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Abstract  
 

 

This research investigated sustainable and effective ways of managing the growing 

water and wastewater problem by research to represent reclamation and use of  grey 

water from baths, showers, hand basins and washing machines for plant irrigation. A 

detailed review on grey water characterisation from past research, showed that grey 

water is polluted, and the quality is not like domestic wastewater and therefore the 

traditional design criteria, guidelines and standards used for wastewater cannot 

necessarily be used for grey water reclamation.  

The review from past research shows grey water with detergent characteristics was 

cloudy, coloured and had excessive bubble formation, that could reduce the 

willingness to use the water, especially for in-house uses. Grey water has harmful 

chemicals that may cause harmful effects to the growth of plants and could degrade 

soil structure. 

Globally there are standards for potable water quality, that are widely employed, 

whereas only a few countries have non-potable water quality or grey water reuse 

standards. Therefore, standards such as WHO guidelines, UK/EU bathing water 

standard and EPA water standard for WC flushing were used as guidelines in this 

research.  

Possible natural and waste materials were used to remove the pollutants. Initially 

bench top stirred batch reactors were used to study the removal efficiencies of the 

materials in the removal of pollutants. Then, these were followed by meso-flow 

column adsorption experiments, that were carried out using single adsorbing 

materials. The materials that had better removal efficiencies were used for a material 

combination experiment. The material combination experiments were carried out at 

bench top level, and the final best combination was selected, for the final adsorption 

treatment system. Prior to the final treatment experiment, an initial plant trial was 

carried out to study the effects of grey water, tap water and roof harvested water on 

plant growth and health and roof harvested water as a nutrient rich irrigation source 

of water. The roof harvested water plant showed the highest growth compared to tap 

water and grey water irrigated plants. There was not much difference between the 
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final growth (final mean height) of tap water and grey water plants. The fruits from 

grey water plants were delayed by two weeks compared to the fruits from tap water 

plants and roof harvested water plants. 

 The final treatment system was proposed, designed and constructed to incorporate 

the final material combination. The final treatment system was combined with a plant 

experiment, to study the effects of grey water and treated water on plant growth, 

productivity and soil condition. The final adsorption treatment not only removed the 

sodium from water source (grey water) but were also capable of enhancing the 

resulting irrigation water quality, by increasing the magnesium and calcium in the 

treated water, benefitting the plants as well as the soil. The treated water irrigated 

plants and tap water irrigated plants showed higher growth compared to grey water 

irrigated plants. 

 
Key words: Greywater, roof harvested water, waste materials, natural material, 
treatment system,  
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The Structure of the Thesis  
 

This thesis consists of six substantive chapters plus six Appendices. The chapter 

structure follows the traditional format associated with academic theses. The thesis, 

as expected, starts with the introductory chapter which covers both the background 

to the subject of greywater and its origins, nature and reuse and the environmental 

issues associated with it. It also outlines in some detail the way in which multiple 

delays and enforced changes of direction were imposed on the author arising from 

reorganizations within the university, changes in supervisory teams (and subsequent 

changes in the registering unit within the university), instrument breakdowns and not 

least, the Covid 19 pandemic. The second chapter is the traditional literature review, 

and this is followed by a chapter which covers all the materials, methodological and 

procedural aspects. This is divided into 5 sections such as stirred batch reactor 

experiments, meso-flow column experiments, plant growth trial (series-1), final 

treatment system and final plant experiment (series - 2). The “methods” are, in the 

traditional manner, followed by the “results” chapter and then by the “discussion” 

chapter. This discusses the results of all the experiments and leads on to the 

conclusions. Finally comes the suggestions for further work and six Appendices 

containing a selection of additional data. 
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Abbreviation 
 
SGW – Synthetic grey water  

BOS G – Basic oxygen slag granules 

BOS F - Basic oxygen slag fine particles / powder 

BPD – Bypass dust 

GGBS G – Ground granulated blast furnace slag granules 

GGBS F - Ground granulated blast furnace slag fine particles  

GAC - Granular activated carbon 

PAC – Powdered activated carbon 

BGRHW – Blue green roof harvested water  

TW – Treated water  

TG – Tyre granules 

PFA – Pulverised fuel ash 

TL – Tealeaves 

FE – Fuller’s earth 

SAR – Sodium adsorption ratio 

BAC – Benzalkonium chloride  

DI water – De-ionised water 

MFC – Meso-flow columns  
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 Introduction: Background, Evolution and Originality and 
novelty of the Project, Aims, Objectives, Potential 
Contribution to Knowledge   

 

1.1 Background  
 

1.1.1. Water and wastewater problems, risks and key drivers to the problem 

a) Current water and wastewater problems in the world 
 

Water is the most important, finite, and irreplaceable natural resource which is 

essential for the existence of life (UN Department of Economic and social affairs, 

2015). Water is the key resource for human consumption, agriculture, and industries 

(including production of energy (UN water, 2019). Worldwide, only 3% of water is 

freshwater, available to support human needs (without massive energy input) and 

water demands have increased vastly over recent years (UN water, 2019). The World 

Meteorological Organization (2020) reports that global water consumption has 

increased by six times over the past 100 years and continues to grow at 1% every year. 

About 40% of the world's population is currently living in water-stressed areas. With 

a global population increase of 9.7 billion people predicted by 2050, it has been stated 

that ‘’water scarcity will soon become a matter of life or death’’ (United Nations 

University – Institute for Water, Environment, and health, 2017). Over 59 million 

people (72% of the total population) in the Danube River basin get their drinking water 

from groundwater, where water is over abstracted and became extremely vulnerable 

(International Commission for the protection of the Danube River, no date). 

 

A good example of the range of problems associated with the water cycle is illustrated 

by a selection of recent events in different parts of the world. For example, the highest 

temperature recorded in European history was 48.8 ℃ in Italy (Sicily and Syracuse) in 

2021. This record was previously held by Athens (48℃ in 1977) (The Guardian 2021). 

In July 2021, there was a warning about the hosepipe ban in Northern Ireland to 

reduce the use of water because of the increase in demand. During that period 730 

million litres were pumped into the system per day, whereas normally 530 million 

litres were pumped (BBC News, 2021). In 2020, Boulmer (Northumberland) had only 

15mm rainfall for more than 3 months and in South East of the UK, the rainfall was 
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less than 2mm which was less than the Sahara Dessert (Daily Express, 2020). A 

hosepipe ban was implemented in the Isle of Man in 2020 for more than 30 days due 

to lower rainfall (BBC News, 2020). In Northern Ireland temporary hosepipe ban was 

in place from 29th June to 19th July 2018 with an extra 175 million litres of water was 

pumped into the network to cope with the demand. The hosepipe ban imposed by 

United Utilities in North West England in 2018 was due to the reservoir levels falling 

and the reservoir was only 45% in West Cumbria during that period (Daily Express, 

2020). Improved hygienic habits and more time at home during lockdown also 

increased water usage. The water utilities urged the customers to use the water wisely 

(The one world news, 2020). The latest IPPC report warns that many of the impacts of 

global warming are irreversible but there is still a brief window of time to avoid the 

worst (BBC, 2022). In the world, 3.5 billion people (44% of the world population) are 

highly vulnerable to climate impacts and half the world’s population suffers severe 

water shortages at some point each year. One in three people are exposed to deadly 

heat stress, and this is projected to increase to 50% to 75% by the end of the century 

(ASIS International, 2022). Six main water-related issues are being reported in the 

recent IPPC report. They are acceleration of climate impacts, human actions are 

making the climate impact worse, food and water security are in danger, human 

health is at risk,  Some of the population is more vulnerable than the others and the 

final one is that there are still time and chance to act to reduce the impact (Circle of 

blue, 2022; IPPC, 2022). 

 

There are 925 water conflicts incidents logged since the Babylonian king Hammurabi. 

Water conflicts were due to a trigger of conflict (violence associated with disputes 

over access and control of water), as a weapon of conflict (where water or water 

systems are used as weapons in conflicts including the use of dams to withhold water 

or flood downstream communities), and as targets of conflict (where water resources 

to treatment plants or pipelines are targets during conflicts) (BBC, 2021). A water 

conflict between India and China in May 2020 in Galwan Valley killed 20 Indian 

soldiers. After the incident, within a month there were reports that China was building 

structures to prevent the water flow to India (London School of Economics and 

Political science, 2020). 
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Over the past 100 years, the UK has lost 75% of its ponds and floodplain grasslands 

(Lancashire Manchester & North Merseyside, 2021). In Norfolk (rural and non-

metropolitan county in East Angelia, UK) alone, it is estimated that 8000 ponds are 

being lost since 1950 (Wildfowl & wetlands trust limited, no date). 

Due to ageing infrastructures or collapsed infrastructures and distribution systems, 

water can be lost through leaks. It is estimated that water companies lose 3 billion 

litres of water every day due to leaks in the UK (BBC News, 2020). According to the 

world bank (2006), non-revenue water loss costs an estimated USD 15 billion per year 

in the year 2006. Liemberger and Wyatt (2018) used a similar approach and estimated 

that USD 39 billion was the global non-revenue water loss. UN world water 

development pointed out the underfunding of water infrastructure around the world 

in their March 2020 report (The Guardian, 2020). 

The geology of the country or area could affect water availability since permeable 

rocks make the sourcing water difficult to access whereas impermeable layers make 

the water to be collected in a basin and easily accessible. But whereas, permeable 

rocks are useful in preventing flood and impermeable rock layers susceptible to flood. 

Poor management of water resources leads to the degradation of ecosystems and is 

an overlooked cause of human migration. 

In some parts of the world, water deficit has an impact on women and children 

because they are the ones responsible for collecting water for the family’s basic needs. 

When the collection is far away it requires them to spend more time on collection. 

Women and children spend 200 million hours a day globally collecting water (Unicef 

USA, 2022). They lose their time in education and employment, physical burden, and 

health issues due to carrying water, safety risks, and exploitation (UNICEF, No date; 

UNICEF USA, 2022). 
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b) Pollution and flooding problems in the world 
 

There were 1919 serious pollution incidents in 2020 and 2204 in 2019 affecting the 

water environment. This was mainly due to water companies failing in their job (The 

Guardian 2022).  Most pollution results from sources such as farming, the water 

industry, and other sources such as industrial activity, residential areas, and service 

sectors. These were due to control failure, pipe failures, spillage, combined sewer 

overflows, and storage tank exceedance (Environment agency 2016). In 2020, water 

companies were allowed to release raw sewage 400000 times into rivers in England 

to prevent sewer flooding and protect properties from flooding due to heavy rain (BBC 

2021).  Irish water pleaded guilty to polluting the habitat of endangered mussels in 

County Cork (The Irish Times, 2021). 

 

Sewer flooding can be internal or external to properties. Such events could lead to 

diseases including skin and lung diseases since sewage contains many harmful 

contaminants (chemicals and microorganisms). In the case of internal flooding, water 

will damage buildings (domestic or commercial) and create an unhealthy environment 

(faeces and other debris, foul-smelling water) within the property (OFWAT 2004). 

There were 3,713 internal flooding and 27,127 external sewer flooding incidents 

reported in England and Wales from April 2019 to March 2020 (Water UK, no date). 

Discover water (UK) reported that 4,344 properties were internally flooded, and 

37,434 areas were externally flooded in 2015-2016 in England and Wales due to sewer 

flooding (Priestley, 2016). 

 

People have been rescued, properties evacuated, and trains cancelled due to flooding 

along River Severn in 2022 during storm Eunice (BBC News, 2022). In 2019, a flood 

along the Mississippi, Missouri, and Arkansas rivers impacted 14 million people 

(Center for Disaster Philanthropy, 2020). The unforgettable Tsunami and coastal 

flooding that occurred in 2004 swept off Indonesia, Sri Lanka, India, Maldives, and 

Thailand. This incident killed an unaccountable number of people, damaged 

properties, displaced people, and destroyed businesses such as tourism, fisheries, 

agriculture, and farming (Srinivas, 2021). 
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In Assam (Northeast Indian state), more than 89mm of rainfall was recorded between 

June 1 to July 22 in 2020. The high amount of rainfall caused deadly flooding cutting 

off villages and displacing people (NASA Earth Observatory, 2020). There were 40 

flood events that resulted in July 2021 in the European continent. There were also 

catastrophic floods in Belgium, western Germany, Luxemburg, Netherlands, and 

significant flood events in Austria, Southern Germany, Switzerland, Crimea, and 

Russian black sea region, Southeast England, Northern Italy, and eastern Europe 

(Emergency Management Services of Europe, 2021). Surface water flooding can kill 

humans, damage properties and infrastructures, and destruct crops and livestock. In 

July 2021, the reservoir in Cologne (Germany) was about to collapse due to reservoir 

flooding. During the flooding, 1300 people were missing and 168 were killed (Daily 

Mirror, 2021; Sky News 2021). David McDonald, a senior hydrogeologist at British 

Geological Survey Wallingford has reported that he has suffered six episodes of 

groundwater flooding within 20 years. During the episodes, his garden, floorboards 

were submerged, and the electric and sewer system were affected (Natural 

Environmental Research Council, 2017). 

 

c) Key current global pressures and future global drivers for water and wastewater 
including pollution and flooding risks in the world compared with the UK 
 

Current global pressure and future drivers of water and wastewater problems are 

environmental, social, and economic factors.  

 

Environmental factors are: 

• Climate changes  

o  Hot temperatures can make the water sources dry out, inadequate 

water for water treatment, or wastewater treatment also could affect 

the efficiency of treatment.  

o Increase the incidents of sewer flooding and flooding incurring a cost for 

repairs.  
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• Pollution  

o Human-induced pollution on the climate and earth due to the burning of 

fossil fuels, cutting down trees and livestock are polluting the waterways. 

• Floods (As stated in section 1.1.1a)           

• Low availability of freshwater - Water covers 70% of the earth but only 3% of 

water is fresh water and two-thirds of the freshwater is tucked in a glacier or not 

available for use (World wildlife fund, 2022).  

• Controlling greenhouse gas emissions. 

o Water and wastewater treatment releases greenhouse gases  

o Where currently greenhouse gas does not contribute much but it 

would increasingly contribute when the water demand increases due 

to the population growth, changes in the lifestyle of people, and due 

to new developments. In the future, if the environmental quality 

standards increase the treatment required for water and wastewater 

will increase and thereby put pressure on energy usage (DEFRA 2008).  

 

Economic factors are  

• Investment needed for water and wastewater infrastructures 

o When population growth/ urbanisation increase it would require 

increasing the capacity of water and wastewater treatment plants or 

construction of new water and wastewater plant that would require 

investment. 

o Developing or least developed countries would need investment if 

they need to incorporate new technologies or update to new 

technologies. 

• Brexit 

o Exiting from the EU will have an intense impact on the water and 

wastewater sector in the UK, but the effect has not been felt yet. To 

fulfil the goal business plans are already being set, investments are 

defined, and major projects are commenced.  
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o UK government has permitted the water and wastewater companies 

to dump sewage in the rivers even without achieving the standard 

because of the disruption to the sewage treatment due to Brexit and 

Covid especially getting hold of the required chemical for the sewage 

treatment. The wastewater companies should resume achieving the 

standard as soon as they get hold of the chemicals, but this could be 

uncertain. Therefore, the permission to dump sewage could last up to 

the end of the year or even it could be extended (The Independent, 

2021). This could cause serious pollution in water bodies and affect 

biodiversity.  

 

• Water use in diverse industries  

o Globally, 70% of water is abstracted for irrigation purposes whereas, 

in the UK, agriculture is not the main user of freshwater (Adeyami et 

al., 2017). The Environment Agency estimates that agriculture 

accounts for only 3% of UK freshwater use and the sustainable use of 

water for irrigation is a growing issue for water management. The 

mains supply is suggested to be the main source of water used in farms 

at around 86% in 2014 and 2015 but certain amounts of low level, 

unreported, water abstraction by landowners is permitted in UK law 

and this may bias the figures. The report also indicates that in broad 

terms, arable farming tends to use a greater proportion of mains water 

than livestock farming (Department for Environment Food and Rural 

Affairs, 2016). 

o Envirowise has calculated that annual water usage by the UK's food 

and beverage processing industry, including breweries, distilleries, 

dairies, soft drinks, meat, and other related industries, accounts for 

307 million cubic metres of water (Mistry et al. 2007). This equates to 

24% of the total water used by industry and commerce in the UK, and 

nearly 5% of the total water used in the UK. Other industries such as 

chemical, electronics, paper and board, plastic and rubber and 

garments textiles and leather are the other major water users in the 
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UK where, their annual water use is 273, 241, 155, 83, and 63 million 

cubic meters respectively (Mistry et al. 2007). 

o Cooling water for towers 

o Hydropower generation  

• Due to new development, the need for water will increase  

o Constructing enormous concrete buildings will require large amounts 

of water for concrete mixing. Water is needed at many stages in 

concrete production such as, to produce cement, used for washing 

during extraction of aggregates, during mixing and placing of concrete, 

cleaning plant, and controlling dust. The concrete centre of the UK (no 

date) reported that 78.2L of mains water was used to produce a tonne 

of concrete in 2019. In the Philippines, 3.2 billion litres of water were 

used in the year 2012 to produce 21 metric tonnes of cement which 

are around 179L of water used to produce a tonne of cement (Global 

cement, 2013). 

• Water intense appliances  

o The dishwasher and washing machine are water intense appliances that 

use a large amount of water. The average dishwasher in the UK uses about 

9.5L of water per full load, according to the brand Bosch (Bosch, 2020). The 

water consumption of washing machines is approximately 39 to 53 litres 

per cycle (Samsung, 1995-2022) 

 

Social factors are  

• Urbanisation  

o Currently, 55% of the world’s population lives in urban areas and it’s 

expected that 68% will be living in the urban areas by 2050(United 

Nations, 2018). 

o  83% of the US population are living in urban areas (The World Bank, 

2022).  

o In India, 35% of the population is living in urban areas which are 

around 481 million people. Every year there is a rise of 2.3% of 



 

 

36 | P a g e  

 

population in urban areas of India due to relocation for education and 

jobs (The World Bank, 2022). 

o Whereas in the UK, 90% of the population live in cities and towns 

which is quite high compared to the US. 

 

• Population growth  

o  The current world population is 7.88 billion and is expected to grow 

around 9.48 billion by 2045. World Bank estimated the population 

growth will increase by more than 10 billion by 2050 (The World Bank 

group, 2022).  

o The Office of National Statistics reported that population growth has 

increased from 56.2 million to 66.7 million from 1975 to 2021 in the 

UK and it was predicted that the total population will reach to 

76.1million by 2045(Office of National Statistics, 2012) and the UK is 

ranked 22nd for having the highest population in the world (total) 

(World population review, 2022). In the USA, the current population is 

3.32 billion (US Census Bureau, 2022). 

o The population in India has increased from 1.32 billion to 1.40 billion 

from 2016 to 2022 and is projected to increase to 1.45 in 2026(Statista, 

2021). The current population in Sri Lanka is 21.9 million.  

o  In the least developed countries such as Somalia, the population is 

15.8 million and drastically increased since 2010(Statista 2021). The 

population in Bangladesh is 164.7 million and the drastic increase is 

since 1960(Statista, 2016).  

 

• Water conflicts as stated above  

 

• Covid or any new disease  

o The pandemic has increased the need for water use due to people giving more 

importance to hygiene.  
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When the factor is environmental and social (bearable) then there will be a change in 

the attitude of the people. When the factor is environmental as well as being 

economical (viable), this may allow new standards and regulations to come into 

practice and when social and economic factors (equitable) come together, this could 

lead to affordability. 

 

1.1.2. Options, responses and resilience, benefits and opportunities, and greywater and 
rainwater projects and schemes  

 

a) Option appraisal – sustainability analyses & responses for resilience 
 

Current water consumption together with the population were compared with the 

water and the population in the past are shown in Table 1. 

 
Table 1: Past and current water consumption around the world 

  Current water 
consumption per day 
per person  

Current 
population  

Water 
consumption 
per day per 
person in the 
past  

Population in 
that 
particular 
year  

Developed 
country 

UK 142L /person/day in 
2022 

66.7M in 
2022 

145.8L/person 
per day in 
2011 

63.2M in 
2011 

US 171L/person/day in 
2020 

3.32B in 
2020 

61L/person 
/day in 1999 

278M in 
1999 

Spain  132L/person/ day in 

2018  

47.3M in 

2018 

171/person/da

y in 2000 

40.8M in 

2000 

Developing 

country 

India 135/person/day in 2022 1.40B in 

2022 

/person/day in 1.057 B in 

2000 

Sri 

Lanka  

119.4L/person/day in 

2020 

21.9M in 

2020 

40L/ person/ 

day in 2000 

18.7M in 

2000 
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  Current water 

consumption per day 

per person  

Current 

population  

Water 

consumption 

per day per 

person in the 

past  

Population in 

that 

particular 

year  

Undeveloped 

country 

Zambia  17L/ person/ day in 

2018 

19.5M in 

2018 

47L/ person/ 

day in 2000 

10.42 M in 

2000 

Bhutan  45/person/ day rural 

area 

130/person/ day in 

urban areas  

0.79M in 

2022 

12/ person/ 

day in 2000 

0.59M in 

2000 

 

Therefore, to overcome this deficit there are new reservoirs built and activities 

targeted between abstractions and distribution points (Yorkshire Water 2014). Since 

building reservoirs is a long-term strategy, alternative measures must be taken to 

overcome this water deficiency, such as implementing rainwater harvesting, 

greywater reclamation, and wastewater reclamation for non-potable uses. The 

Environment agency said new reservoirs are planned for after 2020 in Southern 

England (BBC News, 2012). This thesis presents a research project that addresses, in 

part, the first two of these measures. 

Improving the efficiency of water resources, planning for urban scarcity, expanding 

technologies to ensure climate resilience, changing behaviours, planning national 

water needs, supporting WASH (Water, Sanitation and Hygiene) sector. 

Transfer water from surplus areas in the UK to deficit areas in the UK. UK government 

has been considering developing a national water grid. 
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b) Benefits and opportunities for greywater and rainwater recycling & reuse 
 

In addition to reducing demand upon water supply, shortages could be tackled in 

alternative ways. These include reusing greywater, or using alternative sources such 

as roof water, for a range of purposes that were used in this project. Other alternative 

water sources are explored in section 1.1.6. The recovered water (greywater or 

rainwater) could be used for a variety of purposes including for water closet (WC) 

flushing, washing cars, washing outdoor floors, concrete mixing, used in cooling 

towers, irrigation of gardens, and in commercial horticultural facilities. Such sources 

can also be used in landscape irrigation (including water features, fountains) in 

housing schemes, hotels, prisons, universities, and student dormitories. Greywater 

reuse and roof water harvesting are sustainable alternatives to reduce the use of 

water from the mains for non-potable uses and commercial uses, which reduces the 

use of valuable water resources and thereby conserves biodiversity. This would also 

reduce water and wastewater bills. In addition, these measures could also reduce both 

wastewater and stormwater discharge and prevent sewers from flooding. It will also 

prevent other types of flooding such as surface water or river water flooding Flood 

control is beneficial and reduces the cost for removal and treatment (Reducing the 

total volume entering the combined sewers will save the cost of treating lower 

volumes as well as improves the environment by reducing sewer overflows, the cost 

for repair due to overflows which in turn reduces required investment in both sewer 

and treatment capacity).   

 

c) Greywater projects/schemes/studies  
 

1. Millennium dome (Greenwich, UK) 

This system collected grey water (120𝑚3/𝑑), rain water (100𝑚3/𝑑) and ground water 

(280𝑚3/𝑑) from hand basins in the toilets blocks, dome roof and chalk aquifer 

beneath the dome site respectively. It treats 500𝑚3/ day of water that is being used 

to flush all the water closets and urinals in the dome. Treatment includes biological 

aerated filter for grey water, hydrogen peroxide and Granular activated carbon for 

ground water and reed bed or lagoon for rainwater. Those three treated water 

sources are collected together and sent through ultra-filtration / reverse osmosis 
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membrane and finally chlorinated. Then the pH is adjusted according before reuse. 

During the trials the plant achieved the required standard. Chemical and back washing 

are used to prevent fouling of ultrafiltration and Reverse osmosis membranes. This 

system was installed by the Tames water and the New Millennium Experience 

company (Smith et al., 2000). 

 

2. Grey water reclamation at Linacre college  

Grey water reclamation system was installed at Linacre College by Anglian water 

between 1996 to 1997. The treatment system includes sand filter, ultra-filtration 

membrane to treat grey water and used it for toilet flushing (Talvikkilaine, A., 2001). 

 

3. Joint Chinese / German partnership grey water recycling project  

 

A grey water reclamation system (as shown in Figure 1) was jointly developed by 

Chinese / German partnership to cater a residential area of 60 apartments. The water 

sources were from showers and basins and it was reclaimed and used for non-potable 

use such as toilet flushing. Grey water was treated using a membrane bioreactor with 

a capacity of 10000l/day and was operating since June 2006. The treated water 

parameters met the EU bathing standard ( as shown in Table 2) (DecRen Water Consult 

2007) 
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1.1.3. Challenges including costs and risks related to domestic in-house or onsite 
greywater recycling & reuse 
 
Pollutants from greywater can produce adverse effects if they accidentally make 

contact with or (potentially worse), are ingested (or inhaled as an aerosol by people 

during WC flushing or via irrigation use. Microorganisms in greywater could contribute 

to health risks such as skin diseases, eye infections (i.e., the risk from protozoan 

pathogens such as Acanthamoeba) (Kilvington et al., 2004), inhalation of aerosols 

during non-potable uses can cause severe breathing problems (i.e., the risk coming 

from Legionella when greywater is stored) (Rowe and Abdel-Magid, 1995:110; WHO, 

2006 and CAICE, 2014). Chin et al (2009) also address the other effects of using 

greywater cited by Christova-Boal et al. (1996) and Eriksson (2002), whose findings 

indicate that suspended solids in greywater can clog up pipework that transports 

greywater. Jefferson (2004) claims that high levels of total dissolved solids (TDS) can 

cause corrosion and scaling on bathroom fixtures when used for toilet flushing. There 

is thus a clear challenge to recovery, and treatment of greywater in a domestic setting 

and also to the determination of quality given of the complexity of greywater 

definition based on constituents and sources. 

 

1.1.4. Challenges related to greywater reclamation (treatment and system) 
 
The challenges in greywater treatment systems include biological treatment systems 

alone are not effective in treating greywater since chemicals in detergents from 

household products make such treatment difficult. This is because detergents could 

kill or inhibit growth of the microorganisms used for biological treatment (Alipour et 

al., 2016). Therefore, any approach which uses biological treatment needs to be 

combined with other treatment units to be effective (Please see section 2.3.1 for the 

removal efficiencies). The problem does not end with detergents. For example, 

suspended solids can clog up filter beds or media therefore frequent maintenance is 

needed, and limitations on the performance of chemical treatments have a large 

impact on public willingness to use alternatives due to aesthetic issues, including 

smells and appearance. In poor countries, greywater treatment cannot be an option. 
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Greywater would be used directly without treatment. Whereas in rich countries, grey 

water will be used according to the willingness. 

 

1.1.5 Challenges related to water constituents  
 
Nitrogen, phosphorus, and potassium from greywater are useful for plants since they 

are the necessary nutrients for plant growth but need to not be in excess amounts 

(Rowe and Abdel-Magid 1995:128 and WHO 2006). Therefore, if greywater with these 

nutrients is used as a source of irrigation water, it could reduce the need for fertilizers. 

When this is done deliberately the term “fertigation” is used (e.g. Nnadi 2009).  

