis

A statistical analysis was performed by using the add-in Data Analysis Toolpak software on
Excel Stats. The One-way Analysis of Variance (ANOVA) was used to determine whether

there were any significant differences in concentrations of the metals in the vegetables. The
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significance level was set at 0.05. In addition, the Tukey post-hoc test, which is based on the

studentized range distribution, was used. The following equation 5.4 was used:

T = qa(c,n —c) L : (5.4)

ng

where: T is the Tukey criterion, qa (c, n-C) is the studentized range distribution, based on ¢ and

n-c df, ¢ is the number of groups, n-c is the total sample size, MSE is the Mean Square Error
(from the ANOVA table) and ni is the sample size of the group with smallest number of

observations.

55  Results
5.5.1 Microbiological activity in the edible parts of the vegetable

The germination rates of the vegetables were different, with those watered with bath greywater
and clean water germinating first in all the vegetables, excluding the lettuce in clean water. For
those watered with kitchen greywater, germination was positive for spinach and tomatoes only,
while those watered with laundry greywater did not germinate at all. Out of all the 16 samples,
only nine samples survived. Greywater from the bathtub germinated all the vegetables, kitchen
water germinated spinach and tomato, whereas clean water germinated spinach, tomato and
peppers, while plants irrigated with laundry water did not germinate. This may be owing to
kitchen water having too much oil and detergent in it, while the laundry water had fabric

softener, clothing whiteners and harsh chemicals to remove tough stains.

The Salmonella spp, Listeria and E-Coli detection tests revealed that, there was no presence of
these bacteria in the fresh samples. All samples tested negative for the bacteria. The E-coli
count for all samples was <10 cfu/g. The highest sample with a coliform count was green
pepper bath with 9800000 cfu/g, followed by green pepper clean at 500000 cfu/g and spinach
clean at 28000 cfu/g, while tomato clean had the lowest count at <10 cfu/g. The coliform count
was in the following order (highest to lowest): green pepper-bath, green pepper-clean, spinach-

clean, spinach-kitchen, spinach-bath, tomato-bath, tomato-kitchen, lettuce-bath, tomato-clean.

5.5.2 Heavy metal presence in the edible parts of the vegetables

The vegetables were analysed, based on their wetness and dryness. The flowering vegetables
were analysed on their wet basis, while the leafy vegetables were dried before analysis, to
compare the presence of metals in the fresh and dry states. According to the overall analysis,

68
http://etd.uwc.ac.za/



the fresh samples had a lower presence of metals, while the leafy vegetables contained higher
values of the same metals. This might be because the leafy vegetables have a higher surface
area for water retention and possible contamination, compared to peppers and tomatoes. The
peppers that were used were sweet peppers and the tomatoes that were used were cherry
tomatoes, which are both smaller, which might also possibly contribute to the amount of heavy

metals present.

According to the maximum acceptable daily intake of heavy metals in vegetables (Table 5.2),
the EDI values revealed that all leafy samples had higher levels of heavy metals than the
acceptable limits. Although Cd and As had the lowest levels of heavy metals in their group,
they were still above the recommended limit of 3 and 0.13 mg/kg/day, respectively. When the
flowering vegetables were tested on their wet or fresh basis, it was revealed that some of the
samples were within the acceptable daily limit intake.

Table 5.2 Estimated Daily Intake (ED1) values in mg/kg™ for adults in vegetables irrigated

with untreated greywater

Pathway Analysis  Greywater Estimated Daily Intake (EDI) values for heavy
basis Source metals (mg/kg/day) in vegetables
Mn | Zn | Cu Cd Pb  As
Ingestion Dry  Spinach-clean — 72944 7216 689 03 234 09
Basis  Lettuce-bath 11462 5145 478 01 185 18
Spinach-bath” |~ 3807.4 | 5496 = 723 0.2 238 1.4
Spinach- '5789.6  1036.7 71.3 03 296 1.8
kifghel C T T DA F ADEL
Wet Tomato-clean 6.6 95 4.0 001 03 0.04
Basis  Pepper-bath 23.8 13.0 3.9 001 0.3 0.03
Tomato-bath 10.3 7.5 2.6 001 03 0.04
Tomato- 8.8 9.5 24 001 03 0.04
kitchen
Maximum Acceptable Daily Intake 5° B5*** 3** 0.07* 0.21* 0.13*

("Shaheen et al., 2016; **Zheng et al.,
2007; ***Basha et al., 2014)

According to Table 5.2 above, the Zn, Cd and As levels in the tomatoes and peppers were all
within the acceptable daily limits of 65, 0.07 and 0.13 mg/kg/day, respectively. It was revealed
that the tomato-bath and tomato-kitchen also met the acceptable limits of Cu (3), with 2.6 and

2.4 mg/kg/day, respectively.
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Given that the HQ values (Table 5.3) were greater than one (>1) in both analysis basis, the
consumption of these vegetables might have some sort of impact as a health hazard. A higher

HQ suggests a higher chance of possible non-carcinogenic effects.