 

The harmful elements in greywater that could have adverse effects on plants and the 

environment are sodium, boron, and chlorine from detergents, surfactants, and 

bleaches (Rowe and Abdel-Magid 1995:23 and WHO 2006). High levels of these 

contaminants could contribute to discoloration, burning of leaves, leaf cupping, and 

contribute to the alkalinity of the soil and prevent calcium ions from reaching the 

plants. Sodium also disturbs the soil’s ability to absorb water by disrupting the osmotic 

pressure (WHO 2006). Ottoson et al. (2002) believed that untreated greywater with 

chemicals (sodium) from personal care and cleaning products, can lead to harmful 

consequences, such as soil degradation. WHO (2006) stated that this consequence is 

because of the reduced permeability and aeration due to a high amount of sodium 

adsorption (sodium from detergents). Ultimately, this leads to the contaminants not 

allowing the soil to support the plant.  

 

Studies conducted by different researchers show that greywater is often highly 

polluted, containing 2.76 - 80.5 mg/l of anionic surfactant, 10.2 – 141 mg/l of chloride, 

0.1 – 0.7 mg/l of boron, and 21.9 – 43.6 mg/l of sulphates that come from detergent 

and cleaning material that are toxic and not suitable for in-house uses (Smith et al., 

2012; Leal et al., 2012; Chin et al., 2009; Ghunmi, 2008). In addition, due to the 

physical qualities such as cloudiness, colour, and bubble formation, the acceptability 

of raw greywater use is low. However, the quantity (50 – 80% of household water use 

(Li, Wichmann, & Otterpohl, 2009; Al-Jayyousi, 2003) of greywater produced in a 

household makes it attractive and as a replacement water source. There is no 
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universally agreed definition of greywater, this is one of the reasons for synthesising 

grey water in the laboratory. 

 

1.1.6 Alternative sources of water for non-potable uses around the world  
 

Rainwater can be another water source that can be used for plant irrigation other than 

greywater. Rainwater harvesting technology is widely used to combat water shortage 

problems and prevent flooding. Rainwater can be harvested in many ways such as 

harvesting by collecting roof water, combined collection of roof and surface runoff 

water, or collection only of the surface runoff water (Shuttleworth et al., 2017). 

Harvesting roof water is much safer than the other two ways because surface water 

collection will have more contamination due to washing away the pollutants in the 

surfaces (i.e., engine oil or pesticide washed away through rainwater collected, for 

example, by pervious pavements (Nnadi, 2009). The other advantages of adopting a 

green roof-based water collection system can include conservation of biodiversity, 

reduction of the heat island effect by urban cooling, and the fact that rainwater that 

can be collected without the use of a pump because of the obvious water head 

advantage that a roof-based system provides (Shuttleworth et al., 2017). A green roof 

was available in the author’s research Centre that had been retrofitted on the roof of 

the author’s workstation as specified in section 3.4.1.1.  

 

Another alternative water source can be reclaimed wastewater for irrigation for golf 

courses and public parks, washing cars, flushing toilets, cooling water for power 

plants, concrete mixing, and hydraulic fracturing (US geological survey, 2018). China 

has almost 924 reclaimed wastewater plants that are constructed to supply reclaimed 

water for agriculture, industrial, and landscape application (Zhu et al., 2019). 

Agricultural runoff from surface irrigations is likely to contain nutrients, sediments and 

pesticides. This water can be recirculated and used for agriculture again and also 

prevents nearby water from pollution (surface water /ground water) (University of 

California agriculture and natural resources, 2014). 

 

Produced water from oil and gas industries is used for injecting into oil producing 

formations to enhance oil production, hydraulic fracturing (fracture new wells). 
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Produced water from coalbed methane wells are used for irrigation in the Powder 

River Basin (Wyoming and Montana) after treatment to restore overgrazed rand or 

produce livestock forage or used as drinking water for livestock or wild animals 

(American geoscience institute, 2018).  

 

River water can be used for irrigation in agriculture, for drinking water, for 

transportation, to produce electricity and for leisure activities (swimming or boating) 

(National geographic society, 2022) . Sudan and Egypt are heavily dependent on the 

River Nile, which is shared by nine other countries further up the river (Burundi, 

Tanzania, Rwanda, the Democratic Republic of Congo, Kenya, Uganda, Ethiopia, and 

South Sudan (The world economic forum, 2022). 

 

Desalinated sea water is the livelihood of Saudi Arabia. Boreholes, tube well and wells 

extract fresh water from subsurface or deeper groundwater aquifers to provide a 

domestic water supply during times of water shortages and droughts. 

 

1.2 Research aim, objectives, and contribution to knowledge  
 

1.2.1 Research aim 

  

The primary research aim was to study options for the removal of greywater 

constituents by reaction with a composite of materials and to investigate the 

suitability of treated and untreated simulated greywater for the irrigation of plants. 

This was supplemented by a parallel (or secondary) aim to investigate the use, in 

irrigation, of a specific source of roof-stored rainwater that had become available 

within the University after the start of the initial investigation. 

 

1.2.2 Research objectives 

 

The research objectives which evolved from the research aims mentioned above 
were as follows: 
01: To characterize greywater quality and organic and inorganic pollutants from 

cleaning and personal care products in greywater by collecting secondary data in a 

literature review. 
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02: Analysing the treatment efficiencies of various natural or waste materials in the 

removal of greywater constituents by carrying out adsorption/filtration experiments 

individually in moderately sized flow through adsorption column, then combining 

them to create a sustainable layer or composite material (benchtop) in laboratory-

scale tests. 

03: Designing a final model for a material composite treatment system. 

04: Studying the effects of raw greywater, blue-green roof-harvested water, and tap 

water on plants, finally using the optimum filter material composite to pre-treat 

greywater before adding the treated water to plants. 

 

1.2.3 Contribution to knowledge from the research 

 

Major contribution 
 

• The novelty in this research is in creating a filtration and adsorption layer or 

composite, chiefly from waste materials or sustainable materials to remove 

the harmful substances in greywater. Where lime and tea leaves had only little 

removal of sodium when they were used s single material. Whereas when they 

were used as a combination, they removed sodium from 36.9% to 58.2%. This 

combination worked best as a layer than when they were mixed.  

• Materials that could be used to remove pollutants are introduced, that 

removal did not directly impact this research but could contribute to other 

fields that involve contaminated water. BOS can remove magnesium 

completely; magnesium is a useful plant nutrient therefore it should not be 

removed in this project. Whereas if BOS is used to remove magnesium from 

hard water then it could give a complete solution in that field. 

• Studying the effects of greywater and material composite treated water on 

plants, compared with tap water. The average heights of grey water plants 

were more 10cm shorter than tap water and treated water irrigated plants. 

Material composite treated water plants had less sodium accumulation 

compared to greywater. 
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• Comparing the impact of greywater and treated water on plants and soil, with 

tap water. Comparing the impact of greywater and roof harvested water on 

plants and soil. The fruits from grey water plants were delayed by two weeks 

compared to the fruits from tap water plants and roof harvested water plants. 

• Monitoring the way that raw and treated greywater influence soil properties 

including sodium adsorption ratio and the impact of accumulating elements in 

the soil after the addition of greywater. There wasn’t any difference between 

the accumulation of elements in soil irrigated with three different water 

sources. 

• Design, development, and operation of final treatment system 

accommodating the material composite. The lime and tea leaves combined 

adsorption treatment, not only removed the sodium from water source (grey 

water) but were also capable of enhancing the resulting irrigation water 

quality, by increasing the magnesium and calcium in the treated water, 

benefitting the plants as well as the soil. 

 

Minor contribution 
 

• Greywater recipe and concentration of parameters in synthetic greywater 

• Suitable soil for plant growth 

• Effect of temperature on growth of cowpea 

• Survival of tomato plants without watering for 10 weeks 

• Wide range of materials and material combinations for other parameters 

removal from water sources 

• Absence of boron in washing powder that states boron is present in the 

product’s MSDS. 

 

1.3 Summary of the chapter 
 

Water and wastewater problems are due to climate changes, over-abstraction of 

water from the river basin, water conflicts, loss of water resources, water 

infrastructure failures, the geology of the area, and pollution.  The current global key 

drivers of water and wastewater problems are due to environmental factors, 
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economic factors, and social factors. The environmental factors are climate change, 

pollution, floods, low availability of fresh water, controlling greenhouse gas emissions. 

The economic factors are investment needed for water and wastewater 

infrastructures, Brexit, water use in diverse industries, due to new developments need 

for water will increase, water intense appliances. The social factors are urbanisation, 

population growth, water conflict, and Covid and any new diseases. To solve water 

and wastewater problems building reservoir was a long term strategy. Therefore, 

alternative ways such as reclaiming grey water and roof water was a sustainable 

solution to cater non potable uses. Grey water and rainwater harvested projects and 

schemes are studied in this chapter. The aim, objectives and contribution to 

knowledge are covered in this chapter. 

 

1.4 Motivation of study  
 

Water and wastewater problems have brought the need for alternative water 

resources. Grey water reclamation and roof harvested water are alternative water 

resources that can cater non-potable uses specially for plant irrigation. Grey water 

should not be directly irrigated to plants due to the contaminants in them. Therefore, 

grey water can be treated using natural and waste materials to remove the 

contaminants. In this study materials combination are being tested to remove the 

contaminants from greywater and use the treated water for plant irrigation. 

 

The general background to the needs of the environment arising from greywater re-

use and roof water utilisation (from a unique type of source) the next chapter is a 

literature review which reviews the relevant literature on both the science and 

engineering associated with the expressed aims of the study. 
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 Literature Review  
 

2.1 Literature review on grey water characterization, public health and 
environmental risks, public acceptability and regulatory requirement for non-
potable water use  
 

2.1.1. Introduction  
 

Population growth will place increasing demands on the water supply and wastewater 

system (UK parliament, 2021). Climate change is altering weather and water patterns 

around the globe, causing water shortages and droughts in some areas and flooding 

in other areas (WWF, nodate). Of all of the water on Earth, 97% is saltwater, leaving 

barely 3% as freshwater, approximately 1% of which is readily available for use (NASA 

official, 2021). Use of grey water can be for non-potable uses such as landscape 

irrigation, watering home gardens and toilet flushing (WHO 2006, Jefferson et al. 

2004).  

 

The main variation in the definition of grey water used by various 

researchers/companies is whether to include kitchen sink and dish washer in grey 

water or not. The reason for excluding kitchen sink and dishwasher from grey water 

because of the potential to introduce microbial contaminants, oil and grease that 

would negatively impact the receiving environment. Table 4 shows definition of grey 

water used by various researches or water and wastewater companies. 
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Table 4: Definition of greywater used by various researchers 

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the 

Lanchester Library, Coventry University. 
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Surendran, (2001) compared grey water and raw domestic wastewater quality as 

shown in Table 6 and concluded that the characteristics of grey water are dissimilar 

to domestic wastewater. Therefore, the design guides and equations used for 

domestic wastewater treatment systems, are not suitable to design grey water 

reclamation systems. Thus, research into grey water characterization and non-potable 

water quality are important.  This also leads to designing an efficient and cost-effective 

treatment system. If such a review was conducted systematically as recommended by 

James et al., (2016) and Boyjoo et al., (2013) it would be beneficial.  

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 
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Advantages of grey water simulation studies helps in the selection of 

ingredients/products to include in a simulated grey water, if the author wants to 

include or exclude the kitchen sink and dish washer water then the author can decide 

upon it using the simulation studies. The author was able to find the same products 

or similar products. The volume or quantity to include in grey water recipe. There were 

various synthesising methodology used by various researchers. Depending on the 

availability of facilities/ equipment and time of preparation the author was able to 

decide which methodology to use. It will help to keep the grey water more or less 

consistent.  

 

Disadvantages of grey water simulation studies are real grey water is complex and the 

simulation cannot bring all the characteristics of grey water.    

 

 Jefferson et al., (2004) argued that wastewater from kitchens and the laundry are 

more polluted, therefore they recommended that these sources should be excluded 

as a source in small scale use. Winward et al., (2008) support the argument by 

Jefferson et al, by indicating that only wastewater from the bathroom, such as hand 

basin, bath and shower are included as a source. The author is on the opposite side of 

the argument because kitchen waste should be added to grey water to give some level 

of originality to the grey water. The author’s working definition for grey water is the 

contaminated water from laundry, bathroom sink, shower, bath and kitchen sink. 

 

Surendran, (2001) explained that the expected non-potable water quality depends on 

the legal requirements and public perception. The legal requirements are in practice, 

to protect users from associated risks of grey water by exposure of humans to toxic 

substances and protect the receiving environment from pollution (Rowe and Abdel-

Magid 1995:108). Standards of greywater vary according to the end use. For example, 

the standard Biological oxygen demand (BOD5) for garden watering is ≤240 

mg/l and for toilet flushing ≤10 mg/l mg/l (WHO, 2006).Regulations and standards 

that regulates the grey water reuse in UK and other countries are given in section 

2.1.2.4.  The water re-use guidelines normally include the aesthetic issues (i.e., 

turbidity, odour, and colour), hygienic issues (i.e. total coliforms, thermo tolerant 
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coliforms) and other issues (i.e., suspended solids, TDS) which are all high concern 

(Boyjoo et al., 2013). Characteristics of grey water, such as turbidity, colour, 

suspended solids and odour, influence the public perception of reusing grey water 

(Jefferson et al., 2004). Jefferson, (2004) conducted a survey that revealed that 

turbidity is the parameter that mostly limits the reuse of grey water.  The survey 

showed willingness to reuse grey water, for toilet flushing was more than for watering 

the garden where the samples were collected from 102 individuals, of different age, 

gender and washing practices in a residential area. Boyjoo et al., (2013) explained that 

people are more opposed to reusing grey water, when it comes into close contact with 

them. More research into public perception of grey water could be used to increase 

the willingness to reuse.  In poor countries Jefferson, (2004) survey finding would not 

be the case. In those countries the grey water would be used for all the non-potable 

uses depending on their need and the people won’t be give importance for their 

willingness. Whereas in UK, people would give use grey water according to their 

willingness and their willingness will be supporting Boyjoo et al., (2013) statement. 

 

2.1.2. Grey water collection methods used by various researchers or research studies 
and grey water characterisation 
 

2.1.2.1 Spread of results and representativeness of measurement 
 

The samples studied in Table 5 and 6 were collected and analysed from different parts 

of the world. However, most of the samples were collected from the UK and those 

samples were collected from different types of buildings. Smith et al., (2012) collected 

their samples in a facility service building, in a University in Egypt (New Cairo). Li et al., 

(2008) collected their samples from residential area in an ecological settlement in 

Germany (Flintenbreite). Ghunmi et al., (2008) collected their samples from student 

accommodation in Jordan. Winward et al. (2008) and Piduo et al., (2008), collected 

their sample from the same type of place, which was at Cranfield university student 

flats in the UK. Surendran, (2001) collected samples from student accommodation at 

Loughborough University (Leicestershire) and Jefferson et al., (2004) collected their 

samples from 102 individuals (people) in a residential area of the UK. 
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Surendran, (2001), Winward et al., (2008), Piduo et al., (2008) and Ghunmi et al., 

(2008) aimed to collect grey water used by university students (adults, personal 

hygiene regimes after sporting activity). Smith et al., (2012) samples were collected 

from employees (adults, after kitchen and cleaning activities). Li et al., (2008) and 

Jefferson et al., (2004) collected grey water samples from households with infants, 

adults and old people (personal hygiene, cleaning and kitchen sources). However, in 

contrast Chin et al., (2009) could not collect from a particular group of people and 

used a one-time synthesized greywater sample. 

 

There was a spread of chemical constituents in the samples, since each sample did not 

include all the grey water sources. Piduo et al., (2008), Winward et al., (2008), 

Jefferson et al., (2004) and Surendren, (2001) had a combination of greywater 

elements from wash basins, bath and shower water in their samples, whereas Ghunmi 

et al., (2008) had only laundry and shower inputs. Smith et al., (2012) had kitchen sink 

and wash basin water, Chin et al., (2009) had shower, laundry and wash basin sources 

in their samples. But only Li et al., (2008) included all the sources (bath, shower, wash 

basin, washing machine, dish washer and kitchen sink) in their samples.  

Samples were taken for different periods; Smith et al., (2012) carried out the 

experiment for 50 days, Li et al., (2008) for three months, Ghunmi et al. (2008) for four 

months and Surendran, (2001) for five months, where composite and grab samples 

were collected. Other authors (Chin et al., 2009; Winward et al., 2008; Piduo et al., 

2008) did not provide a full dataset about their experimental period. 

 

Since greywater samples are affected by the temperature and storage time, the 

samples were stored at 4℃  to 6℃ and most of the samples were analysed between 

20 minutes to 2 hours from production; some samples were analysed within 24 hours 

of production. Samples stored at higher temperature and for long periods were not 

used for analysis (Smith et al., 2012; Jefferson et al., 2004; Winward et al., 2008). 

 

The samples in reports by Surendran (2001) and Ghunmi et al., (2008) were more 

reliable than Piduo et al., (2008) and Smith et al., (2012) because Surendran, (2001) 

and Ghunmi et al., (2008) had a greater sample size in their analysis than others. Since 
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Chin et al., (2009), Li et al., (2008), Winward et al., (2008) and Jefferson et al., (2004) 

have not reported the number of samples, the accuracy and representativeness of 

measurements cannot be verified. The accuracy of measurement also depends on the 

time of collection of the samples; whereas Surendran, (2001) collected samples at 9 

to 10am, during the first five months and later collected samples randomly in a day. 

Ghunmi et al., (2008) developed a better technique to cater for the time, to collect 

the samples in a day. The author used an auto-sampler (with 24 bottles) that was 

programmed to withdraw 250ml every 15 minutes from the pit (where grey water was 

collected). All 24 bottles were emptied into a container and were analysed to get a 

greater representativeness (Ghunmi et al., 2008).  

 

Samples from Chin et al., (2009) were not as representative as others, because the 

sample included only the first 2.5 minutes of a 5-minute shower; the first discharge of 

the washing machine and brushing teeth was generated in the laboratory. Their 

samples were diluted with tap water and were mixed in proportion. Therefore, their 

samples should be classified as semi-synthetic grey water. 

 

Table 5:Methodologies used to collect grey water by various past researchers 

Methodology  

Authors  Grey water collection method  

Smith et 

al., (2012) 

 Samples of grey water (cleaning, sink and kitchen activities of employees) were 

collected from a facility service building in AUC campus in New Cairo, Egypt. The 

grey water was directly collected into a 20𝑙 container (polypropylene). Then the 

container was stored at 4℃ and taken to the laboratory within 20 minutes for 

analysis. In the laboratory, the grey water was mixed in a continuously mixing tank 

and then sampled and analysed. 

Chin et al., 

(2009) 

The composite sample was prepared in the laboratory by collecting sample from 

brushing teeth, shower (only first 2.5 minutes of 5 minutes shower) and from the 

washing machine (1st discharge), then diluting the grey water from shower and 

washing machine with tap water and finally mixing them in proportion as, three 

people washing a load of laundry, bathing twice and brushing twice a day. 
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Authors  Grey water collection method  

Li et al., 
(2008)  
 

Grab samples from bath, shower, hand basin, dish washer, washing machine and 

kitchen sink were collected from a residential area and was analysed. 

Ghunmi et 
al., (2008)  
 

Grey water was collected from student accommodation occupied by 150 female 

students. Grey water from laundry and shower were directed towards a tube and 

samples were collected from the tube and analysed. 

Winward 
et al., 
(2008)  
 

Grey water (sink, bath and shower) was collected into an underground sump from 

18 student flats of Cranefield University. Then the grey water was pumped into a 

tank that was continuously circulating. Finally, it was pumped into another tank to 

mix it with synthesized shampoo water at a ratio of 1:55 and analysed 

Pidou et 

al., (2008) 

Mixed samples from bath, shower and hand basin were collected from 18 student 

flats in Cranefield university. Grab samples from shower, were collected separately 

and all were analysed on the same day. 

Jefferson 
et al., 
(2004) 

Grab samples were collected from 102 individuals, of different age, gender and 

washing practices. Collected samples were immediately analysed or stored below 

5℃ for 24 hours and analysed. 

 

Surendran, 

(2001) 

Over 200 composite grey water samples and grab samples from shower, bath and 

wash basins were collected for a 5-month period. Another 57 weeks of monitoring 

of grey water was carried out in Project 1 & 46 weeks monitoring in project 2 in 

student accommodation in Loughborough University.  
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Table 6: Comparison of grey water characterization from different research studies and comparison of grey water and wastewater characterisation 

Number of samples - () :given inside the brackets        If sample number is not given - (ND) 

  Grey water  
 

Wastewater  

Quality Units Smith et al 
(2012) 
Chin et al (2009) 
 

Li.F et al (2008)  
Ghunmi et al 
(2008)  

 

Winward et al 
(2008)  
Pidou et al 
(2008) 
 

Jefferson et al 
(2004) 
Surendran 
(2001)  
 

Bai et al 
(2010) 
Location 1 
Location 2 
Location 3 

Cited at FAO 
of United 
nation  
Corporate 
document 
Repository 
(No date) 
UNTCD 1985 
Al-Salem 
1987 

Surendran 
(2001) 
Average 
flow 
Final 
effluent  
Henze et al 
(2008) 

Study area   Facility service 
building 
Lab generated   

Residential area 
in an ecological 
settlement 
University 
Student 
accommodation 

Student 
accommodation 
Student 
accommodation 

Residential area  
Student 
accommodation 

   

Thermo tolerant 
coliform/ E-coli  

𝑐𝑓𝑢
/100𝑚𝑙 

   2022(ND) 
320 – 1485 

(221)  
  

  10000 
 
 

Total coliform  𝑐𝑓𝑢
/100𝑚𝑙 

(1.9 – 6.5)×
105(8) 

 19.9× 106(ND) 7384(ND)   106 − 107 
2.4× 106 
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 (0.16 - 5.2)×
106 (73) 

𝐵𝑂𝐷5 𝑚𝑔/𝑙 76 (ND) 149(20) 22 – 56 (14) 146(ND) 
60.5 – 110.4 

(175)  

12 – 125 
17  - 370 
10 - 260 

100 – 300 
770 

300 
11 

230 - 560 

COD 𝑚𝑔/𝑙 23 – 655 (20) 
225(ND) 

551(96) 412(ND) 
81 – 201(14) 

451(ND) 
138.4 – 173.2 

(31) 

159 – 445 
175 – 488 
139 - 494 

 
1830 

618 
57 

500 -1200 

TOC 𝑚𝑔/𝑙  141 - 181(ND) 82(ND) 72.6(ND) 
37.6 – 57.0 

(255) 

  
220 

182 
20 

Total Carbon 𝑚𝑔/𝑙    63.8 – 83.3 
(254) 

   

Inorganic Carbon 𝑚𝑔/𝑙    26.1 – 29.6 
(225) 

   

Total solids  𝑚𝑔/𝑙 374(ND) 876(78)  414.0 – 509.8 
(138) 

 350 - 1200 766 
730 

Total volatile solids  𝑚𝑔/𝑙    145.8 – 251.3 
(139) 

  375 

Total suspended 
solids  

𝑚𝑔/𝑙 26 – 130 (25) 
19(ND) 

122(26) 25(ND) 100(ND) 
24 – 53.7 (303) 

100 -360 
100 – 200 

40 - 140 

100 -350 
900 

152 
33 

250 - 600 

Total dissolved 
solid 

𝑚𝑔/𝑙 175 – 397 (10) 
205(ND) 

   364.0 – 442.9 
(139) 

600 – 780 
580 – 780 
540 - 800 

250 – 850 
1170 

614 
697 

Conductivity 𝜇𝑆/𝑐𝑚 351-795 (25) 
1088(ND) 

1005 - 1225(ND)  557.0 – 599.5 
(137) 

960 -1317 
916 -1201 
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934 - 1315 
Turbidity 𝑁𝑇𝑈 8.8 - 184.4 (29) 

18.1(ND) 
128 – 152(ND) 

122(93) 
34(ND) 

19 – 51(14) 
100.6(ND) 

25.0 – 72.8 
(272) 

  66 

Colour  𝑃𝑡𝐶𝑜 190.2 - 530.8 
(27) 

      

pH - 6.89 - 8.93 (29) 
10(ND) 

7.0 – 8.0(ND) 
7.6(96) 

7.0(ND) 
6.6 - 7.6 (14) 

7.47(ND) 
7.3 – 7.72 (142) 

7.02 – 
7.45 

6.63 – 
7.96 

6.85 – 
7.41 

 7.6 
7.4 

Temperature ℃ 22.8 - 24.4 (29) 19.7 – 20.3(ND) 
24(ND) 

 

 20.4 – 22.4 
(123) 

   

𝑃𝑂4
3− 

(Phosphates ) 
𝑚𝑔/𝑙 0.296 - 0.742 

(31) 
 

6.9 - 8.1(ND) 0.3 - 0.7(14) 0.35(ND) 
1.6 – 3.6(62) 

10.32 – 
26.4 

7.7 -13.41 
11.08 – 

18.37 

 11 
8 

Total P 𝑚𝑔/𝑙  8.8 – 10.6(ND) 
7(22) 

   6 – 20 
25 

 
 

6 - 25 

NH3 – N 
(Ammonical 
nitrogen) 

𝑚𝑔/𝑙       42 
4.4 
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NH3 as 𝑁 
(Ammonia) 

𝑚𝑔/𝑙 5.43 - 13.23 (20) 4.6 – 8.2(ND)       
 

20 -75 

𝑁𝐻4
+ as  𝑁 

(Ammonium) 
  7.6 - 12.6(ND) 

8 (22) 
0 - 1.4(14)     

NO3 
(Nitrate) 

𝑚𝑔/𝑙 0 – 1.48 (18) 
0.3(ND) 

< 0.01(ND) 
 

2.3 - 5.5(14)  
0.81 -1.21(62) 

0.04 – 0.4 
0.09 – 0.2 

0.11 – 
0.186 

 59 
0 

0.1 – 0.5 

NO2 
(Nitrite) 

𝑚𝑔/𝑙 0.1(ND) < 0.01(ND) 
 

     

Total N  𝑚𝑔/𝑙  14.2 - 18.8(ND) 
10(20) 

4.6 - 10.6 (14) 8.73(ND)  20 -85 
150 

 
20 – 70 
30 -100 

Dissolved oxygen 𝑚𝑔/𝑙 0.92 - 3.26 (27)   5.0 – 7.6(37)    

Mg 𝑚𝑔/𝑙  29(13)      

Ca 𝑚𝑔/𝑙  58(13)      
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2.1.2.2. Comparison between grey water characterisation of different authors  
 
The review of greywater sources in Table 5 shows a wide range of variation in the 

parameters. Suspended solids found in all the authors grey water samples were less 

than domestic wastewater (Surendran 2001). Jefferson et al. (2004) and Ghunmi et al. 

(2008) samples had a higher number of suspended solids than Winward et al. (2008), 

Chin et al. (2009), Surendran et al. (2001) and Smith et al. (2012). The variations are 

mainly due to the laundry activities done by students (Ghunmi et al., 2008) and by 

residents (Jefferson et al., 2004). According to WHO (2006), the grey water should 

have a concentration of ≤10mg/l of suspended solids (maximum threshold), for toilet 

flushing, ≤140mg/l of suspended solids(maximum threshold),  if it is to be used for 

watering the ornamental, fruit trees and fodder crops and ≤20mg/l of suspended 

solids(maximum threshold),  for irrigation of vegetable likely to be eaten uncooked.  

TDS are the main factor for corrosion and scaling in toilet fixtures, if grey water is used 

directly for WC flushing. TDS concentrations from Surendran (2001) were higher than 

Smith et al. (2012) and Chin et al. (2009). But TDS in Surendran’s grey water samples, 

were about 28% lower than the domestic wastewater and 36% lower than the final 

effluent of sewage treatment (Surendran, 2001). 

 

Phosphate concentrations in domestic wastewater are typically 11mg/l and this was 

higher than all the grey water samples (see Table 6). Surendran et al. (2001) and the 

experiments by Smith et al. (2012), reported higher levels of phosphates than others. 

These phosphates were mainly from the cleaning liquids and detergents from the 

cleaning activities (most likely from the sink and wash basins). Ghunmi et al. (2008) 

had more chlorides in their sample than Smith et al. (2012) and Chin et al. (2009). This 

variation was contributed to by bleaches from laundry activities (Ghunmi et al., 2008). 

Biodegradable contents (𝐵𝑂𝐷5) in grey water from Smith et al. (2012), Li et al. (2008) 

and Jefferson et al. (2004) were higher than others. This was due to organic matter 

resulting from shower and food handling, from the kitchen sinks. BOD in Smith’s 

sample was about 36% lower than the domestic wastewater. 
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The toilet waste is excluded from grey water, thus ammonia contents and nitrates in 

grey water are lower in concentration than would be expected in typical “foul “water 

(domestic wastewater). The lower residual concentration in grey water is suggested 

to be due to washing of diapers and faecal matter from showers (Jefferson et al. 

(2004), Ottoson et al. (2002). Li et al. (2008) samples have the highest ammonia 

content that resulted from showers. Smith et al. (2012) samples were collected from 

an office building, where the employees do only cleaning and kitchen activities. Even 

though there was no bathing or washing of clothes in the building, the samples show 

high ammonia and nitrate concentrations. The ammoniacal nitrogen and nitrates in 

wastewater are far higher than in grey water. This is due to wastewater including toilet 

waste. 

 

Winward et al. (2008) samples had the higher numbers of total coliform than others. 

This was about 98% higher than the final effluent of wastewater treatment (Surendran 

2001). This could have been due to students at Cranfield University, showering after 

taking part in sports activities. The presence of total coliforms in grey water in 

residential areas, may be due to washing diapers and childcare, even though the grey 

water does not include toilet waste (Jefferson et al., 2004). Total coliforms in Ottoson 

et al. (2002) samples were due to showering and food handling (meat/fish). 

 

The pH in grey water ranges between 7 to 8 in all the authors experiments except for 

Chin et al. (2009) who reported a pH of 10. This variation could be due to higher 

detergent concentration since the Chin et al. (2009) sample includes the first discharge 

from the washing machine that would be highly concentrated with washing powder. 
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2.1.2.3. Comparison of grey water characterisation in different appliances  
 

 

Different researchers studied the grey water quality in various appliances as shown in 

Table 7. The appliances used are bath, shower, wash basin, washing machine/laundry 

and kitchen sink. Surendran, (2001) found higher numbers of total coliforms present 

in laundry than from the wash basin. This is due to coliforms resulting from clothes 

that are washed in a washing machine more than the wash basin, where the basin is 

typically used for washing hands. Jefferson et al., (2004) found higher numbers of total 

coliforms present in the wash basin than the bath and shower. This could be due to 

the samples being collected from the residential area, from 102 individual properties 

with different ages and genders. These grab samples might have been obtained, 

where the mothers’ washed their babies’ nappies in the wash basin and where people 

might have used the wash basin for personal hygiene. Thermo tolerant coliforms were 

found more in showers than other appliances (Ottoson et al., 2002). Results from 

𝐵𝑂𝐷5 found in laundry and kitchen sinks were higher than the shower in samples from 

Ghunmi et al. (2008). This is due to organic matter from clothes (dirt) during washing 

clothes and handling meat or fish and, from food remains from the kitchen sink. These 

level of 𝐵𝑂𝐷5 are much higher than the 𝐵𝑂𝐷5 levels in wastewater. 𝐵𝑂𝐷5 from 

showers from Piduo et al (2008), Jefferson et al (2004) and Ghunmi et al., (2008) 

samples were in the similar range. When comparing the COD levels in all the authors’ 

samples, the laundry and kitchen sink had more COD levels than other appliances. 

COD was particularly high in results from the kitchen sink (Ghunmi et al., 2008). 

 

Total solids and total suspended solids were in high amounts from kitchen sink 

compared with other appliances, attributed to coming from handling meat and from 

food remains. Turbidity was higher in wash basins than baths or showers. 

 

Detergents from washing machines with greywater led to a higher pH, high 

phosphates and high total dissolved solids than from other appliances (Surendren, 

2001 and Ghunmi et al., 2008). Chlorides in grey water samples from all the studies, 

were higher in laundry activities than other inputs. These might have resulted from 

washing powders, bleaching agents and other cleaning agents (Ghunmi et al., 2008). 
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Table 7: Comparison of grey water characterisation in different appliances 

Surendran (2001)     Jefferson et al (2004)      Ghunmi et al (2008)   Piduo (2008) (Each researchers 
data is given in different colours)     
Number of samples - (): given inside the brackets        If sample number is not given - (ND) 

Grab samples from different appliances are used to study the grey water characterisation of four 
different authors (authors from Table 6) 

Quality Units Bath 
 

Shower  
 

Wash basin laundry Kitchen 
sink 

Thermo tolerant 
coliform/ E-coli 

𝑐𝑓𝑢
/100𝑚𝑙 

 
82.7(ND) 

 
1490(ND) 

144 (2) 
10(ND) 

570(2) 
 

 

Total coliform  𝑐𝑓𝑢
/100𝑚𝑙 

 
6350(ND) 

 
6800(ND) 

1.96× 106(2) 
9420(ND) 

3.02× 106 
(2) 

 

 

𝐵𝑂𝐷5 𝑚𝑔/𝑙  
129(ND) 

 
146(ND) 
120(10) 

129 – 203 (15) 

194.08 (5) 
155(ND) 

877.75(5) 
 

1266(10) 

 
 

1850(10) 

COD 𝑚𝑔/𝑙 367(ND) 420(ND) 
537(8) 

477 – 673 (15) 

587(ND)  
2500(13) 

 
8071(10) 

TOC 𝑚𝑔/𝑙  
59.8(ND) 

 
65.3(ND) 

72.82(5) 
99(ND) 

451.72 (5)  

Total solids  𝑚𝑔/𝑙   
750(8) 

498.25(2) 580.25 (2) 
3940(13) 

 
4101(10) 

Total suspended 
solids  

𝑚𝑔/𝑙  
58(ND) 

 
89(ND) 
150(8) 

47.5(2) 
153(ND) 

66(2) 
 

760(13) 

 
 

1180(10) 

Total dissolved 
solid 

𝑚𝑔/𝑙   454.75(2) 508.75(2)  

Conductivity 𝜇𝑆/𝑐𝑚   
830(8) 

422.13(5) 2192(5) 
4542(10) 

 
1244(8) 

Turbidity 𝑁𝑇𝑈  
59.8(ND) 

 
84.8(ND) 

33 – 51(15) 

90.08(2) 
164(ND) 

104.10(2)  

pH -  
7.57(ND) 

 
7.52(ND) 

7.15(8) 
7.3 - 7.8(15) 

8(2) 
7.32(ND) 

7.98(2) 
 

9.6(10) 

 
 

6.83(8) 

Temperature ℃   
30 

23.46(5) 23.46(5) 
35 

 
25 

Phosphates (PO4) 𝑚𝑔/𝑙  
0.4(ND) 

 
0.3(ND) 

1.2 - 1.4(15) 

6.2(5) 
0.4(ND) 

13.22(5)  

Nitrates ( NO3) 𝑚𝑔/𝑙  6.3 – 8.7(15) 0.58(5) 1.01(5)  
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2.1.2.4. Regulations for non-potable water quality  
 

Standards and criteria of non-potable water quality are shown in Table 8 and were 

used to compare whether the greywater quality meets the regulatory standard. Grey 

water should attain a particular criterion such as hygienic, aesthetics, environmental 

tolerance and economically feasible for it to be reused (Li, et al., 2009).  Recycling 

treated greywater could achieve BREEAM credits under Wat 01: water consumption 

because of reduction in the consumption of potable water from mains supply, for non-

potable uses in new buildings thereby attaining the standard of low impact building 

(BRE Global Ltd, 2021). It could also achieve other standards such as ISO 14001: 2004. 

In the UK greywater systems should be designed, installed and maintained in 

accordance with BS8525:2010 (BSI, 2010). As the UK is committed to achieve an 80 

per cent reduction in carbon emissions by 2050 to address these challenges people 

need to reduce the energy consumption and accelerate and movement to a 

sustainable, low carbon lifestyle and one in which is reusing grey water (Environment 

agency, 2009).

Quality Units Bath 
 

Shower  
 

Wash basin laundry Kitchen 
sink 

Ammonical 
Nitrogen 

   0.51(5) 4.98(5)  

Total N  𝑚𝑔/𝑙 6.6(ND) 8.7(ND) 
2.4(10) 

13.4 - 19.4(15) 

10.4(ND)  
2.8(5) 

 
25.9(10) 

Total P  𝑚𝑔/𝑙  1.2(10)  9(5) 4.3(5) 

Chloride 𝑚𝑔/𝑙  170(5)  300(5) 140(5) 
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Table 8: The International standards for non – potable water quality 

Parameters   Council Directive (EU) 
76/ 160/EEC 

WHO, (2006) Australia USA Egypt Jordan Pakistan  Japan  Italy  

  Guide Mandatory  Garden 
watering  

Toilet 
flushing  

Environmental health 
directorate of 
Australia, (2011) 

US army 
standard, 
(USAPHC  
32-002-
0111) 

US 
EPA, 
(2012) 

Shreadah 
et al., 
(2014) 

JISM, (2006) WWF Pakistan., 
(2007) 

Tekeuchi & 
Tanaka, (2020) 

Chailou et al., 
(2011) 

Total coliforms  /100ml 500 10000     ND ND   1000  

Faecal coliform/  
E-coli  

/100ml 100 2000 ≤1000 ≤10 <1    100 1000 ND 10 

Faecal 
streptococci / 
intestinal 
enterococci 

/100ml 100 -           

Salmonella  
 

/1𝑙 - 0           

Entro viruses   PFU / 10 𝑙 - 0           

𝐁𝐎𝐃𝟓 𝑚𝑔/𝑙   ≤240 ≤10 <10  ≤10 ≤ 60 30 8  10 

PH  - 6  - 9   6.5 – 8.5 5 - 9 6 - 9 6 – 9  6 - 9 6.5 – 8.4 5.8-8.6 6 – 9.5 
Colour – Visible 
 

 - No abnormal 
change  

        Not unpleasant 
 

 

Mineral oils –
Visible  
 

 
𝑚𝑔/𝑙 

- 
≤ 0.3 

No film/ 
odour 
-  

          

Turbidity NTU 2 1   <2(95 %ile) 
<5 (Maximum) 

1 ≤2  50  ≤2  

TSS  
 

𝑚𝑔/𝑙 Absence 
(visible) 

- ≤140 ≤10 <10        

Dissolved oxygen % 80-120 -      ≥4  >4   

Chloride residue  𝑚𝑔/𝑙     0.2 – 2   1   100 ≥ 0.4  

Salinity          2     

Total N 𝑚𝑔/𝑙        40 45   15 

Total P 𝑚𝑔/𝑙        5 30   2 

TDS 𝑚𝑔/𝑙      2000    1000   

Hardness 𝑚𝑔/𝑙      ≤500       

Odour        Odour 
less 

   Not unpleasant   
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2.1.2.5. Grey water reuse and climate change  
 

The IPPC assessment report summarises the demand side adaptive option such as 

Incentives   to use less, legally enforceable water use standards (for appliances),   

Increase use of grey water, Reduce leakage,  development of non- water based  

sanitation systems.  

 

Access to adequate supplies of water is central to a sustainable future and climate 

change is expected to exacerbate water security problems in several European region. 

Recycling of water is considered as an adaptation measure to save resources through 

reuse for non-potable uses.   greywater to be used for various purposes such as toilet 

flushing, laundry and garden irrigation (European climate adaptation platform, 2021).
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2.2 Determinands measured in grey water  
 

2.2.1: Ingredients in grey water, their effectiveness as an ingredient and their harmful 

effects on humans and the environment 

 

2.2.1.1. Introduction  
 

The Fortune business insight (2020) reports in a market research report that, the 

worldwide household cleaning products market size was $163,981 million in 2019 and 

this is projected to reach $312, 493 million by 2027. This market size is going to double 

within 8 years. Statista (no date) reports that the worldwide beauty and personal care 

product market size is $500 billion in 2019 and the UK market accounts for $32.6 

billion in 2019 (Statista, no date).  

 

Personal care products and household cleaning products play an important role in 

keeping residential/commercial buildings clean, more secure against infection and to 

maintain household hygiene. They are made of different kinds of ingredients that 

ultimately end up in grey water or wastewater. The ingredients are surfactants, 

emulsifiers, builders, enzymes, oxidizing agents, abrasives, binders, bleach precursors, 

bleach activators, bulking agents, colouring agents, corrosion inhibitors, fragrances, 

hydrotropes (A hydrotrope is an organic salt compound that improves the ability of 

water to dissolve other molecules by solubilizing hydrophobic compounds), 

preservatives, sequestrants, solvents, viscosity controlling agents, pH adjustors. Their 

functions in the cleaning or personal care products are given in Table 9. 

 

The Covid -19 pandemic has influenced personal care and cleaning product markets, 

because people became more conscious about hygienic living and household cleaning 

that eventually increased the demand for products (Fortune business insight 2020). 

This effect will make more different chemicals and high concentration of ingredients 

ending up in grey water.  
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Table 9: Function of ingredients in personal care or cleaning product and products they are found in 

Ingredient  Function in personal care or 
cleaning product  

Found in  

Surfactant To reduce surface tension of the 

water and to increase wetting on 

surfaces (cleaning surfaces 

/cloth surfaces) and also 

removes grease or oil due to the 

amphipathic structure. 

Shampoo, washing powder, 

toothpaste, mouth wash, 

kitchen liquid, surface 

cleaners, body wash, face 

wash  

Emulsifier Allows non-water-soluble dirt to 

be cleaned b aqueous solution  

Kitchen liquid, surface 

cleaner, washing powder, 

dish washing tablets  

Builder To reduce the hardness (remove 

calcium and magnesium ions) in 

water otherwise these ions 

(Calcium and magnesium ions) 

will react with the surfactant and 

reduce the effectiveness in 

removing dirt and oil 

Washing powder, kitchen 

liquid, surface cleaners  

Enzyme Enzymes in detergent are long 

chain amino acids that are used 

to remove different stains such 

as protein (protease), starch 

(amylase) and fats (lipase) at 

lower temperatures 

Washing powder, kitchen 

liquid 

Anti-microbial agent  To destroy or slow down the 

spread of micro organism  

Washing powder, surface 

cleaners, antiseptic liquids, 

toothpaste  

Abrasive Removes heavy amount of soil in 

small area 
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Ingredient  Function in personal care or 

cleaning product  

Found in  

Bleaching agent Removes soil and stain Surface cleaners 

Bleach precursor Removes stain and improve 

whiteness 

Surface cleaners  

Bleach activator Supports the action of bleaching 

agent 

Surface cleaners 

Humectant  Moisturizing agent Toothpaste, moisturizer, 

shampoo, surface cleaners  

Bulking agent Reduces the apparent density of 

the product 

Shaving cream 

Anti-sensitivity agent Minimise tooth sensitivity  Toothpaste, mouth wash  

Flavourant  To flavor products Toothpaste, mouth wash, 

body wash, shampoo 

Colourant To provide a product with 

individual characteristics and 

appearance.  

Kitchen liquid, surface 

cleaners, mouth wash, 

shampoos, fabric softeners  

Corrosion inhibitors Control corrosion Washing powders 

Fragrances Improves the smell of the 

product, counteract malodour in 

clothes / surfaces and leave a 

pleasant smell 

Shampoo, washing powder, 

hand wash, kitchen liquid, 

surface cleaner 

Hydrotropes To improve the solubility of 

surfactants in water, specifically 

those structured to contain high 

levels of builders or alkalinity 

Carpet cleaners, laundry 

detergents, dishwashing 

detergents, surface cleaner, 

shampoo and conditioner 

Preservatives Protects the product against the 

natural effects that occurs when 

a product age such as decay, 

discolouration, bacterial attack 

and oxidation 

Shampoo, surface cleaners 
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Ingredient  Function in personal care or 

cleaning product  

Found in  

Solvent To remove grease and 

compatible with water 

Window cleaners 

Viscosity controlling agent Increase or decrease the 

viscosity of the product 

formulation 

Shampoo, kitchen liquid, 

hand wash 

 

The ingredients or parameters of interest in grey water are sodium, magnesium, 

calcium, potassium, boron, phosphorous, nitrates, turbidity, anionic surfactant and 

cationic surfactant (during stirred batch reactor stage). 

 

During the meso-flow experiment stage, the ingredients / parameters of interests 

were sodium, magnesium, calcium, potassium, boron, phosphorous, nitrates, 

ammonium, sodium lauryl sulphate, benzalkonium chloride, linear alkyl benzene 

sulphonates, triclosan, pH, conductivity, TSS. During final phase/ final treatment 

system, sodium, magnesium, calcium, potassium, boron, phosphorous, zinc, pH and 

conductivity were measured.
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2.2.1.2. Personal care product and cleaning products ingredients in grey water  
 

The concentration of determinands of interest were studied from different researches and tabulated in Table 10. The choice of selecting the 

determinands is given in section 2.2.2. 

 

Table 10: Concentration of chemical of interest found in different source of water 

Parameter Water Mains / 
drinking water 

Wastewater Surface 
water 

Storm water (S) / 
Ground water (G) 

Bottled water Grey water  

Sodium  0 –  169𝑚𝑔/𝑙𝐴𝑧   16 – 59𝑚𝑔
/𝑙𝐵𝑎 

8 –  195𝑚𝑔
/𝑙 (𝑔𝑟𝑜𝑢𝑛𝑑 𝑤𝑎𝑡𝑒𝑟)𝐴𝑧 

0 –  15𝑚𝑔
/𝑙(𝑠𝑝𝑟𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟)𝐴𝑧  

36 –  1095 𝑚𝑔
/𝑙(𝑀𝑖𝑛𝑒𝑟𝑎𝑙 𝑤𝑎𝑡𝑒𝑟)𝐴𝑧 

1 − 1419𝐴𝑧  

143𝐺ℎ  
128𝐿𝑒 12 

Magnesium  0 –  29𝑚𝑔/𝑙𝐴𝑧    2 − 48𝑚𝑔/𝑙𝐴𝑧  0 − 95𝑚𝑔/𝑙𝐴𝑧  
1 –  130𝑚𝑔/𝑙𝐴𝑧  

29𝑚𝑔/𝑙𝐺ℎ  

Calcium 2 –  83𝑚𝑔/𝑙 𝐴𝑧    26 − 85𝑚𝑔/𝑙𝐴𝑧 0 − 76𝑚𝑔/𝑙𝐴𝑧  
3 − 310𝑚𝑔/𝑙𝐴𝑧  

4 −   575𝑚𝑔/𝑙𝐴𝑧 

58𝑚𝑔/𝑙𝐺ℎ  

Potassium   7 – 24𝑚𝑔
/𝑙𝐵𝑎 

  114.2 − 139.4𝑚𝑔/𝑙𝑀𝑜 

Zinc  224𝐶𝑖  
82.4𝑟𝑢  

 

   ≤ 0.01 − 1.6𝑚𝑔/𝑙𝐸𝑟  
0.09 − 6.3𝑚𝑔/𝑙𝐶𝐵  
0.03 − 0.06𝑚𝑔/𝑙𝐿𝑖 09 
 

Boron       0.2 –  0.7𝑆𝐷𝐴 
0.1𝐺𝑟  
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Parameter Water Mains / 
drinking water 

Wastewater Surface 
water 

Storm water (S) / 
Ground water (G) 

Bottled water Grey water  

Phosphates 
/Phosphorous 

 3.85𝐶ℎ  
99.9𝑜𝑗  

6 − 25𝐻𝑒  

   1.9 (𝑇𝑜𝑡𝑎𝑙 𝑃)𝐺𝑟  
5.5(𝑇𝑜𝑡𝑎𝑙 𝑃)𝐿𝑒 12 
8.8 –  10.6(𝑇𝑜𝑡𝑎𝑙 𝑃)𝐿𝑖 08 
2.97 (𝑃ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑠)𝐿𝑒 12 
6.9 –  8.1(𝑃ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑠)𝐿𝑖 08 
1.6 − 3.6 (𝑃ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑠)𝑆𝑢 
0.3 0.7 (𝑃ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑠)𝑃𝑖 
0.296 –  0.742 (𝑃ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒𝑠)𝑆𝑚 

Nitrates      0 − 1.48𝑆𝑚  
0.3𝐶𝑛 08 
<0.01 
2.3 – 5.5 
0.81 – 1.21 

Ammonium / 
Ammonia  

 110𝐾𝑎  
19.21𝐶ℎ  
193.5𝑂𝑗  

   0 −  1.4𝐺ℎ 
8𝑃𝑖 
7.6 –  12.6(𝑎𝑚𝑚𝑜𝑛𝑖𝑢𝑚)𝐿𝑖 08 
5.43 –  13.23𝑆𝑚 
4.6 –  8.2(𝑎𝑚𝑚𝑜𝑛𝑖𝑎)𝐿𝑖 08 

Anionic surfactant   10.65 𝐾𝑎  
7.5 𝑁𝑎  

430𝑚𝑔/𝑙𝑀𝑎 
1000 − 1100𝑚𝑔

/𝑙𝐻𝑜 
 

   2.76 − 16.34𝑚𝑔/𝑙𝑆𝑚 
80.5𝐿𝑒 12 
5 –  15𝑆𝐷𝐴 
10 –  18.7 𝑅𝑎 

 𝑇ℎ𝑒 𝑠𝑜𝑎𝑝 𝑎𝑛𝑑 𝑑𝑒𝑡𝑒𝑟𝑔𝑒𝑛𝑡 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 1998𝑆𝐷𝐴 , 𝑅𝑎𝑦𝑒𝑛 𝑒𝑡 𝑎𝑙 2015𝑅𝑎 , 𝐿𝑒𝑎𝑙 2012𝐿𝑒 12 , 𝑆𝑚𝑖𝑡ℎ 𝑒𝑡 𝑎𝑙 2012𝑆𝑚 , Karimi et al 2014 𝐾𝑎, 

Nakis et al 1989𝑁𝑎 , Mahvi et al 2004 𝑀𝑎 ,𝐻𝑜𝑠𝑠𝑒𝑖𝑛𝑖 2005𝐻𝑜 , , Gross et al 2007 𝐺𝑟 , Ghunmi et al 2008𝐺ℎ , Li et al 2008 𝐿𝑖 08 , 

𝑆𝑢𝑟𝑒𝑛𝑑𝑟𝑎𝑛 2001𝑆𝑢 , 𝑃𝑖𝑑𝑢𝑜 2008𝑃𝑖 ,Chiirila et al 2008 𝐶ℎ , Ojo et al 2009𝑂𝑗 , Azoulay et al. 2001𝐴𝑧 , 𝐶ℎ𝑖𝑛 2008 𝑐𝑛 𝐸𝑟𝑖𝑘𝑠𝑠𝑜𝑛 𝑒𝑡 𝑎𝑙. 2002𝐸𝑟, 

𝐶ℎ𝑟𝑖𝑠𝑡𝑜𝑣𝑎 − 𝐵𝑜𝑎𝑙 𝑒𝑡 𝑎𝑙. 1996𝐶𝐵, 𝐿𝑖 𝑒𝑡 𝑎𝑙. 2009𝐿𝑖 09, 𝐶ℎ𝑖𝑛𝑜 𝑒𝑡 𝑎𝑙. 1991 𝐶𝑖,  𝑅𝑢𝑙𝑒 𝑒𝑡 𝑎𝑙. 2006 𝑟𝑢,  𝐵𝑎𝑛𝑒𝑟𝑗𝑒𝑒 𝑒𝑡 𝑎𝑙. 2020 𝐵𝑎
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2.2.2. Studying the determinands in grey water and their effects on plant irrigation and other 
non-potable applications 
 
The sodium concentration found in grey water was 143 mg/l in the experiment by Smith et 

al. 2012. Sodium is added as a compound to personal care and cleaning products such as, 

bulking agent: (i.e. sodium sulphate, sodium chloride), oxidizing agent: (sodium percarbonate, 

sodium perborate), surfactant: (sodium dodecyl benzenesulfonate, sodium lauryl sulphate, 

sodium stearate), builders (sodium silicate), structurant (sodium polyacrylate, sodium acrylic 

acid). For the grey water to be used for plant irrigation, the sodium adsorption ratio should 

not exceed 3. Sodium adsorption ratio is the ratio between sodium to calcium and magnesium 

as shown in formula SAR below (United states department of agriculture, 2017). This indicates 

the suitability of water use in agricultural irrigation. 

𝑆𝐴𝑅 =  
𝑁𝑎

√𝐶𝑎 + 𝑀𝑔
2

 

Equation 1:Sodium adsorption ratio 

This is important because high levels of sodium will affect the permeability of soil and cause 

infiltration problems. This is due to sodium presence in the soil that would be in exchangeable 

form and would replace magnesium and calcium adsorbed on the soil and cause dispersion 

of soil particles. (WHO 2006) This would result in the breakdown of soil aggregate. The soil 

becomes hard and compact when dry and reduces the infiltration of water and air into soil. 

Ultimately, affecting the soil structure will make the soil unable to support the plants. This 

will also prevent calcium ions reaching the plants (WHO, 2006). If grey water with a high 

sodium content is used for irrigation of sports field or garden plants, it will degrade the soil 

structure and it will cause discoloration and could burn the leaves of the plants and prevent 

the Ca ions reaching the plants (WHO, 2006). 

 

Excess salt in the substrate increases the osmotic pressure in the substrate solution that could 

eventually prevent the plant absorbing water from the substrate due to high osmotic 

potential (Due to the osmotic pressure water is prevented flowing from high concentration 

in soil to low concentration in plants through plant membrane).  Ultimately making the plant 

to wilt. Total soluble salts of the irrigation water can often be determined by electrical 

conductivity although the relationship is neither simple nor constant (Zamen et al., 2018). The 
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salinity hazard of irrigation water is given in table 11. If the electrical conductivity of the 

irrigation water is between 3000 – 7000 𝜇𝑆/𝑐𝑚 and the salt content of the irrigation water is 

between 2000 – 5000 ppm then if irrigated using this water, it can affect the plants severely. 

If the electrical conductivity of the irrigation water is below 750 𝜇𝑆/𝑐𝑚 and the salt content 

of the irrigation water is 500ppm then if irrigated using this water, it won’t cause any harm to 

the plants. 

 

Table 11: Salinity hazard of irrigation water (Follett and Soltanpour, 2002; Bauder et al., 2011) 

 

The Figure 4 shows how the irrigation water is classified depending on the electrical 

conductivity and sodium adsorption ratio to find out the salinity hazard. This diagram was 

initially developed by the USSL staff, (1954) and later on modified by Sahid et al., (2014) to 

accommodate more salinity levels.  

 

If grey water is used in concrete production, it can significantly affect the reinforcement by 

corroding and reduce the strength of the structure. It also can affect the setting time of the 

concrete. Grey water can corrode the bathroom fixtures, pipeline when used for toilet 

flushing, and corrode pipe work in fountains 

 

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 
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Sodium and chlorides in grey water can corrode the metal body of the vehicles and even 

increase the rate of corrosion. 

 

 

Figure 4: Classification of irrigation water  

 

Magnesium is added as a compound in personal care products as a pH adjuster (i.e. 

Magnesium oxide), a bulking agent (i.e. magnesium sulphate). Magnesium helps the plant in 
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photosynthesis as well as activating many enzymes that are needed for plant growth and 

stabilises the nucleic acid (Mississippi state university, 2021).  