Table 5.3 Hazard Quotient (HQ) values in mg/kg™ for adults in vegetables irrigated with

untreated greywater

Pathway Analysis Greywater Hazard Quotient (HQ) values for heavy metals
basis Source (mg/kg/day) in vegetables
Mn Zn Cu Cd Pb As
Ingestion Dry Spinach-clean  387266.7 2405.3 1940.5 600 6500 3000
Basis  Lettuce-bath 47758.3 1715 12919 600 5166.7 6000
Spinach-bath 158641.7 1832 1954.1 400 6611.1 4666.7
Spinach- 241233.3 3455.7 1927 800 8222.2 6000
Kitchen
Wet Tomato-clean 275 31.7 108.1 40 83.3 133.3
Basis  Pepper-bath - 991.7 433 1054 20 83.3 100
Tomato-bath 4292 25 703 20 833 1333
Tomato- 3667 317 649 40 833 1333
kitchen

The THQ results (Table 5.4) revealed that all samples that were analysed in their fresh state
did not show a possibility of causing any carcinogenic health effects. However, it was revealed
that all the leafy samples complied with the non-carcinogenic effect where the THQ is less than

one, compared to all the other metals.

Table 5.4 Target Hazard Quotient (THQ) values in mg/kg-1 for adults in vegetables

irrigated with untreated greywater

Pathway Analysis Greywater Target Hazard Quotient (THQ) values for heavy
basis Source metals (mg/kg/day) in vegetables
Mn Zn Cu Cd Pb As
Ingestion Dry Spinach-clean 303.9 2.4 1.9 0.7 6.5 3.3
Basis  Lettuce-bath 47.8 1.7 1.3 0.7 5.2 5.9
Spinach-bath 158.6 1.8 1.9 0.4 6.6 4.6
Spinach- 241.2 3.5 1.9 0.7 8.2 5.9
Kitchen
Wet Tomato-clean 0.3 0.03 0.1 0.03 0.09 0.02
Basis  Pepper-bath 0.9 0.04 0.1 0.02 0.1 0.1
Tomato-bath 0.4 0.03 0.07 0.02 0.08 0.1
Tomato- 0.4 0.03 0.06 0.03 0.07 0.02
kitchen
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All the dry basis metals have a THQ value that is >1, with Mn having the highest value of all
the samples. Although some samples have a THQ that is way >1, this does not in any way
suggest that it is a statistically probable that adverse non-carcinogenic health effects will or
might occur (Antoine et al., 2017).

5.5.3 Analysis of Variance

Normally, the conclusions of a one-way ANOVA indicate that the concentration of heavy
metals in vegetables irrigated with greywater varied significantly across the edible parts of the
vegetables that were dried before being tested. The ANOVA test revealed that these heavy
metals were significantly different across the vegetables, where F2.7729 = 10.87, p<0.05. In
addition, the means of the heavy metals in the wet/fresh state were correspondingly verified to
be significantly different, with ANOVA revealing that F2.7728 = 10.90, p<0.05. The Tukey
Honest Significant Difference test was performed as one of the post-hoc tests to examine the
actual difference in means between the heavy metals present in the edible part of the vegetables.
The mean of Mn, compared to all other metals in the vegetables that have been dried before
testing, proved to be significantly different at alpha (a) = 0.05. It was also shown that the
difference between these means was greater than the Tukey criterion. However, the means of
other metals against each other was proved to be not significantly different from each other, as
the difference in these means was less than in the Tukey criterion, which is 501.12. For heavy
metals analysed in their fresh state, the means of Mn and Zn were revealed to be significantly
different from the means of Cd, Pb and As at o = 0.05, T=1.53. On the contrary, when other
means were compared to each other, they all proved to be not significantly different, as the

differences between their means did not surpass the Tukey criterion, which is 1.53.

5.6 Discussion

The microbial results from this study do not agree with those of Akoachere et al. (2018), which
revealed that lettuce had the most coliforms and green peppers had the least. Although there
was no positive detection of bacteria in the fresh samples, it is important that these vegetables
be thoroughly washed before cooking. Although coliforms will not likely cause a disease, their
presence in the fresh samples confirms the possibility of the disease-causing bacteria in the
irrigation water. Given that the food chain is the main pathway leading to the exposure of
humans to health risks (Tewari and Pande, 2013), it is important to assess the level of exposure.
The EDI results agreed with those of Wachirawongsakorn, (2015), which revealed that the EDI
of Pb and Cd surpassed that of the RfD. Manganese and Zn had the highest concentration in
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their dried basis, compared to other metals. However, it has also been revealed by Chen et al.
(2014) that Pb and Cd were more likely to accumulate in leafy vegetables, compared to fruity
vegetables. In addition, some leafy vegetables, such as C. sativum and B. campitata, have a
higher chance of accumulating heavy metals, compared to bulb- and tuber-type vegetables
(Mahmood and Malik, 2014). Moreover, Harmanescu et al. (2011) reported that Pb and Cd is

found to be highly concentrated in lettuce.