 

Calcium is added as a compound in personal care and cleaning products. Calcium is needed 

by plants in a required amount. Calcium provides structural support to cell walls and serves 

as a secondary messenger if the plant is physically or biochemically stressed (Mississippi State 

University, 2021). Available calcium for plants can be lost from the soil by dissolved and 

removed by drainage water, absorbed by clay particles, leached from the soil with rainwater, 

removed by plants, absorbed by soil organisms. Therefore, grey water irrigation could be a 

source to provide calcium for the plants and prevent from weakened stem, shedding flowers, 

death at the growing point, dark green foliage that is abnormal, poor root development, leaf 

necrosis and curling, fruit cracking poor fruit storage. 

 

Potassium from grey water is useful for the plants since it is a necessary macro nutrient for 

plant growth. Therefore, if grey water with these parameters was used in gardening, it would 

reduce the need for fertilizers. Therefore, these parameters should be retained from grey 

water, but the concentration should be controlled (Rowe and Abdel-Magid, 1995:128 and 

WHO 2006).  

 

Nitrate is another macro nutrient needed by the plant, that should be retained in grey water. 

Nitrates are the fundamental part of plants and a component for the growth of plants 

(protein, amino acids and nucleotides) (Vidal et al., 2020).  

 

Boron is needed by the plant in adequate amounts as a micronutrient and in adequate 

concentrations in soil.  Therefore, the concentration provided by the grey water would be in 

excess. The boron content in grey water was 0.1 - 0.7 mg/l in research from Gross et al. 2007 

and soap and detergent association 1998 samples, which is in excess. Therefore, this 

concentration would be harmful for the plants and would damage the plant. This would be 

seen by a burnt appearance to the edges of the leaves. Other symptoms of boron toxicity 

include leaf cupping, chlorosis, branch dieback, premature leaf drop and reduced growth 

(WHO 2006). Therefore, the concentration should be reduced before watering the plants. 
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If grey water is frequently used for irrigation, it will increase the pH of the soil. A pH more 

than 8 will interrupt the micronutrient available for plants and could affect the plant growth 

(Pinto et al., 2010). The pH also influences the growth of plants since it influences the 

absorbability and solubility of plant nutrients (i.e. phosphorous, manganese), breakdown of 

organic substances and the survival of plant microbes (Nutrient stewardship, 2017).   

 

The phosphate content in grey water was higher in Li et al (2008) than Ghunmi et al., (2008) 

and Smith et al., (2012). Phosphates in samples from Ghunmi and Smith were almost the same 

range. Those phosphates were mainly from the cleaning liquids and detergents from cleaning 

activities (from the sink and wash basins). Phosphates are necessary nutrients for plant 

growth. If grey water with these parameters is used for gardening, it could reduce the need 

for fertilizers.   

 

The ammonium content in grey water is higher in Li et al (2008) than Ghunmi et al., (2008) 

and Piduo et al., (2008).  This ammonium content is from anionic surfactant (alcyl amino 

acids), Cationic surfactant (linear akylamines and alkyl ammonium) or amphoteric surfactant 

(Amino propionic acid) (Salange, 2002). Nitrogen is useful for plants, but in nitrate form. This 

ammonium content should be converted to nitrates for it to be useful for the plant as a 

fertilizer. The ammonium content from wastewater does not come only from detergent, since 

faecal matter and other organics will contribute to it. 

 

Anionic surfactants are the main ingredients found in almost all the personal care and 

cleaning products and are present in higher amounts compared with other ingredients. Plants 

depend on microorganisms that are in plant rhizospheres for some of their functions (i.e. Seed 

germination, growth and development) (Pinto et al., 2010). Therefore, when grey water with 

anionic surfactants are used for watering, this could affect or destroy the microbial 

community in the rhizosphere that helps the plant. This could cause harm to the plants in 

their growth and development. The anionic surfactant concentration of greywater was much 

higher in reports by Mahvi et al., 2004, and Hossein and Borghei, 2005 than others as shown 

in Table 6. This was because the samples were collected from the wastewater released from 

a detergent powder production plant. Even the anionic surfactant in grey water from 

Kanawade, 2015; Leal, 2012 and Gross, 2007 were higher than anionic concentration from 
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wastewater from Narkis, (1989) and Karimi, (2014). Where Narkis, (1989) collected samples 

from a sewage treatment plant, Karimi (2014) collected the sample from wastewater influent 

to constructed subsurface wetlands. Leal et al., (2012) had a higher anionic compound 

content in the grey water than others. This could have been due to the samples being 

collected from the 32 sampled houses whilst the washing application was taking place. 

 

2.2.3.CAS number, Molecular weight and other characterisation, standard limit in irrigation 
water of the determinands 
 

The CAS number, molecular weight and other information of the determinands are given in 

Table 12. The standard limits needed for non-potable water are given in Table 13. 

 
Table 12: CAS, Relative molar mass and other characterisation of the determinands 

Determinands CAS number Relative molar 
mass (g/mol) 

Water Solubility  Reference  

Sodium  7440-23-5 22.99 359g/L at 20℃ 
(NaCl) 
220g/L at 20℃ 
(Na2CO3) 

Lenntech, 
(1998 – 2022) 

Magnesium  7439-95-4 24.31 12mg/L (MgOH) 
309g/L (MgSO4) at 
10℃ 

Lenntech, 
(1998 – 2022) 

Calcium  7440-72-2 40.08 14mg/L (CaCO3)  
1.3g/L (CaOH) 

Lenntech, 
(1998 – 2022) 

Potassium 7440-09-7 39.09 115g/L (K2Cr2O7) 
76g/L (KMNO4) 

Lenntech, 
(1998 – 2022) 

Zinc 7440-66-6 65.38 4320g/L (ZnCl2) 
580g/L (ZnO) 
 

Lenntech, 
(1998 – 2022) 

Boron  7440-42-8 10.81 57g/L (H3BO3) 
22g/L (B2O3) 

Lenntech, 
(1998 – 2022) 

Phosphorous  7723-14-0  30.97 0.33g/100g at 10℃ National 
library of 
medicine, no 
date  

Nitrate 
 

14797-55-8 62.00 Readily soluble  Lenntech, 
(1998 – 2022) 

Ammonium  1336-21-6 (as 
ammonia) 

18.04 421g/L at 20℃ WHO, (2003) 
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Table 13: Standard limits of chemical in water used for various purposes   

Chemicals in grey 
water  

Standard 
limit 
required for 
irrigation 
water 

Standard limit 
needed for 
cooling towers  

Standard limit 
for toilet 
flushing / car 
washing 

Standard limit for 
concrete mixing 

Sodium (mg/l) 36    

Magnesium (mg/l) 5    

Calcium (mg/l) 80 100 – 500(𝐶𝑎𝐶𝑂3)   

Potassium (mg/l) 11    

Zinc (mg/l) 5    

Boron (mg/l) 0.2    

Phosphates (mg/l) 30-50    

Nitrate (mg/l) 15    

pH  6.5 - 9 5.8 – 9 6 - 8 

Ammonium (mg/l)  50 (𝑁𝐻3)  No specific limit 

Manganese (mg/l)  ≤0.1   

Iron (mg/l)  ≤ 3   

Sulfide (mg/l)  <1   

Sulphate (mg/l)    2000 

Inorganic (mg/l)    3000 

Organic (mg/l)    200 

TDS (mg/l)  800 – 5000  2000 

TSS (mg/l)    2000 

Residual chloride (mg/l)   1 500 

Anionic surfactant      

Turbidity    90  

BOD   45  

Total Coliform   Non detectable 
to <200 

 

References WHO 2006; Rowe and Abdel-Magid 1995:128; Ottoson et al. 2002; US EPA, 
2017; Water technology, 2018; Bouchaib, 2008; Ghrair et al. 2018 
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2.3 Treating grey water using different methods and methods used to remove 
detergent and soap 
 

This section covers treatment process that are used for water and grey water and in 
wastewater industries.  
 

The removal or type of treatment used in the removal of ingredients in grey water, 

can vary according to the end use, regional standards for water reuse, scale of 

operation and socioeconomic factors relating to water cost (Winward et al., 2008, 

Jefferson et al., 2004).  

 

Different treatment systems have been used for grey water reclamation. They include 

natural treatment systems (i.e. constructed wetlands, UV radiation, and plant 

essential oils), chemical processes (i.e. chlorination), physical processes (coarse 

filtration, direct membrane filtration) and biological processes (biologically aerated 

filter, membrane bioreactors) (Winward et al., 2008, Jefferson et al., 2004, Chin et al., 

2009, Ottoson et al., 2002).  

 

2.3.1. Treatment processes in water / wastewater / grey water 
 
A wide range of treatment processes are available for water and wastewater 

treatments and these can be categorized as physical, chemical and biological 

processes as shown in Table 14. The removal efficiencies of the physical, chemical, and 

biological treatment methods can show a wide range. The treatment methods 

specified in Table 14 can be found in Surendran, (2001); Ghunmi, (2008); Surendran, 

(2014); Lenntech, (1998 – 2021). 
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Table 14: Treatment technology applicable to the removable of parameters from Wastewater/ water / grey water 

(Surendran, 2001; Ghunmi, 2008; Surendran, 2014; Lenntech, 1998 - 2021) 

 
 

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 
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2.3.2. Different treatments used in removal of ingredients in grey water 
(determinands of interest)   
 

Different types of treatment system are used in the removal of metal ions, boron and 

also organic pollutants. These are elaborated in the section below.  

 

There were many parameters analysed in this project. From those parameters, and 

where the water is to be used for irrigation, sodium, boron, zinc and organics 

(i.e.toluene, chloroform, benzene, etanol, xylene)are needed to be removed during 

grey water reclamation. Magnesium, calcium, potassium, phosphorous, nitrates and 

ammonium would, ideally, be retained in grey water, as discussed above in section 

2.2.2. Treatment methods that could be used to remove sodium, boron, zinc and 

organic compounds are discussed below. 

 
Physical treatment such as membrane filtration (Lenntech, 1998 -2021), adsorption 

(Schouten, 2009, Ketola et al., 2016), filtration, can be used in the removal of sodium, 

boron and organic compounds. Membrane filtration is a separation process between 

contaminated water and pollutants, in the presence of semi-permeable membranes 

(Lenntech, 1998 -2021). The technologies such as ultra-filtration, micro filtration, nano 

filtration and reverse osmosis are widely used for removing organic and inorganic 

pollutants from contaminated water (Schouten, 2009). The pressure used by nano 

filtration and reverse osmosis processes are higher compared with pressures used by 

ultra and micro filtration (Lenntech, 1998 -2021). The advantage of using membrane 

filtration is that it reduces the amount of chemicals needed and filters can then be 

applied in small scale units (Schouten 2009). Using this technology would be limited 

due to the capital cost and maintenance costs that are very high. Filtration can be time 

consuming and membrane fouling can gradually decrease the effectiveness of the 

system. 

Another disadvantage of membrane technology is that the oxidants (i.e. chlorine, 

which is found in grey water) can chemically damage the membrane. Therefore, such 

oxidants should be pre-treated from water before treatment using membranes (Craig, 

2018). A study showed that ultra-filtration alone was not sufficient in the removal of 
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anionic surfactants therefore a further treatment such as reverse osmosis was used in 

the removal of anionic surfactants.  

 

Adsorption is a removal method which does not involve any chemical reactions or 

energy for treatment (although energy will inevitably be used in achieving sufficient 

hydraulic head to allow a flow through system to be implemented). As Ketola et al., 

(2016) report, the separation upon which this potential treatment approach is based 

is by physical interactions between an adsorbent material and a target pollutant, 

where the target pollutant could be organic or inorganic. The adsorption between the 

adsorbent and target pollutant depends on the chemical structure of the pollutant 

and the properties of the adsorbent. Adsorbents are usually materials with high 

porosity and large surface area (relative to their mass or bulk volume).  

 

In adsorption, the treatment can potentially be carried out with more sustainable 

materials such as waste materials or naturally available materials (geo materials / 

plant materials) that are locally available due to their abundancy and ease of access 

to materials and their low cost (Schouten, 2009). Therefore, the capital cost and the 

maintenance cost will be reduced. This also has other benefits, such as the simplicity 

of the method that make it potentially more suitable. Adsorption technology also does 

not use energy (electricity) or uses less energy to bring the water from the source to 

the treatment point, with sufficient head to allow penetration through the treatment 

bed, thereby the operational costs will be low (Schouten, 2009). For these reasons, 

adsorption technology has the potential to become a suitable technology for 

reclaiming grey water. Therefore, adsorption treatment, as a whole (treatment and 

the products used) can lead towards sustainability. 

 

Distillation treatment involves boiling of contaminated water that forms into steam, 

where the impurities are left behind depending on their molecular weight (Dvorak et 

al., 2013; Porter, 2022).  The steam is cooled down and the treated water is collected 

(Dvorak et al., 2013). Distillation can remove most of the pollutants, including 

inorganics such as sodium, calcium and magnesium and organic compounds 

depending on their chemical structure/properties. This technology can be used in 
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treating grey water due to highly purified water, inexpensive technology and low 

energy for treatment (Porter, 2022).  

 

Chemical treatment such as such as coagulation, ion exchange and oxidation can be 

used in the removal of metal ions and organic compounds. Chemical treatment plays 

an important role in public perception, where people may question “why should we 

use chemicals to remove chemicals” (James et al., 2016). There are many chemical 

treatments available to remove different parameters from grey water. But there only 

a few treatments in the removal of metal ions or organic pollutants.  

 

A study showed that the Fenton oxidation process was used in the removal of 

surfactants (Lin et al., 1999). This achieved 95% of the removal of surfactants, at an 

optimum pH of 3. Furthermore, coagulation was used to remove the small flocs 

generated during the Fenton oxidation. When adding many chemicals for oxidation, 

pH decreases, and coagulation is not preferred because the process should be safe for 

the plants and environment and dosing of chemicals is often a challenge. Therefore, 

oxidation does not seem promising to apply for the recycling grey water. Ozonation is 

a powerful oxidation process that can be used in the removal of organic compounds 

(Lim et al., 2022). 

 

Ion exchange can be used for treating metal ions, ionic surfactants, ammonium, 

nitrates and phosphates. But ammonium, nitrates and phosphate do not have to be 

removed since the grey water is used for plant irrigation.  Ion exchange is a treatment 

process where one ion is exchanged for another, holding it temporarily and then 

releasing it during regeneration (Suez water technology and solutions, 2021). Zeolites 

are being used as water softeners using ion exchange treatment.  

Biological treatment system can be used in the removal of organic pollutants. 

Biological treatments can be used in removal of organics from grey water but the 

downfall, is that the microorganism in biological treatments could be destroyed by the 

detergent characteristics in grey water and would make the biological systems 
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ineffective. Table 15 shows the various treatment systems used in various projects and 

researchers. 
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Table 15: Case studies /projects   / research - Physical, chemical and biological treatment (2000 - 2021) 

Reference  Country  Type Treatment used  Removal efficiencies / standard achieved  

Mainali, 2019 Norway  Grey water  Constructed wet land + 
activated carbon + 
nanofiltration  

Total COD, turbidity, total nitrogen, pH and phosphate that achieved 
the Norwegian drinking water quality except ammonium, that 
exceeded the quality guideline study recommended that further 
studies should be carried out, in order to study the removal of 
organic pollutants to satisfy the treated grey water for potable 
purposes 

Verma, 2013 India Grey water  Adsorption with powdered 
Karanji seeds (Millettia 
pinnata:) and Tulsi leaves (Holy 
basil) 

Removal efficiency of Karanji seed and Tulsi leaves at optimum 
adsorbent dosage was 90% and 94% respectively. 
When karanji seed and tulsi leaves (bio sorbents) were compared 
with chemical adsorbent lime and Alum, bio sorbents showed more 
removal efficiencies than chemical adsorbents. Optimum adsorbent 
dosage are lime 500g/l, Alum 900g/l, karanji seed (25g/l) and tulsi 
leaves(8g/l).  

Chirila et al., 
2008 

Romania  Wastewater  screens, grit chamber, 
sedimentation (sand 
separators, settling tank), 
aeration tank, final 
sedimentation 

Removal of ammonia 84.3%, Nitrates 59.7%, Detergents 95.9%, 
Total P 47.0%. 

Prathapar et al., 
2006 

Oman  Grey water  Filtration, activated carbon, 
sand filter, disinfection  

Removal efficiencies: COD – 31.4%, Turbidity – 53.8 %, Suspended 
solids 55.5%. 

Itayama et al., 
2004 

Japan  Grey water  Soil filter  Removal efficiencies: COD – 84.5%, BOD – 65.2%, Suspended solids 
78.1% 

Ramon et al., 
2004  

Israel Grey water  UF membranes (400 ,200 and 
30 kilodaltons) 

Removal efficiencies: 400kDa - COD :45.2%, Turbidity – 92.2%  
200kDa - COD :49.3%, Turbidity – 94.1%  
30kDa - COD :69.1%, Turbidity – 96.7% 



 

 

90 | P a g e  

 

Reference  Country  Type Treatment used  Removal efficiencies / standard achieved  
Ward, 2000 UK Grey water  Sand filter, membrane, 

disinfection 
Removal efficiencies: COD – 72.3%, BOD – 65.2%, Turbidity – 100 %  

Mahvi et al., 
2004 

  coagulants such as lime, alum 
and ferric chloride 

Removal efficiencies –  
Lime: 17% anionic surfactant, 21% COD and 87% turbidity  
Alum: 28% anionic surfactant, 37% COD and 91% turbidity  
Ferric chloride: 80% anionic surfactant, 89 % COD and 96% turbidity  
The hydrophilic effect and electrostatic interaction make them to be 
adsorbed into particulate matters (10 to 35%) and then they 
removed by sedimentation. 

Nazim et al., 
2013 

India  Synthetic grey 
water  

Garbage enzyme (Jaggery: 
Fruit/ vegetable peel: water = 
1:3:10) 

Removal efficiencies: Phosphates – 100% ,  ammonical nitrogen – 
100%  

Leal, 2010 Netherlands  Grey water  aerobic (sequencing batch 
reactor), an aerobic (up-flow 
anaerobic sludge blanket),  
combination of aerobic and 
anaerobic biological treatment 

Parameters studied were18 personal care and cleaning product 
compounds, COD, phosphorous and total nitrogen. Removal 
efficiency of sequencing batch was 90% in the removal of COD. 
Whereas, removal efficiency of COD in up-flow anaerobic sludge 
blanket was only 51%. The combined system removed COD at 89%. 
During the three treatment 18 personal care compounds were 
partially removed. Adsorption (activated carbon) and ozonation 
were used as post-treatment.  

Lesjean et al., 
2006 

Germany  Grey water  Membrane bioreactor  Removal efficiencies: COD :95.1%, Turbidity - 42.9% 

Borin et al., 2004 Italy Grey water  Reed beds  Removal efficiencies: COD :66.2%, BOD – 38.1%, suspended solids - 
20% 
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Reference  Country   Treatment used  Removal efficiencies / standard achieved  

Talvikkilaine, 
2001 

Millenium 
dome, UK  

grey water, 
rainwater and 
ground water 
treats 500𝑚3/ 
day of water 
that is being 
used to flush 
400 water 
closets and 130 
urinals in the 
dome 

biological aerated filter for grey 
water, hydrogen peroxide and 
granular activated carbon for 
ground water and reed bed or 
lagoon for rainwater. 
three treated water sources are 
collected together and sent 
through ultra-filtration / 
reverse osmosis membrane 
and finally chlorinated 

During the trials the plant achieved the required standard 
Chemical and back washing are used to prevent fouling of 
ultrafiltration and Reverse osmosis membranes. It was able to cater 
6 million visitors in year 2000 

Ward, 2000 UK Grey water  Biological reactor, sand filter, 
GAC  

Removal efficiencies: COD :64.7%, BOD – 90.5%, Turbidity - 99.5% 

GE Power, No 
date 

Kuwait treat 100 
million gallons 
per day to be 
used for non-
potable uses 
such as for 
agriculture, 
aquifer 
recharge and 
industry 
 
 
 

Chlorination basin, preliminary 
treatment biological treatment 
(anaerobic, anoxic and aerobic 
tanks) together with micro 
strainer, ultra-filtration unit 
and reverse osmosis unit 

 The reclaimed water quality is treated to the potable quality and it 
is far better than quality needed by WHO potable water standard 
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Reference  Country   Treatment used  Removal efficiencies / standard achieved  
Hossein and 
Borghei, 2005 

  activated sludge (aeration tank) 
and sedimentation tank 

Anionic surfactant 28th day: 90% 
Anionic surfactant 76th day: 75%  
The increase in detergent concertation has reduced is removal 
efficiency, this is due to the form formation and resistant of 
microorganisms to anionic surfactant (branched alkyl benzene 
sulfonate) 
They also state that for activated sludge process, the detergent 
concertation should not be more than 500mg/l. Therefore, it should 
be combined with other physical or chemical processes. 
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2.4 Natural and Waste Materials used in this study for pollutant removal 
 

2.4.1 Motivation of this study for materials used for removal of determinands in grey water 
 

The gap in this study was to use a combination of materials to remove harmful chemicals from 

greywater. There were only a few combinations of materials used in previous studies for the 

removal of pollutants from contaminated water. There was little knowledge on combined 

materials for greywater treatment. Therefore, single materials that were used for water and 

wastewater industries, were identified and studied. These were tested in the lab to see 

whether they could be used as combined materials. To do this, a literature review of single 

materials was carried out. The study of all the materials was not viable within the time frame, 

therefore, the materials that were used in water treatment were determined depending on 

availability, accessibility, and cost. If a material removed a particular parameter from water, 

then that material was used to remove a different substance in this study. i.e. calcined 

gypsum was used by Al-Rawjfeh, (2018) to remove ibuprofen, whereas in this study it was 

tested to see whether it could be used to remove sodium or boron. If the material has been 

used previously for water or wastewater treatment, another material with a similar chemical 

property was used in this study, to determine whether it could be used as a treatment 

material. For example, GGBS has been used in the water and wastewater industries for 

pollutant removal. Following this exam, the gap in this study was to use a combination of 

materials to remove harmful chemicals from greywater. There were only a few combinations 

of materials used in previous studies for the removal of pollutants from contaminated water. 

There was little knowledge on combined materials for greywater treatment. Therefore, single 

materials that were used for water and wastewater industries, were identified and studied. 

These were tested in the lab to see whether they could be used as combined materials. To do 

this, a literature review of single materials was carried out. The study of all the materials was 

not viable within the time frame, therefore, the materials that were used in water treatment 

were determined depending on availability, accessibility, and cost. If a material removed a 

particular parameter from water, then that material was used to remove a different 

substance in this study. i.e. calcined gypsum was used by Al-Rawjfeh to remove ibuprofen, 

whereas in this study it was tested to see whether it could be used to remove sodium or 

boron. If the material has been used previously for water or wastewater treatment, another 
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material with a similar chemical property was used in this study, to determine whether it 

could be used as a treatment material. For example, GGBS has been used in the water and 

wastewater industries for pollutant removal. Following this example, BPD or BOS that had 

similar chemical properties to GGBS have been experimented with within this study. 

 
Tyre Granules 

 

Every year 1.5 billion tyres end up as waste around the world (Williams, 2017) and they cannot 

be dumped in landfill according to the EU landfill directive 2006 in the UK. Used tyres are 

waste materials from auto mobile industries, tyre manufacturing industries and end of life 

tyres from households. Styrene-butadiene rubber is the mainly and widely used component 

in tyre granules. They are also added with carbon black, zinc oxide, natural rubber and sulfur 

(Alam et al., 2006). Alam et al., (2006) used waste tyre granules for the adsorption of herbicide 

(2,4-D) and Phenol. The removal efficiency was 83.2 % for herbicide and 53.2% for phenol 

with 15 g/l of adsorbent dosage at 2-hour contact time. Purakayastha et al., (2005) 

experiment confirmed that the removal efficiency of tyre granule was higher (96.5 %) than 

the removal efficiency of granular activated charcoal (96 %), wood charcoal (88 %) and silica 

gel (92 %) in the removal of Sodium dodecyl sulphate/ anionic surfactant with 7 hour 

equilibrium time with 5 g/l adsorbent dosage. In this study, tyre granules were selected as the 

best adsorbent based on the removal efficiency, adsorption capacity and the cost 

(Purakayastha et al., 2005). Based on the study by Purakayastha et al., 2005, we may consider 

that tyre granules could remove sodium from grey water. Babilker et al., (2019) studied the 

adsorption capacities of waste tyre (unmodified, chemically modified and nano particles) in 

the adsorption of boron. The adsorption capacity was more in unmodified tyre (15.4 – 18 

mg/g) than chemical modified (11.9 – 15.7 mg/g) and nano tyre granules (10.9-14.5 mg/g) 

(Babilker et al., 2019).  

 
GGBS (Granular / small particle size) 
 
Ground granulated blast furnace slag (GGBS) is a waste product from of iron and steel making 

industry. Main composition of GGBS are calcium oxide, silica, alumina and magnesia 

(Cementitious slag makers association, no date). GGBS Ground granulated blast furnace slag 

was used as an adsorbent in the removal of heavy metals such as lead, copper, cadmium, zinc 
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and chromium. This study also revealed that increase in pH increased the adsorption of all 

metals and adsorption was optimal at pH 4 to 7. The maximum adsorption capacity achieved 

by GGBS was 4.3 to 5.2mg/g and the order of adsorption capacities were Pb> Cu> Cd > Cr > 

Zn (Nguyen et al., 2017).  

 

PFA 

 

PFA can result from burning of pulverized coal in coal-fired electricity power stations 

(Northern Ireland Environment Agency, no date). Main chemical compositions of PFA are 

silicon dioxide, aluminium oxide, calcium oxide, iron oxide and lower amount of magnesium 

oxide and Sulphur trioxide (US department of transportation federal highway administration, 

2017). Nollet et al., (2003) studied the removal of polychlorinated biphenyls in wastewater. 

The adsorption was up to 97% at pH 7 in 25degrees with adsorbent dosage 5g/l. In the same 

study, an examination of the thermodynamic parameters showed that the adsorption of 

polychlorinated biphenyls by fly ash is a process occurring spontaneously at ambient 

conditions and the activated energy for the adsorption process was between 5.6 to 

49.1Kj/mol (Nollet et al., 2003). 

 

Hydrated lime  

 

Hydrated lime is used in water industries as to increase pH but not as a material to remove 

pollutants. Mussel shell is a waste material from shellfish industry that uses the mechanism 

of adsorption to remove the pollutants (including phosphates from grey water) from water. 

The fine particles of mussel shell adsorb more than coarse particles after been ground, since 

the smaller the particles, the greater the surface area. Mussel shells (surface area: 2530 

𝑚2/𝑘𝑔, specific gravity: 2.93) are aragonite (calcium carbonate) in composition, but when 

heated at 700 – 800℃ they form into lime (calcium oxide) (surface area: 1220 

m2/kg, specific gravity: 2.71). The heat treatment improves mussel shell removal efficiency 

more than the raw shell, because it will have both adsorption and precipitation mechanisms 

to remove the pollutants. The adsorption capacity increased due to the increase in surface 

area during heat treatment.  Finally, the precipitates were filtered from the water (Jones et 

al., 2011). Jones et al., (2011) and Xiong et al., (2011) studied the removal efficiencies of 
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mussel shells in the removal of phosphates from wastewater. In Xiong’s experiment the 

removal percentage of phosphates increased from 29.56 to 66.59% as the contact time 

increased.  

 

Bypass dust  

 

BPD has not been used as a material in pollutant removal from water industries or related 

research projects. BPD is a by-product of Portland cement industries and they end up as a 

waste material. It’s also called ‘Cement kiln dust’. BPD is being used or tried as a replacement 

material for concrete in construction industries. Bypass dust is composed of sylvite (KCl), lime 

(CaO), arcanite (K2SO4), larnite (2CaO·SiO2), quartz (SiO2),portlandite (Ca(OH)2) and 

hatrutite (3CaO·SiO2)(Kalina et al., 2018). 

 
Activated carbon (Granular / Fine) 
 
Granular activated carbon from source material such as black coal, brown coal, charcoal, 

coconut shell uses the adsorption (physisorption) property to remove pollutants from grey 

water/wastewater by pollutants adhering to the surface of the activated carbon. This 

attachment is due to the physical forces such as the Van der Waals forces and, there could be 

adhesion of pollutants to the surface of the material due to chemical bonding (chemisorption) 

(Rashed 2013, Schouten 2009). The other characteristics such as the large surface areas (800-

1500𝑚2/𝑔), micro porous structure, nonpolar characteristics (Hydrophobic) and the 

economic viability, makes it more suitable for water or wastewater purification (Schouten 

2009). Therefore, activated carbon can be used to remove the grey water characteristics 

regardless of the chemical properties of ingredients/ pollutants in contaminated water due 

to adsorption. Schouten,(2009) used coconut shell, peat, wood and bagasse to remove 

detergent characteristics such as the linear alkyl benzene sulfonate (LAS) and alpha olefin 

sulfonate (AOS). Schouten used phosphoric acid or steam to activate the carbon in his 

experiment. Activated carbon has 84% removal efficiency in removing non-ionic surfactant 

with the initial concentration of 6g/l (Baciocchi et al., 2007).   

With activated carbon, fused hexagonal rings of carbon atoms with a structure similar to 

graphite. carbon atoms are arranged in a hexagonal lattice in an infinite layer. Within each 
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layer, three of each carbon atoms four valence electrons form covalent bonds with three 

neighbouring carbon atoms, while the fourth electron resonates between several valence 

bond structures, giving each carbon-carbon bond a one-third double-bond character. The 

layers are stacked with a separation distance of 3.35Å (3.35𝑒−10m) and held together by weak 

van der Waals forces.  The carbon layer form ABAB stacking sequence in which one-half of 

the carbon atoms in any one plane lie above the centre of the hexagons in the layers 

immediately below it. 

 

The structure of AC differs from the structure (micro crystalline structure) of graphite, due to 

pores in the carbon structure. The formation depends upon the impurities and the method of 

preparation. Activated carbon also contains other elements such as hydrogen, oxygen, 

sulphur/ phosphorous and nitrogen (these atoms in differing amounts). These atoms are 

bound at the edge of the plane to form functional group or heterocyclic ring system or 

functional groups.  

 

Moringa shell and Moringa seed 

 

Plant material such as moringa seeds have anti-microbial properties, in the same time they 

also act as coagulant and adsorbent (Alfa et al 2014). Another study states that the grey water 

was treated using the coagulation, flocculation and sedimentation using moringa seeds 

(Ndabigengesere & Narasiah, 1998). Rajmohan (2018) studied the removal efficiency of 

moringa seeds (powdered) in the removal of Chromium (III), Iron (III), Nickel (II), Cu (II). The 

studied achieved 90.6% removal of Chromium (III), 77.3% of Iron (III), 88.7% of Nickel (II), 

92.5% of Cu(II) in pre-treated wastewater. The mechanism behind the removal could be 

chemical adsorption and physical coagulation (Rajmohan 2018).  

 

Adsorption, coagulation and flocculation mechanism of moringa seeds were used to remove 

pollutants from water. The functional groups in the side chain amino acids of the Moringa 

seed proteins, contribute to the removal of pollutants in water. The mechanism coagulation 

with the seeds of Moringa consists of adsorption and neutralization of the colloidal positive 

charges that attract the negatively charged impurities in water. At a pH below 10, the 

Moringa seed proteins are positively charged and thus the seeds when added to grey or 
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wastewater samples bind to the negatively charged particles in the samples (Sotheeswaran 

et al., 2011).  

 

Bentonite  

 

Natural clay minerals such as bentonite, mica, kaolinite that have the aluminosilicate feature 

in their structure and can also be used in the removal of detergent characteristics from grey 

water and wastewater due to their excess negative charge present in the structure (Mimanne 

et al. 2012, Priyantha et al. 2000). The property of this material can be used to remove the 

sodium, magnesium, calcium, ammonium, cationic surfactant and amphoteric surfactants 

(when they are cationic) from grey water. These clays are used in water purification also due 

to their high surface area, high porosity, wide availability and low cost. Their structure differs 

from each other due to the arrangement of atoms, layer stacking, and the combination of 

other elements with alumina silicate structure. Downside of  bentonite  is  that it swells when 

wet and has tendency to block filters  and - used as a seal in both water and gas wells. Not 

permeable to flowing water. Chemisorption property of bentonite can remove the pollutants 

in water (Rashed 2013). 

 

Mimanne studied the efficiency of bentonite in the removal of anionic surfactant such as the 

dodecylbenzene sulfonic acid from aqueous solution. It showed that the bentonite together 

with activated carbon has potential in removing the surfactant characteristics (Mimanne et 

al., 2012). Two types of bentonite were used in an experiment had a surface area of 81 and 

294𝑚2/g with the specific gravity between 2.3 to 2.4. The 1st type of bentonite was activated 

using sulphuric acid and the 2nd type was activated using hydrogen peroxide ad hydrochloric 

acid. The charge imbalance in their chemical structure makes them a cation exchanger 

(Mimanne et al., 2012; Schouten, 2009).  

 

Chemical formula of bentonite is  𝐴𝑙2𝐻2𝑂12𝑆𝑖4. They are montmorillonite, which is an 

aggregate of lamellar platelet. Each platelet consists of three sandwich-arranged layers: a 

central octahedral alumina (Al2O3 – they are bonded by ionic bonds) layer, and two 

tetrahedral silica (SiO2 – giant covalent bonds) layers. The silicon ion and the aluminium ion 
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often undergo isomorphous (closely similar in shape) substitution by lower valence metals, 

such as magnesium and iron. In turn, these substitutions lead to a charge imbalance, 

compensated by exchangeable cations, in particular calcium (Ca2+), magnesium (Mg2+) and 

sodium (Na+) ions, together with water molecules bonded together by ion-dipole forces 

(Mimanne et al 2012).  

 

Tealeaves  

 

It is estimated that approximately, 18 to 20 billion cups of tea are drunk around the world 

every day. Kumar et al., (2015) studied the removal efficiency of tea leaves in the removal of 

copper and chromium. During experiments, the tealeaves were chemically activated using 

sulphuric acid. The maximum removal efficiencies achieved for copper was 91% and 

chromium was 94% (Kumar et al., (2015). Jayaseelan & Gupta, (2016) used tealeaves without 

any activation or modification to study the removal efficiencies of Chromium (VI). It achieved 

99% removal efficiency at pH 2 with 3-hour contact time. Zinc (II) and Cadmium (II) helps in 

the removal whereas Nickel (II), Copper (II) and Iron (II) had negative effects on the removal 

efficiencies. Around 1/3rd of the net dry matter in tea leaves can contain mainly carboxylate, 

aromatic, phenolic, hydroxyl, oxyl groups. The composition of tea leaves helps in ion-

exchange.  

 

Basic oxygen slag (Granular / Fine) 
 
Basic oxygen slag (BOS) is a by-product of steel industries, produced when liquid iron in the 

blast furnace (2nd stage) is further refined to produce steel by removal of non-essential 

elements through oxidation and in combination with lime flux (The mineral product 

association, no date). This material has been used as a road ballast and land fill for many years 

(Reddy et al., 2006). BOS has been studied has been added as an aggregate in concrete mixes 

by many researchers (Kawamura et al.,1983).  BOS mainly consist of calcium oxide, iron oxide 

and silicon dioxide and aluminium oxide, magnesium oxide, sulphur trioxide, manganese 

oxide and lead oxide are found in lower amount in BOS (Yildirim & Prezzi, 2011). BOS has 

being used in the removal of phosphorous from waste water. Where 62% removal was 

achieved during a 406 days continuous flow column experiment (Bowden, 2009).  
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Gypsum (calcined gypsum or plaster of Paris) 

 

Calcined gypsum is being used as a building material for more than 500 years. Al-Rawjfeh 

(2018) used calcined gypsum to study the removal efficiency of ibuprofen in tap water and 

distilled water. The experiment showed that as the gypsum dosage (g/100ml water) 

increased, the removal efficiency also increased in both the water source. In tap water the 

removal efficiency from 0 at 1g of gypsum in 100ml of tap water, and more than 50 % at 7g 

of gypsum in 100ml tap water. In distilled water, the removal efficiency increased from 

around 40% at 1g of gypsum in 100ml distilled water and more than 90% at 7g of gypsum in 

100ml distilled water. Igwebe et al. (2019) studied the removal of phenol using calcined 

gypsum. The removal efficiency of phenol increased from 29.1% with 0.5g of gypsum dosage 

to 84.3% with 3g of gypsum dosage. In the same experiment the 1.5g of gypsum dosage was 

studied for the removal efficiency with different contact time (2.5min, 10 min and 20 min). It 

achieved removal efficiencies 15.2%, 46.1% and 68.8% respectively (Igwebe et al. 2019). The 

chemical formula of calcined gypsum is 𝐶𝑎𝑆𝑂4. 2𝐻2𝑂. It a soft sulphate mineral composed of 

calcium sulphate dihydrate.  

 

China clay 

 

China clay is a soft white clay that is widely used in the production of paper, rubber, paint and 

other products that was first discovered in China (Industrial minerals Europe, no date). China 

clay is produced when anhydrous alumino silicates found in feldspar rich rocks, are altered by 

hydrothermal or weathering processes. Mustapa et al. (2019) studied the removal of chloride, 

COD BOD, sulphate, chromium, cadmium and zinc using kaolin/ china clay from tannery 

wastewater. It was found that the adsorption capacity of Kaolin increased with adsorbent 

dosage and temperature.  

 

Coffee waste  

 

More than two billion cups of coffee are consumed every day around the world where six 

million tonnes of waste end up in landfill (World economic forum, 2021). In landfill waste 

produces methane gases, that could contribute to greenhouse effects (methane contributes 
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to greenhouse effects 28% more than carbon dioxide) (University college London, 2021). 

Therefore, coffee waste has been reused as biofuel, bio logs and fertiliser. Coffee waste also 

has been used as an adsorbent in the removal of pollutant in various research settings and 

also to produce activated carbon. Olivera et al. (2008) used coffee waste in the removal of Cu 

(II), Cd(II), Zn(II) and the removal efficiencies were 89-98%, 65-85% and 48-79% respectively. 

They reported that as the concentration increased, the removal efficiency of coffee waste 

reduced. Main chemical compositions of coffee waste are cellulose (59.2 – 62.9 wt%), 

hemicellulose (5 - 10 wt%), lignin (19.8 - 26.5 wt%) and other compositions are ashes, protein, 

aliphatic acids, fats. 

 

Rice husk 

 

Rice husk (RH) are waste products of rice mills that produced abundantly, as the world rice 

production is approximately 600 million tonnes per year. RH has been used in producing 

bioethanol, used as fuel in the rice mill to drive machineries, used as fertilisers and used in 

building materials (Abbas et al., 2010). The chemical composition of RH is cellulose, 

hemicellulose, lignin, other organic matters (fat and protein) (Lv et al., 2020). Swarnalakshmi 

et al. (2018) studied the removal efficiency of rice husk in the removal of acid orange 7. It was 

observes that as the concentration of dye decreased from 50mg/l to 10mg/l, the percentage 

removal of dye increased for 600mg of rice husk. This is because as the quantity of rice husk 

increased there was much wider surface area for adsorption for dye causing greater removal 

efficiency (Swarnalakshmi et al., 2018) 

 

Terracotta clay  

 

Terracotta clay are red baked earth ware. They have not been used as adsorbent materials in 

water or wastewater industries but could have potential as an adsorbent since other clay 

materials had removal capacities in the removal of various pollutants.  

The use of red mud was investigated for its arsenic removal effectiveness in aqueous solutions 

under various conditions. Red mud efficiently removed As (III) in the pH range between 7.6 

and 9.0 and As(V) in the pH range between 5.5 and 6.0. Pre‐washing of the red mud with 

saltwater considerably improved its arsenic adsorption capabilities. With appropriate red 
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mud dosage, the residual arsenic in solution was decreased below the regulated acceptable 

arsenic limit (0.1 mg/L) from aqueous industrial waste water (White et al., 2003).  

 

Zeolite  

 

Zeolites are natural materials, they are being used as builders in detergent and modified 

zeolites are used in wastewater treatment system (Widiastuti et al., 2008). Zeolites are used 

to remove the cationic surfactants from detergent and, they are modified with cationic 

detergent to remove anionic surfactant, from contaminated water (Widiastuti et al 2008). Li 

et al (2007) studied the removal efficiency of a type of zeolite called clinoptilolite in removing 

cationic surfactants such as hexadecyltrimethylammonium, dodecyltrimrthylsmmonium and 

octyltrimrthylammonium. The adsorption capacities of zeolites of each cationic surfactant 

were 200, 160 and 70 mmol/Kg respectively.  Santiago et al. (2016) studied the adsorption 

capacity of natural zeolite (41% clinoptilolite, 29% mordenite and 30% quartz) in the removal 

of sodium. The maximum adsorption capacity achieved in Santigo’s experiment was 

22.04mEq/100g. Zeolite activated with ammonium acetate, showed higher adsorption 

capacity (38.28mEq/100g) that inactivated zeolite in the removal of sodium (Santiago et al. 

2016). Adsorption capacity is expressed as milliequivalent per 100g of adsorbent dosage.  

The chemical formula of zeolite is Mx/n [(AlO2)x(SiO2)y].zH2O where M is an exchangeable 

cation with valency n. Zeolites are 3D frameworks of aluminosilicate tetrahedral where the 

aluminium and silicon structure atoms are bound by covalent bonds over shared oxygen 

atoms. Each aluminium (Al3+) atom substitutes for silicon (Si4+) in the zeolite framework 

generates one negative charge on the framework as shown in Figure 5. The negative charges 

within the pores are balanced by positively charged ions (cations) such as Na+, K+, Ca22+, Mg2+ 

on the pore surfaces of the zeolite. These cations are bound to the aluminosilicate structure 

by weaker electrostatic bonds that cause ability to exchange with certain cations in water 

(Widiastuti et al., 2008). Zeolites are cation exchangers. 

 

In the application of zeolites for the removal of pollutants, the aluminosilicate structure in the 

zeolite creates a negative charge in the framework. The negative charge is balanced by the 

cation on the surfaces, these cations are attached by weak electrostatic forces therefore 
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when in grey water these cations in zeolites can be exchanged by the cationic pollutants such 

as the cationic surfactants, sodium, ammonium, and amphoteric surfactants in acidic pH 

(Schouten 2009, Salanger 2000).  If  modified by cationic compounds (i.e. cationic surfactant) 

as shown in Figure 6, then zeolite can be used to remove anionic surfactants, phosphates and 

nitrates in detergent (Widiastuti et al., 2008). Organic compounds also can be removed by 

cationic surfactant modified zeolites because the hydrophobic tail group forms partitions as 

shown in Figure 6 where the organic compounds get trapped. Some of the zeolite types (i.e. 

Chabazite) have large surface area, 520 𝑚2/𝑔 (Widiastuti et al. 2008) whereas other have low 

surface area (Clinoptilolite: 11.8 – 40.3m2/g and Mordenite: 14.6m2/g). Therefore, these 

types of zeolites can be used to remove the other pollutants from grey water by adsorption. 

The zeolite framework has channels and interconnected voids of discrete size (3-20Å). 

Therefore, large surfactant molecules have no access to the internal surface and adsorb only 

to the external surface (Aperutesei et al 2008). 

 

 

Figure 5: Chemical structure of zeolite  

 

 

Figure 6: Mechanism of modified zeolite adsorption  
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Fuller’s earth  

Fuller’s earth is naturally occurring non-plastic earthy material that has the ability to absorb 

impurities or colours. Their name originated from textile industries (Textile workers are called 

fullers), when the raw wool was cleaned with earth (this material), oil, dirt and other 

contaminants from the wool were removed. Atun et al., (2003) studied the adsorptive 

removal using fuller’s earth in the removal of methylene blue from coloured effluent. 

Brick waste  

Bricks are produced by mixing water with clay, moulding into a shape, drying and firing, that 

are used to build wall, pavement and masonry (The brick industry association, 2006). Bricks 

end up as a waste product from construction and demolition sites and brick making industries. 

Chemical composition of the brick depends of the clay material and mainly consist of oxides 

of silicon and aluminium, iron, calcium and other compositions are oxides of magnesium, 

sodium, potassium, manganese, titanium, lead and sulphur (Sveda et al., 2017). Bricks were 

combined with artificial wetlands in the removal of TSS, BOD, COD, total Kjeldahl nitrogen, 

ammonium, nitrates and phosphates and compared with artificial wetlands alone. The 

combined system showed better removal in the removal of total Kjeldahl nitrogen, 

ammonium, nitrates and phosphates compared to the wetland only system.  

Graphite  

Graphite has a layered structure that consists of rings of six carbon atoms arranges in widely 

spaced horizontal sheets. They are formed by the metamorphosis of sediments containing 

carbon materials, by reaction of carbon compounds with hydrothermal solutions, magmatic 

fluid and crystallisation of magmatic carbon in various types of rocks (XRD graphite, no date). 

Graphite is  used in pencils, lubricants, batteries, cores of nuclear reactors. Graphene is a layer 

of graphite was used by many researchers in the removal of heavy metals. Chang et al. (2013) 

used graphene in the removal of iron (II) and cobalt (II) and achieved adsorption capacities of 

299.3mg/g and 370mg/g. 
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Mica 
 
Mica are minerals made up of highly flaky phyllosilicate of aluminium and potassium and 

flakes/sheets are held by weak chemical bonds. They are formed in rocks, especially in the 

main rocks such as igneous, metamorphic and sedimentary rocks. Mica has been used in 

plastic, paint, ceramics, sound-damping and cosmetic industries (Imerys, 2021). There are 

several types of mica and they differ by chemical compositions. The six common micas are 

muscovite, phlogopite, biotite, paragonite, lepidolite and glauconite out of 37 micas 

(Aquarius plastics, 2021). Yang et al., (2010) studied the adsorption capacity of muscovite in 

the removal of AS(III), As(V), Cd (II), Cu(II) and Pb(II). Sericite, a type of mica was used in the 

removal of strontium(ii) (Lalhmunsiama et al., 2015). 

Glass waste  

Glass waste can end up as a waste product from glass manufacturing industry, demolition 

industry, beverage industries and from recycling plants. Chemical composition of glass are 

oxides of silicon, boron, aluminium, iron, calcium, sodium and potassium (Shakhmenko et al. 

2010) Rashed et al., (2018) studied the removal efficiencies of modified glass waste (glass 

waste treated hydrothermally and activated using HCl) in the removal of cadmium, copper, 

iron, lead and zinc. The results showed high removal efficiencies between 99 – 100% for all 

these heavy metals at pH 7 with 2hour constant contact time (Rashed et al. 2018). 

Bark 

 

Bark can be a waste product of forestry and timber industries. There are various types of bark 

used in the removal of pollutant in past research and some are given below. Pine bark is a 

waste material from the forest products industry. Tshabalala (2003) used grounded pine bark 

in the removal of three different pesticides such as chlorpyrifos, chlorothalonil, and 

dichlobenil from storm water. The bark was activated using N-methylpyrrolidinone (NMP), or 

with an NMP solution of stearic acid, or a methanol solution of sodium methylate before 

adsorption. The removal efficiencies achieved are 88-96%, 84 -92% and 39-90% of 

chlorpyrifos, chlorothalonil, and dichlobenil respectively (Tshabalala 2003). Oneyocha studied 

the removal efficiency of methylene blue dye using sugar cane bark. The adsorption capacity 
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achieved by sugar cane bark was 1.282mg/g.  The chemical composition of bark is ash, 

extractives, suberin, lignin, polysaccharides and monosaccharides (Mota et al., 2017). 

 

Biochar 

 

Biochar is made using organic material that are carbonised in very high temperature (300 – 

1000℃), with little or no oxygen in a process called pyrolysis. This process release bio-oils, 

gases and leftover solid residue is called biochar (Royal horticultural society, 2021). Biochar is 

made from 80% carbon and other percentage is made from nitrogen, hydrogen and oxygen. 

Issa et al., 2017 used biochar (prepared using activated pine wood) to study the adsorption 

capacities of four dyes such as Allura red, brilliant black, Tartrazine, and Sunset yellow. The 

maximum adsorption capacities achieved were 68.4, 40, 29.6 and 23.4mg/g. The author used 

biochar in the project since the biochar as similar properties to activated carbon and biochar 

has being used in water and wastewater industries for pollutant removal. 

 
Lytag 
 
Lytag is the by-product produced from electricity production in coal-fired power stations 

made by palletising the fly ash by adding required amount of water in specially designed pans. 

Then they are heated on a sinter stand to a temperature of 1100. Where hard and honeycomb 

structured of interconnecting void are formed (Specialist aggregates, no date). The chemical 

composition of lytag are oxides of silicon, aluminium and iron (Bai et al., 2004). This material 

is not being used in water and wastewater industries in the removal of pollutants, but 

extensive studies have been carried out to use lytag in concrete. Since fly ash being used in 

the removal of pollutant in water and wastewater industries, the author wanted to test 

whether lytag could be a promising material as an adsorbent.  
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3.0 Methodology 
 

 

3.1 Introduction 
 
This chapter presents the materials and methods used in this study. All stages in the research 

from the preliminary bench top experiments to the final experiment using a proposed full-

scale treatment system, are presented here for convenience rather than being distributed 

into separate chapters. Thus, the chapter presents synthetic grey water preparation for 

different experiments and appropriate delivery method, adsorption experiments, meso-flow 

columns preparation and experiments, materials combination experiments, plant trials 

(series 1), construction, preparation and experiment of the final treatment system together 

with the final plant experiment. Analytical methods used for these methodologies are also 

elaborated in this chapter (section 3.2.6).  

 

As stated in the Introduction Chapter (Chapter 1, section 1.2) the initial development of the 

project was affected greatly by both changes in available resources and changes in the 

supervisory teams. The bulk of the work involved flow-through experiments in which 

adsorption and filtration was achieved by passing the simulated greywater through beds of 

adsorbent material. This was carried out initially in smaller scale test beds (meso-flow 

columns, Section 3.3) but later, the size of the treatment system was expanded using the 

selected material combination (Section 3.3.7). Whilst batch reactors are not impossible to use 

for adsorptive treatment of effluents, it is clear (Tony et al., 2018, Hoslett et al., 2019) that, 

in practice, a flow through system would be far more practicable and thus flow through 

treatment was adopted as the approach of choice for the later parts of the project. The 

changes in location, available resources and, inevitably, the influence of a third change to the 

author’s supervisory team, also resulted in the previously outlined, change of direction in 

which the greywater started to be seen as a potential agricultural resource and this both 

necessitated and permitted the use of plant growth trials as a means of assessing the 

suitability of treated greywater as a supplementary resource for irrigation. This included initial 

trials using grey water, that was compared with tap water and the newly available and very 

interesting, roof harvested water as irrigation water sources (see section 3.4) and a later trial 
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using effluent from the “final design” treatment system (Section 3.5) applied to synthetic 

greywater. 

However, prior to carrying out experiments with the meso-flow columns, extensive 

preliminary work was, as indicated at section 3.2, initiated using a bench top approach using 

stirred reactors. The primary aim was to provide data to inform later experiments, but this 

range of experiments also provided a body of knowledge on adsorption characteristics, of a 

range of waste/recycled and inexpensive potential adsorbents which, it is hoped, would prove 

useful to other researchers (even if in some cases this is related to “negative” results 

indicating that some of the adsorbents should be rejected for consideration for future 

testing). The opportunity was also taken to develop competency with the analytical resources 

available. 

 

The progression of experimental work was as follows: 

1.  Adsorption experiments were carried out to study the removal efficiencies using 

different materials.  

2. Using the results from the analytical testing the most suitable materials was chosen 

(that has the highest removal efficiency), and the chemical species that leach from the 

materials were studied.   

3. The chosen materials were tested in the meso-flow columns/rigs and the most 

effective combinations or layers were determined through series of experiments in 

the columns/rigs. 

4. Plant trials (series 1) were carried out to compare the effects of grey water irrigated 

plants with tap water and roof harvested water plants 

5. Material combinations were tested at bench top level and the most effective 

combination was selected for the final model. 

6. The final treatment unit/model was designed and investigated.  

7. Final plant experiments (series 2) were carried out to study whether the final 

treatment system treated water is suitable for plant irrigation and compared with grey 

water and tap water
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3.2. Stirred batch reactors experiment 
 

Adsorption treatments were selected as potential candidate mechanisms for treating grey 

water for the reasons stated in section 2.3.2. Stirred batch reactors were used to study the 

removal efficiencies of adsorbent materials and the results are given in section 4.1. 

 

The limitations in the stirred batch reactor approach used in this study include obtaining 

materials were limited at various stages of stirred batch reactor experiments, There were 

limitations in availability of “preparatory equipment such as magnetic stirrers available to 

carry out the experiments (adsorption experiments for each materials were not able to be 

replicated), access to certain items of analytical equipment limited at various stages in stirred 

batch reactor experiments(Analysis of all the adsorption experiments were not being able to 

be analysed), Access to the lab facilities were limited (a lab reorganisation limited the access, 

when the labs were open still there were limited access due to lab modules for other students 

and CAWR labs were in building stage). 

 

3.2.1. Grey water synthesis for stirred batch reactors experiment  
 
Clearly if we are investigating the use of adsorption to treat greywater the adsorbents require 

a suitable medium to stress the potential technology. Real greywater was considered 

impracticable at this stage for 2 reasons. Firstly, there would be public health issues (there 

are microorganism in real grey water that could cause disease/harmful effects, therefore  

there could have be delays or rejection in receiving ethical approval, COSHH assessment  was 

done for harmful chemicals) to contend with and secondly it would be almost impossible to 

obtain a supply of “effluent” with any degree of consistency. Therefore, grey water was 

simulated in the laboratory. The view of the author is that using synthetic grey water (without 

the inclusion of appropriate microbiological constituents) at this stage did not seriously limit 

the applicability of the findings to the overall aims of the study because the project was by 

necessity of resource availability (and the time limitations of a 3 year PhD programme), 

limited to the study of – removal of chemical constituents. In the light of this it is important 

to note that the concentration spread of parameters in the simulated grey water in this 

project was within the range of the concentration of parameters in real grey water used in 
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previous research studies. Clearly if the proposed technology were to be applied in situations 

where public health considerations were of concern the additional (e.g. disinfection) steps 

may be required. 

 

Limitation of grey water simulation in stirred batch reactors are  

- Synthetic grey water won’t have all the parameters/ constituents as the real grey 

water  

- The concentration of constituents in synthetic grey water will be varying compared to 

real grey water. 

- Stirred batch reactors are not realistic compared to meso-flow column rigs. 

 

Three “varieties” of grey water were synthesised in the project. This section will discuss about 

the first recipe of synthetic greywater used in the project for the adsorption experiments. 

 

3.2.1.1. Synthetic grey water simulation in other research 
 
Synthetic grey water was simulated in different projects and research as shown in Table 16. 