Given that the HQ is only a ratio of an estimated exposure to a hazardous substance and the
level at which adverse carcinogenic effects can or cannot occur, it does not in any way explain
that there is a probability of risk and furthermore the results must not be taken as a likelihood
to proportion of possible risk (USEPA-NATA, 2017). Moreover, even if the THQ surpasses
the given unit of 1, this does not mean or equate the results to a certainty of adverse effects.
However, they can be used to approximate the possible accumulative risks associated with the
potential toxins. Even though the ingestion route of these metals is similar, they do not target

the same areas/organs, and most certainly not at the same pace (Antoine et al., 2017).

In addition, these results concur with those of Onyele and Anyanwu (2018), which revealed
the HQ for all metals is greater than one. These results make rural people more vulnerable to
diseases through the consumption of vegetables irrigated with untreated greywater, as they
navigate the barriers to accessing clean or potable water. Ekere et al. (2014) recorded that the
HQ was greater than one for some of the assessed metals. This is usually due to the high EDI
values in the metals involved in a particular study. Therefore, this might result in long-term
health effects, as consumers use greywater to irrigate their crops in order to improve their food

security.

5.7 Conclusions

The study has revealed that there was no presence of microbial activity in the edible parts of
the vegetables that can lead to food-borne illnesses. Although there were coliforms present in
the samples, these do not cause disease, but rather, they give a heads-up that there is a
possibility of disease-causing bacteria in the water or soil. Traces of heavy metals were present
in some of these vegetables and this might lead to the possibility of non-carcinogenic health
effects. Given that rural households are vulnerable to inconsistencies in service delivery,
particularly clean water and proper sanitation, the technologies required for the treatment of
greywater before use remain a necessity. It is therefore encouraged to alternate greywater with

potable water for irrigation when it is available, in order to reduce the amounts of heavy metals
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that might be present in the vegetables. The study therefore recommends that the municipalities
should do their utmost to make sure that clean water, as a basic need, is available to all its

citizens, in particular those living in rural areas.
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CHAPTER SIX

6 SYNTHESIS, CONCLUSIONS AND RECOMMENDATIONS

6.1  Synthesis

6.1.1 Progress, opportunities and challenges associated with the re-use of greywater
for home gardening

The results of this study have demonstrated that the use of greywater has the potential to
improve food security in arid and semi-arid rural areas. The use of this water can successfully
supplement potable water during the dry season, in order to maximize food production and, in
turn, it encourages the conservation of freshwater (Friedrich et al., 2020; Jeong et al., 2018;
Masmoudi Jabri et al., 2020; Memon et al., 2007). The general perceptions of authors, as
presented in the literature, is that the use of greywater for toilet flushing is preferred, rather
than for garden irrigation, as people fear contracting diseases. Moreover, people with a higher
income and educational qualifications are more accepting of the re-use of greywater. The
challenges that hinder acceptance of its re-use are deemed to be their lack of knowledge and
the lack of information campaigns, regarding this matter (Amaris et al., 2021a, 2021b, 2020).
The lack of legislation has also surfaced as being one of the challenges facing the re-use of
greywater, as well as the lack of environmental consciousness. Literature states that greywater
irrigation increases plant growth and crop yield without impacting the actual crop, which was
not the case with the current study. There is disagreement in the literature when it comes to the
re-use of greywater in its untreated form. However, although use of untreated greywater has
the potential to contaminate the groundwater, effective greywater management systems can be
used to minimize this, and even to avoid it altogether. Although significant research strides
have been undertaken with regard to greywater, very few researchers have assessed the impacts

of greywater on soil quality and home gardening produce.

6.1.2 The quality of greywater from different sources (kitchen, laundry and bathtub)
for irrigation

Salinity hazard coupled with sodium and chloride hazards in assessing the quality of greywater

in this study has revealed that the electrical conductivity of greywater is within the required

limits. The overall sodium absorption ratio of the assessed water was within a low sodium
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hazard range, which means that the use of greywater on sodium-sensitive crops should be
cautioned. The soluble sodium percentage was elevated in some study areas, revealing that its
continuous use should be avoided. This could be due to variations in the composition of
household, in the detergent types, as well as in the different diets. It was also revealed that the
use of greywater should be prioritized on salt-tolerant crops. Even though the salinity
assessment and the overall Sodium Adsorption Ratio were within the required limits, the use
of greywater should be regulated, due to its possible impacts on the soil in the long run. The
priority should be to alternate greywater irrigation with potable water irrigation, when it is

available.

6.1.3 Impacts of greywater irrigation on soil trace elements for small-scale home
gardening

It has been shown that arsenic and copper are the dominant metals in the soils. The different
sources of greywater constitute different pollutants and thus a different accumulation of metals.
The metals were revealed to have a strong and positive relationship with each other in the soil,
except for zinc, which displayed a strong negative relationship. The pollution indices revealed
that arsenic contaminates the soils moderately, while the other metals showed a low to
moderate contamination of the soil. It was shown that the high contamination factor values of
arsenic in the soil were due to anthropogenic sources, compared to zinc. Furthermore, the pH
of soils irrigated with greywater were within the acceptable range for agricultural production.
The dominance of copper and arsenic as carcinogenic metals requires further assessment, with
respect to how greywater irrigation can affect the health of consumers. Although greywater is
used as an alternative, its possible health impacts through the absorption of metals and bacteria
by irrigated plants, should be of great importance and should be evaluated thoroughly to avoid

jeopardizing human health (Winward et al., 2008b).

6.1.4 The nutritional quality of home garden produce irrigated with greywater for
improving food security

Vegetables produced with greywater irrigation did not contain any E-coli-, listeria- or
salmonella-causing bacteria. However, irrigation with greywater derived from laundry washing
significantly impacted the growth of the vegetables. All the experimental vegetables irrigated
from this source did not grow/germinate, compared to those irrigated with grey bathwater,
which germinated all the seeds right through to maturity. All the tested metals were found to
have exceeded the estimated daily intake values in the selected vegetables, with the exception
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of the flowering vegetables that were tested in their fresh state. The hazard quotient and the
target hazard quotient of the metals were all above the limit of 1, but this did not reveal that
there was a probability of a health hazard, or that they cause non-carcinogenic health effects.
Because of the lack of germination when using laundry water, this water must not be used for
irrigation, as it is deemed to be stronger in detergents and might contaminate the soil and
vegetables quicker, in the long run (Alsulaili and Hamoda, 2015). Further research is required

to assess if these vegetables are likely to cause any major illnesses, such as cancer.

6.2 Conclusion

This study has concluded that greywater is a good substitute for freshwater in this era of climate
change; however, it should be used with caution on crops that require acidic conditions to
thrive. The greywater that was tested in this study was shown to be within the recommended
standards for irrigation. However, the main target for greywater irrigation should be salt-
tolerant crops. Its prolonged use, without alternation, is discouraged, as elevated sodium
concentrations can impact the soil and the quality of the crops. The greywater tested in this
study was revealed to be within the low category (1-10), in relation to the SAR values in the
study area. Greywater-irrigated soils have been shown to be within the normal pH range
required for agricultural soils. In addition, some of the metals found in the soils in the study
area might be geogenic, and not anthropogenic, in nature. Furthermore, The ANOVA results
showed that the accumulation of some of the metals in the soils was not due to greywater
irrigation. Metals at a 30 cm depth revealed a positive inter-metal relationship, compared to
those at a 60 cm depth. The pollution indices that were used revealed that the vegetables were
moderately contaminated (Igeo 1-2). The contamination factor revealed that the metals were
abundant in the order As > Cu>Pb > Cr > Zn, while the mCd revealed moderate contamination
(2 <mCd <4). There was no presence of microbial activity in the vegetables and they were free
of listeria, salmonella and E-coli. Leafy vegetables are seen to be prone to the accumulation of
metals, and high quantities of heavy metals were available in some vegetables. The indices
showed that the accumulated metals in the edible parts of the vegetables surpassed the
stipulated requirements. However, these indices do not particularly project that there is or is no
probability of any adverse effects. In addition, these somehow suggest that it is statistically
probable that adverse non-carcinogenic health effects might occur. The effects will therefore
be possible in instances where proper food preparation methods such as washing, and well-
cooked vegetables are not followed. It is therefore encouraged to consume vegetables irrigated

with greywater after they are cooked and not in their raw state. The results of this study provide
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a useful insight into greywater re-use for home gardening purposes. However, these results
have to be treated with care, as the poor germination rate of selected crops led to a reduced
number of samples in the analysis; some of the experimental vegetables for the study did not
germinate at all, while others only bore small fruit.

6.3 Recommendations

This study recommends that greywater be used within 24 hours of production, which will limit
any microbial activity from taking place. Since the re-use of greywater is regarded as a possible
water conservation strategy, policies, legislation and awareness can be structured for
agricultural purposes and shaped by the existing literature. The dilution of greywater and
potable water (1:1) should be studied further, as well as the impact of greywater on the edible
parts of vegetables. Households willing to re-use greywater should be given incentives in the

form of simple cost- and energy-effective systems that are easy to maintain and operate.
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