 
Table 16: Grey water simulation from previous research or studies 

Concentration 
 
Product  

Hourlier 
et al., 
2010 
 

Nazim et 
al., 2013 

Diaper et 
al., 2007  

Fenner & 
Komvuschara, 
2005 

Jefferson 
et al., 
2001 

Weingärtner, 
2013 

Lactic acid  100 mg/l  28mg/l    
Boric acid    1.4mg/l    

Cellulose  100 mg/l      
Sodium dodecyl 
sulfate 

50 mg/l      

Glycerol 200 mg/l      

Sodium hydrogen 
carbonate  

70 mg/l  25mg/l    

Sodium 
carbonate  

   55mg/l   

Sodium acetate  
trihydrate  

 400mg/l     

Di sodium 
hydrogen 
phosphate  

 150mg/l 39mg/l    
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Concentration 
 
Product  

Hourlier 
et al., 
2010 
 

Nazim et 
al., 2013 

Diaper et 
al., 2007  

Fenner & 
Komvuschara, 
2005 

Jefferson 
et al., 
2001 

Weingärtner, 
2013 

Sodium 
dihydrogen 
phosphate  

   11.5mg/l   

Potassium 
dihydrogen 
phosphate  

 75mg/l     

Sodium Sulfate  50 mg/l  35mg/l    
Potassium Sulfate     4.5mg/l   

Magnesium 
sulfate  

 50mg/l     

Septic effluent / 
E-coli culture  

10 mg/l  20ml/l 15ml/l  2.4ml/l  

Dexrine(Carbohy
drate) 

   85mg/l   

Amylodextrine     55mg/l   

Soluble starch  300mg/l     
Ammonium 
chloride  

 225mg/l  75mg/l   

Yeast extract     70mg/l   
Washing powder   150mg/l   190mg/l 

Shampoo    720mg/l  0.8ml/l 100mg/l 
Synthetic soap      64mg/l  

Shower gel      100mg/l 

Deodorant    10mg/l   5mg/l 
Sunscreen    15mg/l    

Moisturiser    10mg/l    75mg/l 
Toothpaste   32.5mg/l   10mg/l 

Cooking oil   7ml/l    

Clay (unimin)   50mg/l    

 

The Synthetic grey water recipes were developed from reports in the literature (Hourlier et 

al., 2010, Nazeem et al., 2013, Diaper et al., 2007, Fenner & Komvuschara, 2005, Jefferson et 

al., 2001, Weingärtner, 2013. To develop the grey water recipe, the average of the parameters 

from the above research studies were used (Using the average gave a better picture about 

the concentrations of constituents in grey water) and the aim was to construct a synthetic 

system which contained all the expected constituents. Where there was no certainty that the 

commercial products contained certain elements of concern these were supplemented by the 
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addition of pure chemicals rather than commercial products. The aim was that the synthetic 

grey water would contain at least the typical lower expected level of the various components, 

whilst accepting that they might be present at a factor of 2 higher than the lower end of the 

range of expected concentrations.  

3.2.1.2. Weight of ingredient and purpose of using the ingredient in synthetic grey water) 
SGW A) and Details of ingredients used in SGW A  
 

The Table 17 shows the weight of ingredients used in the simulation of synthetic grey water 

A (SGWA). The justification of using the ingredient is also given in the same table. 

 
Table 17: Synthetic grey water formula (SGWA) and justification of the ingredient used for adsorption experiment 

Ingredients Weight(g) per 2 litre 

tap water  

Justification of using the 

ingredient  

Lactic acid  0.185 From milk products  

Boric acid  0.025 From laundry detergents, 

household cleaners 

Glycerol  0.830 From soap products 

Sodium hydrogen carbonate  0.180 From baking soda 

Sodium carbonate  0.125 From washing soda 

Potassium dihydrogen phosphate  0.033 Source of potassium  

Magnesium Sulfate  0.120 Source of magnesium 

Soluble starch  0.370 From food items 

Ammonium chloride  0.250 From dishwashing detergent / 

conditioner 

Yeast extract 0.345 From showering person 

(organic matters) 

Washing powder  0.260 Example of typical laundry 

product 

Shampoo  0.820 Example of personal hygiene 

product  
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Ingredients Weight(g) per 2 litre 

tap water  

Justification of using the 

ingredient  

Soap  0.100 Example of personal hygiene 

product 

Shower gel  0.525 Example of personal hygiene 

product 

Hand wash (Certex antibacterial) 0.242 Example of personal hygiene 

product 

Washing liquid  0.250 From washing utensils / from 

food / dishwasher 

Cooking oil  0.230 From food items 

Surface cleaner  0.165 From cleaning products  

Bleach  0.330 Cleaning products  

 

Lab chemicals such as lactic acid, boric acid, glycerol, sodium hydrogen carbonate, sodium 

carbonate, potassium dihydrogen phosphate, magnesium sulphate, soluble starch, 

Ammonium chloride were obtained from the laboratory. Other ingredients were bought from 

supermarket. The brand, and weight of the pack of the supermarket bought ingredients are 

given in Table 18. This synthetic grey water will be called as SGWA in this project. 

 

Table 18: Brand, weight /volume of pack of the ingredients used in synthetic grey water A (SGWA) for adsorption experiment 

Ingredients Brand   Weight of pack/ volume of 

bottle  

Yeast  Marmite 250g 

Washing powder  Easy non-bio 884g 

Shampoo  Provive antidandruff 300ml 

Soap  Dove  100g 

Shower gel  Aquav V shower gel 300ml 

Hand wash Certex antibacterial 500ml 

Washing liquid Magnum premium original 500ml 
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Ingredients Brand   Weight of pack/ volume of 

bottle  

Cooking oil  Sainsbury’s cooking oil 1000ml 

Surface cleaner   Elbow grease 500ml 

Bleach  Dometos 500ml  

 

Using the ingredient weights in Table 17, simulated grey water was prepared. The ingredients 

were weighed and placed in a 2L beaker and 2L tap water (tap water was used because grey 

water results from tap water after human use) was poured and stirred in a magnetic stirrer 

for 30 minutes until most of the particles dissolved and the synthetic grey water resulted with 

cloudy appearance.  

 

3.2.1.3. Characteristics of synthetic grey water (SGWA) 

The characteristics of synthetic grey water were determined using analytical techniques as 

specified in section 3.2.6 (Analytical methods used in the stirred batch reactor experiments). 

The range in parameters were due to 8 number of buckets/beakers were simulated during 

the course of study and also due to stirring.  

Experimental steps for the preparation, storage and use of SGW are given below 

- Initially, the synthetic grey water was prepared as mentioned above (section 3.2.1.2) 

for each batch of experiment on the day of the experiment. 

- After the stirred batch experiment, the SGW for each batch was stored in the chiller/ 

freezer with the stirred reactor treated samples. 

- Frozen samples were taken out of the freezer a day before analysis and the chilled 

samples were taken out of chiller on the morning of the analysis. 

- The grey water and treated water samples were analysed for all the batches using 

analytical techniques. 

- The ranges found in all the batch are given in Table 19. 

There was no replication of SGW or treated water samples in each batch due to restricted 

facilities. It was thought to repeat the experiments to get more replicability at later stage. But 
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when more opportunities became available to carry out the treatments in meso-flow columns 

with replicates, then the need for repeating the stirred batch reactor experiments became 

unnecessary.  

Table 19: Characteristics of synthetic grey water A (SGWA) 

Parameters  Range  

Phosphates (mg/l) 9.8 – 11.8 

Nitrates (mg/l) 2.84 – 4.86  

Anionic surfactant (mg/l) 7.47 – 10.90 

Sodium (mg/l) 127.7 – 159.4 

Boron (mg/l) 1.72 – 2.58 

Calcium (mg/l) 9.59 – 22.33 

Magnesium (mg/l) 8.84 -13.68 

Potassium (mg/l) 19.51 – 54.93 

Conductivity (𝜇𝑆/𝑐𝑚) 776.8 – 967.7 

pH 7.14 – 7.32 

The characteristics of the synthetic grey water used in the adsorption experiments are given 

in Table 19. These parameters were compared with previous studies. The phosphate 

concentration of this synthetic grey water is slightly higher than the concentration found in 

previous research studies, where the phosphate concentration was between 0.296 mg/l to 

8.1 mg/l (Smith et al., 2012; Li et al., 2008). Piduo et al., (2008) showed the nitrates found in 

their sample was between 2.3 to 5.5 mg/l. The concentration of nitrates in synthetic grey 

water used in this experiment, lies within Piduo’s nitrates range. The pH found in the prepared 

grey water was between 7.14 to 7.32, and that also lies between the parameters found in 

previous studies (Smith et al., 2012; Li et al., 2008; Piduo et al., 2008; Ghunmi et al., 2008). 

This is seen as important because a pH greater than 8 could harm the plants if it was 

continuously used to irrigate plants (Pinto et al., 2010). Conductivity was at the same range 

as Smith et al., (2012) sample. The Mg concentration in Ghunmi et al., (2008) sample was 

15.3mg/l higher than the magnesium concentration found in this project. The sodium 

concentrations in Ghunmi et al., (2008) and Leal et al., (2012) lied between the concentrations 

found in this grey water (SGWA). 
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A selection of materials was selected (as described in chapter 3.3.2.1) as potential candidates 

for removal of chemical species and tested at bench top level using simple stirred batch 

reactors. 

 

3.2.2. Adsorbents in stirred batch reactors 
 
This section covers available information on all the materials that were used in stirred batch 

reactor experiment and the insight of other materials used in this project. The reason for 

choosing the material (The information on how the author arrived at the selection of the 

materials are given in section 2.4 (Literature review: Natural and Waste Materials used in this 

study for pollutant removal: Motivation of study), their physical and chemical characteristics 

are studied and reported. Studies on the characteristics of the actual samples used are limited 

due to limited resources, constricted time frame due to changes in direction (labs, supervisory 

team changes and Covid). 

 

Materials used in the bench top experiment were as follows: Tyre granules (TG), Ground 

granulated blast furnace slag (GGBS) fine, Pulverised fuel ash (PFA), Hydrated lime, Bypass 

dust (BPD), Granular activated carbon (GAC), Powdered activated carbon (PAC), Moringa 

shells, Moringa seeds, Bentonite, Tealeaves, Basic Oxygen slag (BOS) fine, Gypsum, China clay, 

Coffee waste, Rice husk, Terracotta, Zeolite, Fuller’s earth, Brick, Graphite, Mica.  

Materials that were introduced for the meso-flow column experiments were also studied for 

removal efficiencies for adsorption treatment: GGBS granules, BOS granules, Glass waste, 

Bark, Biochar, and Lytag.  

 

Materials used in meso-flow columns were as follows: Tyre granules (TG), Ground 

granulated blast furnace slag (GGBS) fine, Pulverised fuel ash (PFA), Hydrated lime, Bypass 

dust (BPD), Tealeaves, Basic Oxygen slag fine (BOS F), Gypsum, China clay, Zeolite, GGBS 

granules, BOS granules, Glass waste, Bark, Biochar, Lytag.  

 

Material used in material combinations used in bench top filtration: BPD + Bark (layers), BPD 

+ Zeolite (layers), BPD + Zeolite (mixed), BPD+ Lime (layers), BPD+ china clay (layers) + GGBS 

G  Tyre G(layers) , Zeolite + Lime(layers), Lime + Tea leaves (layer), Lime + Tea leaves (mixed). 
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Material combination used in final design: Hydrated lime and Tealeaves.  

  

 
In order to study the properties of materials for the rig experiment, the following experiments 
were carried out or information were collected: 

• Water holding capacity of materials - To study how much water the material can hold 

before the treated/ filtered water was produced 

• Determining the density of materials - To study the depth of material used in the 

meso-flow columns. 

• Depth of material layer in the meso-flow column experiment - To know the depth of 

materials used in meso-flow experiment  

• Particle size of materials - To study whether the material could drain away with treated 

water. 

• pH and conductivity of materials - pH and conductivity of the material can alter the 

pH/ conductivity of the treated water  

• Chemical composition of Leachates from materials - To understand the chemicals that 

could leach from the material and the effect it could have in treated water. 

• Other information collected about the materials - Chemical composition, supplier and 

way each material was produced. 

 

3.2.2.1. Experiments carried out or information collected on each material 
 

3.2.2.1.a. The reason for selection of the materials 
 
The reasons for selecting the materials in this project and the originating industry. Cost, 

suppliers are discussed below with each material. 

 

3.2.2.1.b. Saturation or water holding capacity of materials  
 

To study the water holding capacity or saturation of materials, 100 g of materials were 

weighed in beakers. Then tap water was poured to each beaker, depending on the volume 

needed for “saturation”. The saturation period and the volume needed for each material was 

recorded. Observations were recorded to see how the materials reacted. The results/data 

discussed below with each material.  
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3.2.2.1.c. Determining the density of the materials 

The approximate bulk density of all the materials were determined. Each material was filled 

up to 100 𝑐𝑚 3 in a 250 𝑐𝑚 3 volumetric flasks. Then, the mass of the material was weighed 

in an analytical balance and the bulk density of the material was calculated.  

3.2.2.1.d. The depth of the material layer in the meso flow columns 
 
The depth of the material layer was determined for only the materials used in the meso-flow 

column experiment.  

After determining the bulk density of the materials, it was determined that 750 g (of each 

material (see section 3.3.3) per rig/meso-flow column was sufficient for the experiment.  

Using the density calculated in section 3.3, the volume of each material was calculated 

considering that 750 g of material was placed. Using the volumes of the materials, the depth 

of the material layer was calculated and shown with each material used in meso-flow column.  

3.2.2.1.e. Determination of particle size of materials  

 

The particle sizes of the materials were determined using sieve analysis. The sieve sizes 

available in the lab were 0.212 mm, 0.300 mm, 0.425 mm, 0.600 mm, 1.18 mm, 2 mm, 3.35 

mm, 5 mm, 10 mm. The particle sizes of the materials are given with the materials. The 

particle sizes of the materials were measured without grinding or modifying.  

 

3.2.2.1.f. pH and conductivity of materials  
 
Materials used for treating the grey water would alter the pH of the samples therefore the 

pH and conductivity of water, in equilibrium with the solid, was determined using the 

following method. 15 g of material was weighed into a beaker and 50 ml of DI water was 

poured in the beaker and it was stirred in a magnetic stirrer for 30 minutes. Then the stirred 

water was filtered into sample bottles using filter paper (Whatman 1). The pH and 

conductivity instruments were calibrated using the methods specified in section 3.2.6 and the 

filtered extracts were measured for pH and conductivity.  
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3.2.2.1.g. Nitric acid extractable or aqueous extractable concentrations of analytes in of 
materials  
 
In environmental analysis the term “total metals” is often used to describe the measured 

concentration following a less than 100% digestion/dissolution of a solid sample (such that 

might be achieved by digestion in HF or a method involving fusion in a molten salt). In this 

work these approximations to “total” elemental analysis were used widely. They are 

described, for sake of accuracy of definition as “Concentrated Nitric Acid Extractable” and the 

details of the methods described should be considered when interpreting date. To study the 

chemical leachate of materials, nitric acid digestion (using a microwave digester, and ICP 

analysis were performed. Another set of experiments was carried out to study the chemicals 

leaching from the adsorbents / materials themselves with a view to identifying any tendencies 

to leach components which might cause pollution or other problems downstream of any 

proposed treatment device. Here the term “aqueous extractable” is used but again the detail 

of the extraction method needs to be considered. 

 

3.2.2.1.h. Other information about materials (material composition, supplier, cost) 
 
Other information about the materials were collected from suppliers and other researchers 

who used the same material.  

 

3.2.2.2. Materials used in this project  
 

3.2.2.2.a. Tyre granules  
 
Tyre granules are waste materials from auto mobile industries, tyre manufacturing industries 

and end of life tyres from households. The reason for selecting tyre granules were because 

1.5 billion tyres end up as waste per year (Williams 2017). Researchers have used tyre 

granules in the removal of pollutants. Alam et al., (2006) used waste tyre granules for the 

adsorption of herbicide (2,4-D) and Phenol as specified in section 2.4. The tyre granules were 

obtained from a builder’s supply company, in Coventry, UK. In the water holding capacity 

experiment, tyre granules do not saturate, and do not mix with water. When the water was 

poured during the experiment, the water repelled with tyre granules. This showed that tyre 

granules are a hydrophobic material. Tyre granules also floated in water. TG was one of the 
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low-density materials compared with BOS that had the highest density in the experiment. The 

bulk density of tyre granules was 0.55 g/𝑐𝑚3. The particle size was 0.6 to 5 mm. Water 

equilibrated with this material showed a weakly alkaline pH of 7.502 with a very low electrical 

conductivity 0f 72.2 𝜇𝑆/𝑐𝑚. There was significant amount of potassium, magnesium and 

calcium present and a little amount of phosphorus was present in TG as shown in Table 20.  

 

Table 20: Concentrated nitric acid extractable (mg/kg) – Tyre granules 

 
Na K Mg Ca B P 

Tyre granules 6.2 1084.1 362.0 713.8 0.0 65.0 

 

3.2.2.2.b. GGBS Fine (GGBS F) 
 

GGBS fine (GGBS F) is a by-product/ waste product of iron and steel making industry. The 

reason for selecting this material was because it has been used in the removal of heavy metals 

(e.g. Nguyen et al., 2017). GGBS fine has been known in construction industries or in research 

related to construction as a replacement for Portland cement. GGBS fine (100 g) saturates 

within 58 seconds with 40 ml of water and during the experiment there was rapid bubble 

formation. The bulk density of this materials was 1.05 g/𝑐𝑚3. This material was used in the 

meso-flow column experiment as specified in section 3.3 and the depth of this material layer 

used was 1.6 cm in the column. The particle size of this material used in the experiment was 

less than 0.6 mm. Water equilibrated with GGBS fine had a pH of 11.09, which was more than 

the pH of grey water. The average conductivity of this GGBS F extract was 487.42 𝜇𝑆/𝑐𝑚. 

GGBS fine material used in this project was the same material used in Limbachiya’s, 2015 

project, where it was used for replacement of Portland cement in Limbachiya’s project. The 

chemical composition (compounds) as determined by Limbachiya, 2015 showed that GGBS F 

contain mainly silicon dioxide, aluminium oxide and calcium oxide as shown in Table 21. The 

material was obtained from Hanson, UK (from the Port Talbot plant). Nitric acid extractable 

of GGBS fine showed a very large amount of Calcium and Magnesium, and a large amount of 

sodium and potassium present in this material as shown in Table 22.  The amount of boron 

present in GGBS F was significant compared to the other materials used in this project except 

for PFA. 
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Table 21: Chemical compounds in GGBS F - (Limbachiya, 2015) 

Material GGBS powdered (% wt) 

Silicon dioxide  33.28% 

Titanium oxide  0.57% 

Aluminium oxide  13.12% 

Iron oxide 0.32% 

Manganese oxide  0.32% 

Magnesium oxide 7.74% 

Calcium oxide  37.12% 

Sodium oxide 0.33% 

Potassium oxide 0.478% 

Lead oxide  0.009% 

Sulphur trioxide 2.212% 

 

Table 22: Concentrated nitric acid extractable (mg/kg) - GGBS Fine 

 
Na K Mg Ca B P 

GGBS Fine  1068.6 3326.0 17087.5 148210.7 41.1 4.2 

 

3.2.2.2.c. Pulverised fuel ash (PFA) 
 

PFA can result from burning of pulverised coal in coal-fired electricity power stations 

(Concrete society, no date). PFA used in this research was the same material used in the 

Limbachiya’s, 2015 project and their chemical composition is given in Table 23. Bubbles 

formed around the PFA material in water holding capacity experiment and 55 ml was 

sufficient to saturate 100g of PFA within 1 minute 54 seconds. The bulk density of this material 

was 0.99 g/𝑐𝑚3. PFA was used in the meso-flow column experiment with a calculated 

material depth of 1.7 cm. Particle size of the product used in this project was less than 0.6mm. 

The pH of water in equilibrium with this material was 9.6 and the electrical conductivity of 

the extract generated was 1375 𝜇𝑆/𝑐𝑚. PFA used in this project was mainly composed of 

silicon dioxide with 47.8% composition and the other two main compositions were Aluminium 

oxide and Iron oxide as shown in Table 23.  PFA used in this project had a high concentration 

of calcium and magnesium and a significant concentration of sodium, phosphorous and 
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potassium in the material as shown in Table 24. The amount of boron present in PFA was 

significant compared to the other materials used in this project except for GGBS F. 

 

Table 23: Chemical compounds in PFA - (Limbachiya 2015) 

Material PFA (% wt) 

Silicon dioxide  47.75% 

Titanium Oxide  0.97% 

Aluminium oxide  24.12% 

Iron oxide 10.22% 

Manganese Oxide  0.160% 

Magnesium oxide 1.72% 

Calcium oxide  3.25% 

Sodium oxide 0.73% 

Potassium oxide 2.44% 

Lead Oxide  0.24 % 

Sulphur trioxide 0.65% 

LOI 7.45% 

 
Table 24: Concentrated nitric acid extractable (mg/kg) - PFA 

 
Na K Mg Ca B P 

PFA 449.3 453.5 1708.4 8944.9 50.8 457.2 

 

3.2.2.2.d. Hydrated lime  
 

Limestone are biological sedimentary rocks (accumulation of shell, coral, algae and organic 

debris) that are burnt to produce quick lime. Quick lime (CaO) has been used in the 

construction industry even though it is reactive and dangerous to handle. The reason for 

selecting this material is because quick lime (from heated mussel shell) has showed that it 

removes phosphates from water. Therefore, it was decided to test whether the slaked lime 

also could be used in pollutant removal. During the project hydrated lime from two suppliers 

were used. Hydrated lime used for the initial stage was from Hanson, UK (This will be called 

as HL-Initial). The hydrated lime used for the final stage or final treatment system was from 
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the brand blue circle supplied by Tarmac, UK and was purchased from B&Q, UK (This will be 

called as HL-Final).  

 

During the water holding capacity experiment, water was not able to flow through hydrated 

lime quickly (this applies to both materials HL - Initial and HL - Final) and cracks were formed 

at the bottom and side of the bed of materials in HL-Initial. Slow movement of the water can 

be advantages because it could give more contact time between the material and 

contaminated water. The HL-Initial (100 g) was saturated with 80 ml of water within 1 minute 

34 seconds and HL-Final (100 g) was saturated with 60 ml of water with 1 minute 46 seconds. 

The bulk density of HL-Initial and HL-Final was 0.69 and 0.45 g/𝑐𝑚3 respectively. The bulk 

densities of both HL are thus not similar. HL-Initial was used in the meso-flow column 

experiment and the depth of the material layer was 2. 5cm. The particle size of HL-Initial was 

less than 10 mm and most of them were 0.6 mm. Extracts of both the materials (produced as 

described above) had an alkaline pH ( HL - Initial 13.13 and HL - Final 13.06 ) and had high 

electrical conductivity (HL - Initial 8796 𝜇𝑆/𝑐𝑚 and HL-Final 6085 𝜇𝑆/𝑐𝑚). Nitric acid 

extractable of hydrated lime had high amount of calcium and significant amount of 

magnesium and potassium (Table 25).  

 

Table 25: Concentrated nitric acid extractable (mg/Kg) – Hydrated lime  

 
Na K Mg Ca B P 

Hydrated Lime  0.0 3540.8 1064.7 217928.3 0.0 0.0 

 

3.2.2.2.e. Bypass dust (BPD) 
 
Bypass dust is a waste product from Portland cement industry. So far, BPD had not been used 

as a material (adsorbent/filtration material) in water and wastewater industries in the 

removal of pollutant. The BPD used in this project was the same material that was used in the 

Limbachiya (2015) project, where it was used for cement replacement in concrete and this 

material was obtained from Cemex, UK. The chemical composition of the material is given in 

Table 26. This material could be obtained free of charge from cement manufacturers as they 

are waste products produced in bulk, they also cannot be re-used in cement production due 

to high concentration of chlorine and potassium in the material. The cost of this material 

cannot be found online for cost analysis since BPD is not sold as a product.  



 

 

124 | P a g e  

 

During the saturation experiment, 100 g of BPD saturated quickly with 90ml water within 1 

minute 14 seconds. The bulk density of BPD was 0.8 g/𝑐𝑚3. The depth of the material layer 

used in the meso-flow column experiment was 2.1 cm. BPD used in this project had particle 

size less than 0.3 mm. The aqueous extract of BPD had strong alkaline pH (13.06) and had very 

high conductivity. The extract from this material had the highest conductivity out of all the 

materials used in this project and it was 42064 𝜇𝑆/𝑐𝑚. Main composition of BPD was calcium 

oxide. Silicon dioxide, potassium oxide, Sulphur trioxide were the other significant contents 

in the BPD material used in this project as shown in Table 26. Nitric acid extractable of BPD 

contained very high amounts of calcium and potassium, high amount of sodium and 

magnesium and significant amount of phosphorous as shown in Table 27.  The downfall of 

this material as a potential material for use in this project was containing high amount of 

sodium that will be released into treated water. 

 
Table 26: Chemical composition of BPD - Limbachiya (2015) 

Material BPD(% wt) 

Silicon dioxide  12.79 – 17.34% 

Titanium Oxide  0.19 – 0.23% 

Aluminium oxide  3.47 – 4.26% 

Iron oxide 1.88 – 2.36% 

Manganese Oxide  0.04 – 0.05% 

Magnesium oxide 0.82 – 1.11% 

Calcium oxide  44.03 – 53.60% 

Sodium oxide 0.50 – 1.16% 

Potassium oxide 4.03 – 10.06% 

Lead Oxide  0.12 – 0.15 % 

Sulphur trioxide 6.66% - 13.42% 

 

Table 27: Concentrated nitric acid extractable (mg/Kg) - BPD 

 
Na K Mg Ca B P 

BPD 2629.2 29696.7 4502.9 176418.8 0.0 157.2 
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3.2.2.2.f. Granular activated carbon (GAC) and Powdered activated carbon (PAC) 
 

Activated carbon is a widely used material in water and wastewater treatment in the removal 

of pollutants. During the water holding capacity experiment, GAC had air bubbles around it, 

and it did not get mixed / absorbed with water. This shows GAC is a hydrophobic material, 

the material does not saturate with water. In the same experiment PAC was used and it 

showed similar observation as a hydrophobic material. GAC and PAC had the same bulk 

densities, that was 0.35 g/𝑐𝑚3. The particle size of GAC was between 0.212 to 3.35 mm and 

particle size of PAC was less than 1.8 mm. Water in equilibrium with the GAC has slightly acidic 

pH 6.02 and PAC had strongly acidic pH 2.49. The conductivities of PAC extract (1807 𝜇𝑆/𝑐𝑚) 

was higher than conductivity of GAC extract (814.4 𝜇𝑆/𝑐𝑚). The aqueous extractable of GAC 

contained significant amount of sodium, potassium and calcium as shown in Table 28. The 

extract of PAC had high amount of sodium and significant amount of calcium, potassium and 

magnesium. 

 

Table 28: Aqueous extractable (mg/kg) - GAC and PAC 

 
Na K Mg Ca B 

GAC  43.6 111.9 8.2 141.9 6.6 

PAC 3256.0 71.3 35.0 260.5 1.4 

 
 

3.2.2.2.g. Moringa shell (seed shell) and Moringa seed 
 
Moringa shell and moringa seeds have antimicrobial effects or used as a coagulant in different 

research as specified in section 2.4. Moringa seed and shell are waste products of vegetable 

oil extraction. During the water holding capacity experiment, both the materials showed 

similar responses. Some of the material mixed well with water and some of the materials did 

not mix with water and they floated.  Moringa shell used 200 ml to saturate 100 g of material 

within 5 minutes 8 seconds and Moringa seed used 200 ml to saturate 100 g of material in 6 

minutes 18 seconds. Moringa shell and moringa seed had densities of 0.16 and 0.17 

respectively. Their densities are similar to the density of rice husk used in this project. The 

particle size of moringa shell and moringa seed were less than 0.6mm and less than 0.425mm 

respectively. Water equilibrated with moringa seed and moringa shell had similar pH 
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(moringa shell – 5.43 and moringa seed – 4.93) and similar conductivities (moringa shell – 

236.9 𝜇𝑆/𝑐𝑚 and moringa seed – 298.4 𝜇𝑆/𝑐𝑚). Nitric acid extractable of moringa shell had 

very high amount of calcium and potassium and high amount of magnesium and phosphorous 

as shown in Table 29. 

 

Table 29: Concentrated nitric acid extractable (mg/Kg) - Moringa shell  

 
Na K Mg Ca B P 

Moringa 

shell 16.7 3102.6 1075.6 6447.8 0.0 1018.1 

 

3.2.2.2.h. Bentonite  
 

Mimanne studied the efficiency of bentonite in the removal of anionic surfactant such as the 

dodecylbenzene sulfonic acid from aqueous solution. It showed that the bentonite together 

with activated carbon has potential in removing the surfactant characteristics (Mimanne et 

al., 2012). Bentonite used in this research was the same material used in the Abbey et al., 

2019 project. During the saturation experiment, bentonite did not completely mix with water 

(non-complete saturation), it absorbed water in some of the material layer. It took 6 minute 

21 seconds to saturate non-evenly with 100 ml of water. After this time, there was no further 

saturation even with more water poured. The bulk density of bentonite was 0.87 g/𝑐𝑚3. The 

particle size of bentonite was less than 0.3 mm. pH and conductivity of bentonite extract was 

not able to be determined due to filtration issues of the bentonite. When bentonite was 

stirred with water, it produced slurry that did not facilitate filtration. Silicon dioxide is the 

main composition of bentonite and the material used in this project had 57.1 % silicon dioxide 

composition in it as shown in Table 30. 
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 Table 30: Chemical compounds in Bentonite - (Abbey et al., 2019) 

Material Bentonite (% wt) 

Silicon dioxide  57.1% 

Titanium Oxide  0.77% 

Aluminium oxide  17.79% 

Iron oxide 4.64% 

Manganese Oxide  0.06% 

Magnesium oxide 3.68% 

Calcium oxide  3.98% 

Sodium oxide 3.27% 

Potassium oxide 0.9% 

LOI 7.85% 

 

3.2.2.2.i. Tealeaves 
 
Different studies have used tealeaves as an adsorbent in the removal of heavy metals (Kumar 

et al., 2015, Jayaseelan and Gupta, 2016). Tea leaves are waste products from restaurants/ 

coffee shops and from households. They also end up as waste from tealeaf factories. Two 

brands of tealeaves were used during the project. During the initial stage, Knightsbridge brand 

(purchased from Lidl, UK) was used that will be called as Tealeaves - Initial (TL – Initial). During 

the final stage, PG tips brand was used for the final treatment system and this material will 

be called as Tealeaves -Final (TL – Final). 

 

During the water holding capacity experiment, TL-Initial saturated quickly as soon after the 

water was poured (4 seconds) with 220 ml of water. TL-Final also quickly saturated with 200 

ml of water but took few seconds extra for saturation than TL-Initial. TL-Final took 20 seconds 

for complete saturation. This could be due to TL-Final having bigger grains than TL-Initial. 

Tealeaves used during the initial stage had a bulk density of 0.45 g/𝑐𝑚3 and Tealeaves used 

during the final stage had a bulk density of 0.51 g/𝑐𝑚3.  Both the tealeaves had densities 

which were similar. TL-initial was used in the meso-flow column experiment and the depth of 

this layer was 3.7cm. The particle size of TL was 0.212 to 0.6 mm. Both the tealeaves’ extracts 

used in this project had similar pH that was acidic and similar conductivities that were higher 
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than greywater (T L- Initial: pH – 4.78, Conductivity – 2469 𝜇𝑆/𝑐𝑚 and TL-Final: pH 5.26 and 

conductivity – 2833 𝜇𝑆/𝑐𝑚 ). The potassium concentration was very high in tea leaves nitric 

acid extractable. The magnesium, calcium and phosphorous concentrations were very high in 

the same extract as shown in Table 31. 

 

Table 31: Concentrated nitric acid extractable (mg/Kg) - TL initial 

 
Na K Mg Ca B P 

TL-Initial 0.0 12429.7 1849.4 5478.9 14.7 2227.9 

 
 

3.2.2.2.j. Basic oxygen slag fine (BOS F) 
 
BOS F is a waste product from the Steel industry. They are believed not to have been used in 

water and wastewater industries for pollutant removal. This material has a long history of 

being used as road ballast or land fill. BOS fine used in this research was the same material 

used in the Limbachiya, 2015 project. BOS F (100 g) took 1 minute 1 seconds for complete 

saturation with 40 ml of water. During the experiment tiny bubbles were formed around BOS 

and the material quickly saturated. BOS F had the second highest bulk density from all the 

materials used in this project and the bulk density was 1.73 g/𝑐𝑚3. BOS F was less dense than 

BOS G used in this research. Since the BOS material were denser, their depth was the lowest 

(second lowest) in the meso-flow column experiment and was 0.9 cm. Particle sizes of BOS F 

was less than 1mm. Water equilibrated with BOS F had a strongly alkaline pH with very high 

electrical conductivity of 8704 𝜇𝑆/𝑐𝑚. BOS F extract had third highest conductivity out of all 

the materials used in this project. The cost of this material cannot be found online for cost 

analysis since BOS is not sold as a product. BOS F mainly consist of calcium oxide and iron 

oxide and significant amount of silicon dioxide as shown in Table 32. The nitric extractable of 

BOS F contained extremely high amount of calcium (143663.4 mg/kg), very high amount of 

magnesium and high amount of phosphorous as shown in Table 33. 
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Table 32: Chemical compounds in BOS F – Limbachiya 2015 

Material BOS F (% wt) 

Silicon dioxide  13.94% 

Titanium Oxide  0.70% 

Aluminium oxide  2.98% 

Iron oxide 25.99% 

Manganese Oxide  3.166% 

Magnesium oxide 6.56% 

Calcium oxide  39.57% 

Sodium oxide 0.06% 

Potassium oxide 0.027% 

Lead Oxide  1.516 % 

Sulphur trioxide 0.277% 

LOI 1.42% 

 
Table 33: Concentrated nitric acid extractable (mg/Kg) - BOS F 

 
Na K Mg Ca B P 

BOS F 1.7 0.0 17712.9 143663.4 0.0 2345.5 

 

3.2.2.2.k. Gypsum (calcined gypsum or plaster of Paris) 
 

Gypsum comes from natural rocks or produced by flue gas desulphurization process in power 

stations. Gypsum was used in the construction industry for plastering for many years. Al-

Rawjfeh, (2018) studied the removal of ibuprofen using calcined gypsum. Igwebe et al., (2019) 

studied the removal of phenol using calcined gypsum. During the water holding capacity 

experiment, rapid bubble formation was seen for a while and the material took 1 minute 19 

seconds to reach full water holding capacity with 90 ml of water. Gypsum used in this project 

had a bulk density of 0.66 g/𝑐𝑚3. The gypsum layer used in the meso-flow column experiment 

was 2.6 cm. Particle size of the material was less than 2 mm. Water equilibrated with gypsum 

had slightly alkaline pH 7.86 and high electrical conductivity than greywater (23181 𝜇𝑆/𝑐𝑚).  

The material used in this project was from APC pure located in Cheshire, UK and the 

properties of material is given in Table 34. Nitric acid extractable of calcined gypsum 
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contained excessively high amount of calcium and high amount of potassium and magnesium 

as shown in Table 35.  

 

Table 34:  Properties of calcined gypsum - APC pure, no date 

 

Table 35: Concentrated nitric acid extractable (mg/Kg) - Calcined gypsum 

 
Na K Mg Ca B P 

Calcined gypsum 0.0 1997.0 950.1 99110.7 0.0 19.6 

 

3.2.2.2.l. China clay 
 

China clay is from natural rocks, but it may originate as waste from ceramic industry. China 

clay used in this research was the same material used in the Eyo et al., (2020) project. During 

the saturation experiment, the china clay did not completely saturate.  After some time, the 

water did not flow through the material and cracks were formed at the bottom of the 

material. The water used for incomplete saturation was 80ml. The density of china clay was 

0.47 g/𝑐𝑚3. China clay was used in the rig experiment and the calculated depth was 3.6 cm. 

The particle size of china clay was 1.18 mm. Aqueous extract of China clay had alkaline pH of 

10.56 and low electrical conductivity of 68.7 𝜇𝑆/𝑐𝑚. China clay mainly consist of silicon 

dioxide and aluminium oxide as shown in Table 36. The nitric acid extract of China clay had 

very high amount of potassium and significant amount of sodium, magnesium, calcium and 

phosphorous as shown in Table 37. 

 

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 
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Table 36: Chemical compounds in China clay – Eyo et al., 2020 

Table 37: Concentrated nitric acid extractable (mg/Kg) - China clay 

 
Na K Mg Ca B P 

China clay 452.9 5241.2 1042.0 299.2 6.0 404.5 

 

3.2.2.2.m. Coffee waste 
 

Coffee waste is a waste product from coffee shops, households or coffee bean processing 

industries. Coffee waste was modified and used by different research in the removal of 

various pollutants (Shang et al., 2017). The coffee waste used in this project was from a fuel 

station cost coffee bean waste. Coffee waste quickly saturated within 28 seconds with 180 ml 

of water. This material had a density of 0.34 g/𝑐𝑚3, one of low-density material used in this 

project. The particle size of coffee waste was less than 0.6mm. Water equilibrated with Coffee 

waste had pH of 5.91 and conductivity of 752.11 𝜇𝑆/𝑐𝑚. Aqueous extract of coffee waste 

showed high amount of potassium and little amount of sodium, magnesium and calcium as 

shown in Table 38. 

 

Table 38: Aqueous extractable (mg/kg) - Coffee waste 

 
Na K Mg Ca B 

Coffee waste 78.3 3924.5 70.5 75.5 0.5 

 

 

 

           
           

   

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 
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3.2.2.2.n. Rice husk (RH) 
 

Rice husk is a waste product of rice mill industries or agro-based biomass industries produced 

at large quantities. Swarnalakshmi et al., (2018) studied the removal efficiency of rice husk in 

the removal of acid orange 7, Amoxicillin, Metformin, Carbamazepine. Daffalla et al., 2002 

used thermally treated RH and chemically treated RH in the removal of pollutant. The RH used 

in the project was purchased from Briess, USA (was purchased online). Rice husk (100 g) 

quickly absorbed water but the saturation was incomplete, where the rice husk material at 

the top layer did not saturate. RH took 42 seconds and 375 ml of water for this incomplete 

saturation.  

 

RH used the highest volume of water during the water holding capacity experiment. Rice husk 

was the least dense material used in this project and had a density of 0.16 g/𝑐𝑚3. The particle 

size of RH was between 0.6 to 2 mm. The pH of RH extract was 6.11 and conductivity was 

243.41 𝜇𝑆/𝑐𝑚. The aqueous extract of RH had high amount of potassium and significant 

amount of sodium, magnesium, calcium, phosphorous as shown in Table 39. 

 

 Table 39: Aqueous extractable (mg/kg) - Rice husk 

 
Na K Mg Ca B P 

RH 131.5 1958.2 47.7 141.8 0.8 131.5 

 

3.2.2.2.o. Terracotta clay (TCC) 
 

Different types of clays are tested for the removal of pollutants. Even though terracotta clay 

was not used in previous research in the removal of pollutants, it was proposed in the removal 

of pollutants in this project because other types of clays can remove pollutants. TCC did not 

mix with water and resulted in a cloudy appearance.  Terracotta clay had a bulk density of 

1.37 g/𝑐𝑚3 and was the fourth densest material used in this project. The particle size could 

not be determined for TCC because of the cohesiveness of the material. The pH and 

conductivity of the extract of terracotta clay were 6.26 and 99.11 𝜇𝑆/𝑐𝑚 respectively. The 

nitric extractable of terra cotta clay had high amount of magnesium ang potassium and 

significant amount of calcium and sodium as shown in Table 40. 
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Table 40: Concentrated nitric acid extractable (mg/Kg) - Terracotta clay 

 
Na K Mg Ca B P 

TCC 199.3 1097.2 3041.6 519.3 0.0 81.0 

 

3.2.2.2.p. Zeolite  
 

All Zeolites are volcanic origin and the material used in this project contained Clinoptilolite. 

Zeolite is widely used material in pollutant removal. During the saturation experiment zeolite 

took a long time to saturate, taking 5 minutes 18 seconds. This would be an important 

characteristic to give more contact time during filtration treatment.  There were bubbles 

formed during the experiment and used 60 ml of water for saturation. The bulk density of the 

zeolite used was 0.92 g/𝑐𝑚3. The depth of the zeolite layer used in rig experiments was 1.9 

cm. The particle size of zeolite was less than 0.425 mm. The pH of zeolite extract was 9.28 and 

conductivity of zeolite extract was very low, at 51.71 𝜇𝑆/𝑐𝑚. Main contents of zeolites were 

silicon dioxide (65 - 72%) and aluminium oxide (10-12%) as shown in Table 41. Nitric acid 

extractable of zeolite had very high amount of calcium, high amount of potassium and 

magnesium and significant amount of sodium as shown in Table 42. 

 

Table 41: Chemical compounds in Zeolite - Dc Minerals, nodate 

Material Zeolite (% wt) 

Silicon dioxide  65 - 72% 

Titanium Oxide  0 – 0.1% 

Aluminium oxide  10 - 12% 

Manganese oxide  0 – 0.08% 

Iron oxide 0.8 – 1.9% 

Magnesium oxide 0.9 – 1.2% 

Calcium oxide  2.5 – 3.7% 

Sodium oxide 0.3 – 0.65% 

Potassium oxide 2.3 – 3.5 % 

LOI 9 - 12% 
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Table 42: Concentrated nitric acid extractable (mg/Kg) - Zeolite  

 
Na K Mg Ca B P 

Zeolite 193.8 7951.6 3537.7 17843.3 0.0 3.3 

 

3.2.2.2.q. Fuller’s earth (FE) 
 
Fuller’s earth is a naturally occurring clay that has being used for removing impurities. Fuller’s 

earth took a long time for saturation with 10 minutes 12 seconds and used 50 ml for 

saturation. This could be an important property if this material is used for filtration treatment 

where it would give more contact time. The bulk density of Fuller’s earth was 0.43 g/𝑐𝑚3. 

Fuller’s earth had particles size less than 0.3 mm. Aqueous extract of Fuller’s earth had an 

acidic pH (4.84) and high conductivity of 34561 𝜇𝑆/𝑐𝑚. Aqueous extract of FE had very high 

amount of calcium and sodium and significant amount of potassium and magnesium as shown 

in Table 43. 

 
Table 43: Aqueous extractable (mg/kg) - Fuller's earth 

 
Na K Mg Ca B 

FE 5632.2 378.2 827.1 11380.1 11.4 

 

3.2.2.2.r. Granulated Brick 
 
Waste brick can be from demolition sites, waste from construction sites, brick manufacturing 

industries. Jia et al., (2013) used brick waste in the removal of phosphate. Granulated brick 

quickly saturated with 70ml of water within 31 seconds.  Brick had a density of 1.31 g/𝑐𝑚3 

that was like the GGBS G used in this research. The particle size of brick was less than 10 mm. 

The water equilibrated with brick had a pH of 5.83 and had a very low conductivity of 70.34 

𝜇𝑆/𝑐𝑚. Brick had a little amount of sodium, potassium and calcium in the aqueous extract as 

shown in Table 44.  

 

Table 44: Aqueous extractable (mg/kg) - Granulated brick 

 
Na K Mg Ca B 

Brick 29.5 52.0 3.7 25.2 0.6 

 

 

 



 

 

135 | P a g e  

 

3.2.2.2.s. Graphite  
 

Graphite is formed in metamorphic rocks and has been widely used by researchers in 

pollutant removal. Graphite did not mix with water during the water holding capacity 

experiment. This could be due to the hydrophobic property. The material had density of 0.46 

g/𝑐𝑚3. Graphite used in this project was used in the original form (pure graphite) that was 

purchased from W H smith, UK. None of the materials were modified or grounded, therefore 

graphite was also not grounded or modified. Thus, particle size could not be determined. The 

pH of graphite extract was 5.60 and the conductivity of graphite extract was very high, 76661 

𝜇𝑆/𝑐𝑚. Nitric acid extractable of graphite is shown in Table 45. 

 

Table 45:Concentrated nitric acid extractable (mg/Kg) - Graphite 

 
Na K Mg Ca B P 

Graphite  0.0 879.9 0.0 46.0 0.0 0.0 

 

3.2.2.2.t. Mica  
 

Mica are natural materials found in natural rocks. Sericite, a type of mica was used in the 

removal of strontium(ii) (Lalhmunsiama et al., 2015). Mica used in this project was a type 

called biotite, that was obtained from Mineral lanka, Sri Lanka. Mica did not mix or absorb 

water during water holding capacity experiment. The density of mica was 1.04 g/𝑐𝑚3. The 

particle size was not able to be determined because they were in the form of sheets. The 

extract of mica had a pH 6.61 and conductivity of 1994 𝜇𝑆/𝑐𝑚. Aqueous extractable of mica 

had significant amount of potassium and magnesium and little amount of sodium and calcium 

as shown in Table 46. 

 

Table 46: Aqueous extractable (mg/kg) – Mica (biotite) 

 
Na K Mg Ca B 

Mica 44.1 135.0 139.1 36.5 0.2 
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3.2.3. Stirred batch reactor experiment at 1-hour adsorption or contact time in the 
removal of Phosphates, Nitrates, Anionic surfactant, Cationic surfactant, and Turbidity 
 
The first set of adsorption experiments were carried out to find the removal of phosphates 

and nitrates at 1-hour contact time. During this experiment, 20 g of each material was 

weighed into a 500 ml glass beaker and 250 ml of greywater was poured into each beaker. 

The beakers were placed in the magnetic stirrers (the speed of the magnetic stirrer was 500 

revolutions per minute) and stirred. Samples were collected at 1-hour and analysed for 

phosphates, nitrates, anionic surfactants, cationic surfactants, and turbidity.  

 

The materials used in these experiments were Tyre granules, GGBS fine particles, PFA, 

Hydrated lime, BPD, GAC, PAC, Moringa seeds, Moringa shells, Bentonite, Tea leaves, and BOS 

(set 1 materials). 

The grey water parameters that were tested are given in section 3.2.1.3. and the adsorption 

results are shown in section 4.1 and the analytical testing methodology are given in section. 

3.2.6. 

 

3.2.4. Stirred batch reactor experiment at 1-hour adsorption time in the removal of 
Sodium, Potassium, Calcium, Magnesium, and Boron. Determination of pH and 
conductivity before and after adsorption treatment 

In further adsorption experiments, another 10 materials were introduced. They were gypsum 

and china clay (set 2 materials) in the next set. Later, coffee waste, rice husk, terracotta clay, 

zeolite, fuller’s earth, brick, graphite and mica (set 3 materials) were introduced.  

During this experiment, 20g of each material was weighed into a 500ml glass beaker and 250 

ml of greywater was poured into each beaker as in the previous experiment (section 3.2.3) 

and stirred with magnetic stirrers. The adsorption was carried out for 1 hour. Then the 

samples were filtered using Whatman 1 filter paper. The samples (set 1) were stored in the 

chiller for pH and conductivity measurements and another set of samples (Set 2) were stored 

in freezer (to store for long period) for ICP-OES analysis. The pH and conductivity of the 

samples were measured, and the elements were analysed in ICP-OES and the results are given 

in section 4.1.2.   
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3.2.5. Stirred batch reactor experiment at different adsorbent dosage (2g,5g, 10g, 20g 
at 1-hour adsorption period) in the removal of sodium, potassium, calcium, 
magnesium, and boron  
 
 
The ICP results at 1-hour adsorption time with 20 g materials in shown in section 4.1.2. The 

materials chosen for different adsorbent dosage/weight experiment, was based on, if a 

material was able to remove at least one element/pollutant with more than 20 % removal 

efficiencies then that material was be used for adsorbent dosage experiment. The chosen 

materials were 10 materials from the first 14 materials. The materials that were chosen were 

BPD, PFA, Lime, BPD, GAC, PAC, Tea leaves, BOS, Gypsum, China clay. PAC was not available 

during that period. Therefore, only 9 materials were used in the different adsorbent weights 

and different contact time experiments. The materials that were introduced later (set 3 

materials) were not able to be carried out using different adsorbent dosage and contact time 

experiment because the ICP was not working at HLS faculty, to find the suitable materials in 

the 1- hour adsorption time experiments. Those samples were only able to be analysed after 

moving to CAWR and after starting the meso-flow column experiments. 

 The adsorption tests were carried out to study the removal efficiencies of different adsorbent 

materials using different adsorbent dosages. In this experiment 2 g, 5 g, 10 g, and 20 g of 

adsorbents were stirred in 250 ml synthetic greywater in 500 ml beakers. The adsorption was 

carried out for 1 hour-period.  

 

3.2.6. Analytical methods used in the stirred batch reactor experiments  
 

The Analytical methods to analyse the determinands of interest in each experiment are given 

under each experimental section (Analytical methods for stirred batch reactors will be given 

in this section (section 3.2.6); Analytical methods for meso-flow adsorption experiment: 

section 3.3.8; Analytical methods for final adsorption in treatment system experiment:  

section 3.5.12). The reason for choosing these determinands are given in chapter 2 (section 

2.2). The analytical methods used throughout the project are presented in Table 47. The 

brand and model, parameters used are also given in the same table. 
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Table 47: Analytical testing methods for characteristics found in grey water and treated water used throughout the project  

Parameters  Methods/Instrument used  Experiments used  

pH pH meter  

(Brand: Hanna, Model: HI-5521-

02 Research grade) 

Adsorption bench top experiments 

Meso-Flow column experiments, 

Material combination experiment, 

Final treatment system 

Conductivity  Conductivity meter  

(Brand: Hanna, Model: HI-5521-

02 Research grade) 

 

Adsorption bench top experiments 

Meso-Flow column experiments, 

Material combination experiment, 

Final treatment system 

Turbidity  Turbidimetric method (Brand: 

ELE, Model: 430-257) 

Adsorption bench top experiments 

 

Total suspended solids  Gravimetric / filtration method 

(Filter used was 10cm diameter 

with 1.5mm pore size ceramic 

filter (Buchner funnel), filter 

paper dried at 70℃) 

Meso-Flow column experiments  

Sodium, Potassium, Boron, 

Calcium, Magnesium, 

Phosphorous  

Inductively coupled plasma (ICP-

OES) 

(Brand: Perkin Elmer, 

Model:8300 (bench top 

experiment)) 

(Brand: Perkin Elmer Model: 

Optima 5300 DV (all other 

experiments)) 

 

Adsorption bench top experiments 

Meso-Flow column experiments, 

Material combination experiment, 

Final treatment system, Material 

analysis (leachates) 

Sulphur, Iron, Manganese, 

Copper, Lead, Aluminium, 

Zinc  

Inductively coupled plasma (ICP-

OES) 

(Brand: Perkin Elmer Model: 

Optima 5300 DV) 

Final experiment, 

Material analysis (leachates) 
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Phosphates, Anionic 

surfactant, Cationic 

surfactant 

Spectrophotometer  

(Brand: Hach –Lange, Model: 

DR2800) 

Adsorption bench top experiments 

 

Nitrates, Ammonium Spectrophotometer (Brand: 

Hach –Lange, Model: DR2800)   

Flow injection analysis 

 (Brand: Foss, Model: Fiastar 

5000) 

 

Adsorption bench top experiments 

(Nitrates), Meso-Flow column 

experiments (Nitrates, ammonium) 

Solid sample digestion  High performance Microwave 

digestor (Brand Milestone, 

Model- Ethos up)  

Materials, Plant tissues samples and 

soil samples 

Linear alkyl benzene 

sulphonate, Nonyl phenol 

ethoxylate  

Ultra-fast-liquid -

chromatography (UFLC) (Brand: 

Shimadzu Model: LC – 20AD with 

UV-VIS detector 

 

Adsorption bench top experiments 

 

Benzalkonium   chloride 

(BAC), Sodium lauryl 

sulphate (SLS), Triclosan, 

Linear alkyl sodium 

sulfonates (LAS) 

Liquid chromatography – 

𝑀𝑎𝑠𝑠 𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑡𝑟𝑦2(Orbitrap) 

(Brand: Thermo scientific, 

Model: Q Exactive UHMR) 

Method development for the 

chemical compounds, further 

sample analysis was not able to be 

don due to limitation and 

restrictions  

 
 

3.2.6.1. Testing Phosphates, Nitrates, Anionic and cationic surfactants in Grey water and 
Treated water using the Hach –Lange Spectrophotometric System: stirred batch reactor 
experiments 
 

The method used to analyse phosphate in the initial stage of this work was visible 

spectrophotometry using the Hach-Lange system (Hach Lange, Dusseldorf, Germany). The 

principle of this method was that phosphate ions react with a commercially available 

vanadate-molybdate reagent to form a yellow dye (Hach Lange, 2019). The phosphate species 
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determined in this method was orthophosphate and the method operate in the range of 1.6 

mg/l to 30 mg/l.  

The Hach-Lange Phosphate test (and all the other tests using the Hach-Lange system) involves 

adding the samples into the pre-prepared glassware, often directly into the cuvettes: The 

method is LCK049 (Hach Lange, 2019) in the case of the phosphate method used, (where the 

cuvettes contain the test reagents). In this test the next step is simply placing the cuvette in 

the cuvette position in the dedicated, spectrometer (which is largely automated and 

equipped with built in calibrations for each of the commercially available methods). The 

reagents are extensively quality controlled in the manufacturing process to the extent that, 

in the absence of interferences, the operator can rely on the pre-prepared calibrations within 

the instrument if the photometric accuracy and wavelength selection are within tolerance. 

This is so, provided the instrument was serviced regularly, and the methods were run exactly 

according to instructions provided.  The measurement wavelength was 435nm.  

The Phosphate analysis was carried out as specified in method LCK 049, (Hach Lange, 2019). In 

some of the other tests in the Hach-Lange system, the procedures are much more involved 

and require manipulations executed outside the final measuring cuvette (using glassware 

provided by the manufacturer). The same limitation, strict adherence to the method 

instructions, apply to these determinations and are probably even more critical. Throughout 

this work great care was taken in ensuring that published methods were strictly followed. 

The Hach-Lange spectrophotometer test kit method was selected because of the reported 

accuracy and simplicity of the method, because it was readily available in the laboratory and 

the range measured was felt to be adequate. Since the samples analysed were within this 

range, the time taken for each sample was 10 minutes including the waiting time for the 

chemicals to react and finally analysed. Thus, during the waiting time, other samples could be 

prepared for the analysis.  

Nitrate was also analysed using the Hach– Lange spectrometric system during the initial 

stages of the research. The principle in Hach-Lange test (Method LCK 339, (Hach-Lange, 2019) 

is that the nitrate ions in solutions containing sulphuric and phosphoric acid react with 2.6-

dimethyphenol to form the pink coloured, 4-nitro-2.6 dimethylphenol which is measured at 
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a wavelength of 345 nm. In the Hach - Lange system, the method requires just the addition 

of a sample into the respective pre-prepared cuvettes. The test range used was 0.23 – 13.50 

mg/l. This method was selected due to accuracy and simplicity and availability at the initial 

stage of research.  This method has a 15minute development time and other samples were 

also processed during the 15 minutes wait time. In the expected range of nitrate 

concentrations, the interfering substances were absent (cobalt, iron and chromium are the 

only substance that interfere with concentrations less than 10 mg/l). The only downfall is that 

high loads of COD cause the reagent to change colour and to give high-bias results. This was 

corrected by diluting the samples.  The analysis was carried out as specified in method LCK 

339 provided by Hach Lange. 

There are a variety of methods available to analyse organic compounds. During the initial 

stages, anionic surfactants and cationic surfactants were analysed using the Hach – Lange 

spectrometric system. The range of cuvettes used for anionic surfactants were 0.05 to 2 mg/l 

and the wavelength used was 652 nm.  The anionic surfactant in the samples reacts with 

methylene blue to form complexes, that are extracted in chloroform for analysis using the 

cuvette (LCK 332). The analysis was carried out as specified in LCK 332, Hach Lange (Hach-

Lange, 2019). The samples measured were expected to have had anionic surfactant 

concentration greater than figures reported because the reported range was between 7.40 - 

10.90 mg/l, above the linear range of the method.  This would lead to negative errors because 

of the expected deviation from the Beer-Lambert law.  

 

The cationic surfactant range measured was 0.2 to 2 mg/l with the wavelength at 410 nm. 

This method uses the principle where cationic surfactant with bromophenol blue to form 

complexes that are extracted in chloroform for analysis using LCK 331 cuvettes. The analysis 

was carried out as specified in LCK 331, Hach Lange. In the synthetic grey water, the cationic 

concentration measured were all below the limit of detection (slightly negative). This was 

assumed to be due to absence of cationic surfactants in the synthetic grey water samples 

since they are not used in combination with anionic surfactants in most detergent products. 

Therefore, further analysis was not carried out to measure the concentration in treated water 

samples.  
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The pH for samples should be between 4 to 9 and the temperature of samples and reagent 

should be between 15 ℃ to 25 ℃ for the anionic and cationic Hach Lange spectrometric 

analysis. The Hach-Lange methods were simple, accurate and time effective. The next 

disadvantage was the interference with chlorine and sulphur compounds, these substances 

would be present in synthetic grey water. 

 

During the same stage (initial), two organic compounds such as linear alkyl benzene 

sulphonate and nonyl phenol were analysed using Ultra-Fast Liquid Chromatography. Then 

Liquid Chromatography Mass spectrometer- Mass spectrometry became available during 

later stage. UPLC and L-MS will be discussed in later sections. The training and development 

on these two instruments are discussed in Appendix 4. 

 

3.2.6.2. Determination of Boron, Sodium, Potassium, Magnesium and Calcium, Phosphorous 
in water samples using Induced Coupled Plasma – Optical Emission Spectrometry: stirred batch 
reactor experiments 
 

There were many methods available in the university to analyse these elements (elements of 

interest) as shown in Table 48. But ICP-OES was selected to carry out the analysis. Being 

available in the University did not, however, mean they were always, available to the author. 
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Table 48: Analytical testing methods available in the university for all the elements used in the project 

Element  Method available 

Sodium ICP-OES, Flame photometry,  

Boron ICP-OES, Spectrophotometer  

Potassium ICP-OES, Flame -photometer 

Magnesium ICP-OES, Flame photometer 

Calcium ICP-OES, Flame photometry 

Phosphorous  ICP-OES, Spectrometrically (as phosphates) 

Aluminium ICP-OES 

Sulphur ICP-OES  

Iron ICP-OES  

Manganese ICP-OES  

Copper ICP-OES  

Lead ICP-OES  

Zinc ICP-OES  

 

ICP-OES was selected to analyse these elements because it was available in the laboratory 

and it could be used to sequentially analyse all the elements of interest at once, whereas a 

flame photometer can only analyse three of the elements from the whole list of elements of 

interest. AAS was also available at the initial stage of the project but became unavailable after 

the lab shift relocation of the author’s laboratory space from the James Starley building to 

the new HLS laboratory. When the author was again relocated to CAWR at Ryton an AAS was 

present but had not been re-installed. 

 

ICP-OES is an atomic/ionic emission spectroscopic technique and uses a plasma for generating 

the atomic/ionic species (Tyler, 1991). ICP requires higher temperatures for emission to take 

place for most of the elements. Because of the high temperatures present in an inductively 

coupled argon plasma, not only atomic, but also ionic emission takes place. This is an 

advantage since many metals have sensitive ionic emission lines. This provides higher 

detection sensitivity in ICP (Schulz, 2016). 
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The ICP used was a sequentially measuring instrument and whilst it takes 30 seconds for each 

element only one washout and re-nebulisation is required per sample, when there are more 

elements to be analysed ICP is thus faster than by AAS. Furthermore, in ICP there are few 

chemical interferences, and the method shows better sensitivity for many elements than AAS. 

ICP elemental standards can be used as mixed standards with the elements that have no 

interference with each other, or they could be corrected using a different wavelength. The 

elements that interfere or precipitate with other elements are separated during the 

calibration preparation. ICP provides a better sensitivity for metals generally and enables the 

measurements of non-metals (Boron) even though some elements such as Magnesium have 

better sensitivity by Atomic Absorption Spectrometer (Schulz, 2016; Tyler, 1991). 

 

During the analysis, the liquid sample was nebulised using a nebuliser and peristaltic pump 

system, where the bulk liquid was converted to aerosol using argon gas. Then the aerosol was 

passed through the spray chamber, where larger droplets are removed. From there, they 

were directed into the argon plasma.  

 

A radiofrequency induced Plasma is the energy source for analysis. The plasma torch consists 

of three glass tubes (through which argon flows at 3 different rates to stabilise the plasma) 

and a gas cooled metal induction coil around it. When the electric current is passed through 

the metal coil, a magnetic field is produced. Collision between argon atoms creates electron 

ionisation that produces a stable plasma. The plasma is sustained by the energy produced by 

the coil. Another stream of argon gas carries the aerosol of the sample, to the middle of the 

plasma and the solvent in the sample evaporated due to the heat from plasma. The heat 

breaks the sample molecules into atoms and ions and provided energy to excite the electrons 

in them, moving them to a higher energy level.   Then when the excited electrons return to a 

lower energy level, light at a very specific wavelength is emitted, depending on the element 

and energy level. The light is directed to the spectrometer of the instrument by mirrors and 

other optical components. The light is separated within the spectrometer, so that the 

intensity of the light can be measured at very precise wavelengths. The detector measured 

the separated light at each wavelength (Agilent technologies, 2021).  
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Below is an outline of the general procedure used for determinations by ICP-OES in the 

“benchtop” experiments and followed by other experiments (meso-flow columns, materials 

combination experiment and final treatment system experiment) in later stages.  

 

Preparation of samples 

During the experiments, liquid samples were filtered using Whatman 1 filter paper and stored 

in a freezer for analysis. The day before analysis the sample were de-frosted.  

 

Preparation of standard solutions  

Using the commercially prepared standard solutions (single element with 99.9% purity) the 

required standards were prepared using the equation (1) below.  All the standard used for 

ICP analysis were 1000 ppm standard (with 0.5 mol/l nitric acid) except for boron. The boron 

standard used initially was 10,000 ppm standard (containing a few % of ammonium) and later 

1000 ppm boron standards were used.  All the standards used were from the brand Millipore 

(Merck life science UK Ltd). Serial dilution was done to make boron calibrations for Boron 

10000 ppm standard, where boron was diluted to 1000 ppm and then required calibration 

standards were made.  

 

𝐶1𝑉1 = 𝐶2𝑉2      ……………………………………… (1) 

𝐶1 − Intial  Concentration   , 𝑉1 − Intial Volume  ,

𝐶2 − Final concentration ,   𝑉2 − Final Volume   

 

The standards were prepared using the above equation in glass volumetric flasks (acid 

washed) using automatic pipettes and made up to the mark with deionised water. Glass 

volumetric flasks were used for preparing calibration standard and stored in plastic bottles in 

chiller. 

  

Preparation of blank  

Deionised (DI) water was collected into a 100 ml beaker. Blank is only DI water, but wash 

water was DI water with 1-2 % nitric acid  
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Analysis of samples 

The sample, standards and blank were analysed in ICP-OES by setting up the programme. 

Before the analysis, the system was warmed up which took 75 minutes. When the system was 

ready the plasma was initiated, and the peristaltic pump was started to nebulise the wash 

water into the system. Then, the method was set up by selecting the elements of interest, 

specifying the required wavelength, specifying the required calibration, setting up to save the 

data. Initially the blank was analysed, then all the calibration standards were analysed and 

checked whether the minimum correlation is 0.999. Then the samples were analysed one by 

one and finally the data collected.  

 

Setting up the ICP equipment to establish the calibration range  

Preparing a mixed standard of 20 ppm of Mg, Na, Ca and K in one 100 ml volumetric flask. 

Even though many analysts add nitric acid into standards as preservative. Metal spp have low 

solubility at pH 4.5 or more therefore nitric acid is added to ensure solubility and correct 

measurement. In this project nitric acid was not added because the commercially available 

standards came with 0.5 mol/l of nitric acid. It was clarified by the standards that were made 

before the Covid pandemic (December 2019) was used after 15 months (March 2021) for 

calibration. The calibration was linear with 0.999 correlation. 

After performing some analysis, the calibration range was established. During the ICP 

analysis, since the sodium calibration saturated in radial mode, it was changed to axial mode 

to establish the calibration range, for all the further analysis sodium was in axial mode.  

 

Therefore, the following standards were prepared in 25 ml bottle using C1V1 = C2V2. Na, Mg, 

K, and Ca were available in 1000 ppm and B was available in 10,000 ppm. Na, Mg, K, Ca were 

prepared as a mixed standard, but boron standard was prepared separately (Boron standard 

contained few % of ammonium) as shown in appendix 7.  

 

Determination of Limit o detection of the instrument  

The lower, middle and higher concentrations were determined using the expected range for 

each element. The standard (lower, middle and higher concentration) were made using the 
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commercially available standard solutions. Each concentration is analysed 11 times and their 

standard deviation was calculated. Then a graph was drawn standard deviation (Y-axis) 

against concentration (x-axis) for each element. Using the graph, the standard deviation at 

concentration 0 is extrapolated to determine 𝑆𝐷0. That reformat this SD values is multiplied 

by thee to determine the LOD of the equipment for each element are given in Table 118 and 

the Limit of detection of the ICP-OES used are given in Table 132. 

 

3.2.6.3. Measuring pH and conductivity in Grey water and treated water using pH meter, 
conductivity meter  
 
pH was measured potentiometrically in this project using a glass electrode and a combined 

silver/silver chloride reference electrode. (YSI, 2022; Institute of biomedical science, 2021). 

The reason for selecting the potentiometric method was due to reliability, ease of use, 

applicability for any type of aqueous liquid samples and good sensitivity. Three standard 

solutions, pH 4, 7 and 10 solutions (commercially available) were used for calibrating the pH 

meter prior to analysis of the samples.  

 

Conductivity measures the ability of water samples to conduct an electrical current due to 

the presence of dissolved salts and inorganic chemicals (USEPA, 2012).Conductivity and pH 

were in this case measured in the same instrument but with different probes and 

programmes. The brand and model are specified in Table 47. This method is reliable because 

at least two points are calibrated (84 𝜇𝑆/𝑐𝑚 and 1413 𝜇𝑆/𝑐𝑚 using calibration standard) and 

this is repeatable and stable. The ease of operation makes it a widely used parameter in water 

analysis. Commercially available conductivity standards (84 𝜇𝑆/𝑐𝑚 and 1413 𝜇𝑆/𝑐𝑚) from 

Hanna brand, were used in the project.  

 

3.2.6.4. Measuring Turbidity for TSS measurement   
 

Turbidity was used as a surrogate for TSS in the initial stage, as this was the only method 

available at that time. Turbidity was measured using a turbidity meter. In order to prepare 

the calibration standard, Formazine 4000 NTU (Standard solution that was available in the 

lab) was serially diluted to make the 1000 NTU standard. Other standards such as 1, 5, 10, 

20,30,40,50 NTU standards were prepared using the 1000 NTU standard.  DI water was used 



 

 

148 | P a g e  

 

as blank. Initially the cuvette with DI water was placed in the turbidity meter and it was set 

as zero and then a 50 NTU standard solution cuvette was placed in the turbidity meter and 

was set as 50. Then 1 to 40 NTU cuvettes were placed one by one and the reading was 

recorded. After calibration the samples were measured. Water samples (grey water or 

treated water) were not measured due to errors in calibration standards. The calibration 

standards were repeatedly prepared and calibrated but still there were errors in calibration.  

 

3.3 Meso-flow column / Rig experiment 
 
After the bench top experiments, the candidate adsorption materials were further 

experimented on using moderately large (see section 3.33) meso-flow rig columns to remove 

pollutants in a gravity fed flow through system. This was done to scale up the system and also 

to allow the grey water to flow freely (not stirring) as in a real system. To treat these 

pollutants, physical treatments such as filtration and /or adsorption mechanism were used.  

Materials used for the rig experiment were low-cost materials. These materials were 

inexpensive in addition to their abundancy, ease of access, natural existence or result as 

waste products and harmless to the environment, which make them more suitable as 

treatment materials (James et al., 2018).  

Meso-flow columns are used here as experimental systems to showcase the gravity fed 

filtration systems. These systems need energy to bring the water from the source to the 

treatment point and then treat the water using gravity, but the energy demand is moderate. 

 

3.3.1. Synthetic grey water (SGW B) for meso-flow column experiment, Material combination 
experiment and plant trial (series 1) 
 
 

Following comments made by the author’s PRP panel dated 18th January 2019 (Benette, 

2019), the grey water formula used for the meso-flow column experiment was modified. The 

use of lab chemicals, yeast and bleach were eliminated from the grey water formula and only 

the ingredients/ products bought from the supermarket (brand and size of the pack given in 

Table 49) was used in synthesising the grey water. The reason for eliminating such ingredients 

was the suggestion made by the panel that it was important not to additionally add the 
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chemicals that were present already in the commercially bought products (i.e. Shampoo, 

washing power, etc). The yeast was eliminated because it was suggested by the author’s PRP 

panel as stated above. Bleach was eliminated because it cannot be used in LC- MS-MS analysis 

and this may have become important later. 

 

It was felt to be justifiable that Bleach was eliminated because it is found in grey water in very 

low quantities and this amount will be removed before it reached the plants by the chlorine 

demand of the many potential reducing agents (particularly organic compounds) present in 

greywater. All the commercially bought products were the same products used in the 

adsorption grey water synthesis except for shampoo. The shampoo product that was used in 

adsorption experiment was discontinued in the market, so another shampoo was chosen for 

the meso flow column experiment grey water synthesises.  Eliminating boric acid caused an 

issue that is discussed in section 3.5.12. This synthetic grey water will be called as SGWB in 

this project. 

 

The justification for selecting the ingredient is similar as specified in Table 17.  The brand and 

other information of the ingredients used in SGWB are given in table 49.  

 

Table 48: Brand, weight /volume of pack of the ingredients used in synthetic grey water B (SGWB) for adsorption 

experiment 

Ingredient  Brand  Pack size  

Washing powder  Easy non-bio 884g 

Shampoo Lacura classic anti dandruff shampoo 500ml 

Shower gel Aquav V shower gel 300ml 

Hand wash  Certex antibacterial 500ml 

Cooking Oil Sainsbury’s cooking oil 1000ml 

Surface cleaner  Elbow grease 500ml 

Washing up liquid  Magnum premium original 500ml 

 

The weights of the ingredients are given in Table 50 and the synthetic grey water was 

prepared as specified below. For meso-flow columns experiment 12 L batches were prepared. 



 

 

150 | P a g e  

 

Initially, 1L of synthetic grey water was delivered to each rig. In order, to deliver to all 10 rigs, 

10 L and an extra 2 L were synthesized (considering accidental spillage) in each grey water 

delivery. 

 

Table 49: Weight of ingredient for synthesising synthetic grey water (SGW B) 

Ingredients  Mass(g) for 12 L of tap water 

Washing powder  2.300 

Shampoo 9.800 

Shower gel 1.200 

Hand wash  1.400 

Cooking Oil 1.300 

Surface cleaner  0.900 

Washing up liquid  1.200 

 

The above ingredients were weighed and placed in a 1 L beaker and 500 ml water was poured 

and stirred manually (using a spatula) till all the particles dissolved. Then the mix was 

transferred to a 14 L bucket and further 11.5 L of tap water was added to the buckets as 

shown in Figure 7. Synthesised grey water was repeatedly decanted into the buckets to 

facilitate further mixing. Characteristics of synthetic grey water B (SGW B) are given in Table 

51.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Synthetic grey water preparation for rig experiment 
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Table 50: Characteristics of synthetic grey water (SGW B) 

Parameters Range 

Sodium (mg/l) 111.9 – 145.6 

Boron (mg/l) - 

Calcium (mg/l) 36.7 – 53.6 

Magnesium (mg/l) 6.38 – 11.57 

Potassium (mg/l) 3.48 – 8.15 

Phosphorous (mg/l) 0.929 – 1.420 

Conductivity (𝜇𝑆/𝑐𝑚) 605.1 – 834.6 

pH 7.47 – 10.010 

 

3.3.2. Adsorbent/ filtration materials used in meso-flow experiment  
 

Adsorbent materials such as GGBS F, PFA, Hydrated lime, BPD, Tea leaves, BOS F, Calcined 

gypsum, China clay, Zeolite and also six new materials were used in meso-flow column 

experiment. The materials that were introduced in meso-flow columns are given below. 

 

3.3.2.a. GGBS granules (GGBS G) 
 

As specified above in GGBS F material, GGBS G materials are also a waste product from the 

iron and steel making industry. The reason for using the material was same as specified in 

GGBS F (section3.2.2.3. b). GGBS granules were obtained from the supplier Tarmac, and the 

other information obtained from Tarmac is given in Table 52. The materials were 

unmodified/un-ground. GGBS G quickly got wet during the experiment and used only 5ml of 

water for wetting. GGBS G had a bulk density of 1.31 g/𝑐𝑚3. GGBS G were used in the meso-

flow column experiment and the depth was 1.3 cm. The particle size of this material was more 

than 5 mm. The pH and conductivity of the extract of GGBS granules were 6.66 and 385.61 

𝜇𝑆/𝑐𝑚. Main chemical composition of GGBS G were calcium oxide and silicon dioxide as 

shown in Table 53. 
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Table 51: Chemical and physical properties of GGBS G: Tarmac, 2019 

  

Table 52: Concentrated nitric acid extractable (mg/Kg) - GGBS Granules 

 
Na K Mg Ca B P 

GGBS G 1.2 1079.8 203.3 8942.5 6.1 0.0 

 
 

3.3.2.b. BOS Granules 
 
BOS G (100 g) quickly saturated during the water holding capacity experiment and took 42 

seconds with 70ml of water. BOS granules had density of 2.79 g/𝑐𝑚3 and was the highest 

density material from all the materials used in this project.  The depth of BOS G used in meso-

flow column was 0.6 cm and this was the lowest depth used in the meso-flow column. BOS 

granules were less than 10 mm. Extract of BOS G had a strongly alkaline pH and very high 

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 
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electrical conductivity and the conductivity was 62171 𝜇𝑆/𝑐𝑚. Cost of this material cannot 

be found online for cost analysis since BPD is not sold. BOS G contains mainly oxides of 

calcium, iron and silicon as shown in Table 54. Nitric acid extract of BOS G had excessively 

high amount of calcium, very high amount of magnesium and high amount of phosphorous 

concentration as shown in Table 55. 

 

Table 53: Chemical composition in BOS G 

Material BOS G (% wt) 

Silicon dioxide  9.8% 

Titanium Oxide  0.84% 

Aluminium oxide  2.30% 

Manganese oxide  2.80% 

Iron oxide 26.00% 

Magnesium oxide 3.40% 

Calcium oxide  43.00% 

Sodium oxide 0.02% 

Potassium oxide 0.02 % 

Lead Oxide  0.93% 

Sulphur trioxide 0.23% 

 

Table 54: Concentrated nitric acid extractable (mg/Kg) – BOS G 

 
Na K Mg Ca B P 

BOS G 29.1 0.0 17691.6 145972.5 0.0 3096.3 

 

3.3.2.c. Glass waste  
 

Glass waste can end up as a waste product from glass manufacturing industry, demolition 

industry, beverage industries and from recycling plants. Rashed et al., (2018) studied the 

removal efficiencies of glass waste as specified in section 2.4. The material obtained for the 

project was from B&Q, UK (brand: Diall). The glass waste pieces obtained were from different 

glass items. During the water holding capacity experiment some materials mixed with water, 

and some did not mix, and it took 35 seconds with 60ml of water for partial saturation.  The 
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density was 1.47 g/𝑐𝑚3 for glass was and this was the third densest material used in this 

project. The depth of glass waste used in the rig experiment was 1.2 cm. The particle size of 

this material was less than 2 mm. Extract of glass waste had alkaline pH of 9.11 and had higher 

conductivity than grey water, 935.81 𝜇𝑆/𝑐𝑚. Very high amount of calcium, high amount of 

sodium and potassium and significant amount of magnesium was found in nitric acid 

extractable of glass waste as shown in Table 56. 

 

Table 55: Concentrated nitric acid extractable (mg/Kg) – Glass waste 

(mg/l) Na K Mg Ca B P 

Glass waste   1206.3 981.6 199.7 4617.9 0.0 25.4 

 

3.3.2.d. Bark 
 

Bark is a natural material from trees and can end up as a waste product from the timber 

industry. Bark did not mix with water, the bark and water stayed as separate layers. The 

density of the bark used was 0.44 g/𝑐𝑚3. The depth of the bark used in meso-flow column 

was 3.9cm and this is the highest material layer depth used in the meso-flow column 

experiment out of the 16 materials. The bark pieces used in this project were more than 5mm. 

The pH and conductivity of bark extract were 6.09 and 320.91 𝜇𝑆/𝑐𝑚. Nitric acid extractable 

of bark had high amount of calcium and potassium and significant amount of magnesium and 

phosphorous as shown in Table 57. 

 

Table 56: Concentrated nitric acid extractable (mg/Kg) - Bark 

 
Na K Mg Ca B P 

Bark 0.0 1680.3 309.8 2990.0 3.1 345.3 

 

3.3.2.e. Biochar 
 

Biochar is waste product of forestry and agricultural waste that are produced by burning 

those waste products with very little oxygen. The biochar used in the project was made at 

450 °𝐶 pyrolysis, from Beech and Oak. The material was obtained from Oxford biochar, UK. 

Biochar quickly saturated with 150 ml of water in 44 seconds during the saturation 
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experiment. The density of this materials was 0.53 g/𝑐𝑚3. Biochar used in rig experiments 

had a depth of 3.2 cm. Particles of biochar were more than 5mm. Extract of biochar used in 

this project has a pH 6.63 and conductivity of 345.4 1 𝜇𝑆/𝑐𝑚. Chemical composition and other 

information are given in Table 58. Nitric acid extractable of biochar had very high amount of 

calcium, high amount of magnesium and potassium and significant amount of phosphorous 

and sodium as shown in Table 59. 

 
Table 57: Chemical compound and other properties of biochar – Nrm laboratories, 2015 

Material Biochar  

Total nitrogen  0.41(% w/w) 

Total Carbon 69.1(% w/w) 

Nitrates  <10 mg/kg 

Ammonium <10 mg/kg 

Total Phosphorous  559 mg/kg 

Total potassium 1766 mg/kg 

Total Magnesium 399 mg/kg 

Total Copper 7.65 mg/kg 

Total zinc 35.3 mg/kg 

Total sulphur  179 mg/kg 

Total Calcium  9165 mg/kg 

Total Manganese 455 mg/kg 

Total lead  7.9 mg/kg 

Total sodium 261 mg/kg 

Organic matter LOI  91.3 % w/w 

Calcium carbonate  4.1 % w/w 

 

Table 58: Concentrated nitric acid extractable (mg/Kg) - Biochar  

 
Na K Mg Ca B P 

Biochar 210.5 2116.1 1174.6 16398.8 2.6 452.5 
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3.3.2.f. Lytag  
 
Lytag is produced by sintering pulverised fuel ash in a rotary kiln at very high temperature. 

It’s a material used in construction industry for cement. The material was purchased from 

specialist aggregate situated at Rugerley, UK.  and the cost was £99.60 per 192 Kg. Lytag got 

wet as soon after the water was poured, and 15 ml was sufficient during the saturation 

experiment. The bulk density of lytag was 0.62 g/𝑐𝑚3. Lytag was also introduced in the meso-

flow column experiment and depth of material was 2.7 cm. The lytag used had a particle size 

more than 5mm. The pH and electrical conductivity of lytag extract was 10.11 and 127.1 

𝜇𝑆/𝑐𝑚. Main composition of lytag are silicon dioxide and aluminium oxide as shown in Table 

60. Nitric extract of lytag had high amount of calcium and significant amount of potassium 

and magnesium as shown in Table 61. 

 

 Table 59: Chemical compounds in Lytag - Specialist aggregate, no date 

 
Table 60: Concentrated nitric acid extractable (mg/Kg) – Lytag 

 
Na K Mg Ca B P 

Lytag 0.0 847.5 108.2 2173.9 2.3 2.5 

 

 

 

This item has been removed due to 3rd Party Copyright. The 
unabridged version of the thesis can be found in the Lanchester 

Library, Coventry University. 
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3.3.3. Preparation of Meso-flow Column / Rigs for experiment 
 

The meso-flow columns were based on test rigs originally constructed by Brownstein (1998) 

in his project on pervious pavements and oil biodegradation. They were originally used in an 

entirely different mode (looking at effect of temperature on oil biodegradation) and have 

been extensively used by other workers researching pervious pavements. They had not, 

however, been used as the basis for experiments on grey water (or indeed any other effluent) 

treatment and had to be modified somewhat to facilitate there use here. One of the main 

advantages were that they were very sturdy and provide with a suitably strong steel stand. 

 

To carry out the experiments, the rig columns were prepared as shown below.  Figure 8 shows 

the large-scale cuboidal rigs (10 rigs) with glass covering the metal skeleton, their dimensions 

are 210 mm length and 210 mm breadth and 1000 mm height, and each rig / column is being 

fastened to the metal stand. Each rig was provided with a stainless-steel grid.  

 

1. Rigs were washed with water to reduce the background contamination as much as 

possible and, metal grid (was made from stainless steel with length 200 mm, width 200 

mm, thickness 4 mm  distance centre to centre 20 mm) was placed at the bottom of each 

rig, to prevent materials falling into the sample collection bucket or to prevent the funnel 

from blockage. 

 

 

Figure 8: Nature and scale of meso-flow columns /rigs 
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The bottom part of the rigs (all 10 rigs) were lined with geotextile (measured, cut and the 

corners of the geotextile were fastened using staples as shown in Figure 9) in order to prevent 

the gravel pieces in order to prevent gravel pieces falling through the grid into the collection 

bucket or blocking the funnel. This geotextile is named henceforth as the ‘lower geotextile’. 

 

 

Figure 9: Cutting and making of bottom geo textile layer 

 

2. The lower geotextiles were then glued to the rigs (all ten rigs) using sealant (Diall 

translucent silicone-based general-purpose sealant, 310 ml from B&Q). 

 

3.  3 kg of 20 mm gravel were placed on the lower geotextiles followed by 3 kg of smaller 

gravel (10 mm gravel) as shown in Figure 10.  

 

Figure 10: Filling big gravel (10mm) and small gravel (20mm) into the geotextile pan 

 

4.  Another set of geotextile lining (henceforth referred to as ‘upper geotextile’) were made 

by measuring, cutting and stitching the corners (for all 10 rigs). The upper geotextile from 
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one of the rigs is shown in Figure 11. They were used to hold the adsorbent material 

separated from the lower gravel layers, to prevent adsorbent materials draining out with 

the water flow. A plastic foam former was used to maintain the shape of the textile 

‘’trays’’ as they were inserted into the rigs as shown in Figure 11. 

 

 

Figure 11: Making of the Top geotextile 

 

5. In order to determine the level to fill up the small gravel, and also to determine the 

distance to place the upper geotextiles above the small gravel, the following steps were 

performed. The brim / upper edges of the lower geotextiles were marked and measured 

in all the rigs. Using the measurements, the least depth was determined. It was considered 

as point 1, 2 cm below from point 1 was marked as Point 2, then Point 2 was measured 

from the lower end of the rig. Point 2 were marked in all the rigs (14.4 cm from the bottom 

of each rig) and a line was drawn at that level as shown in Figure 12.  
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   Figure 12: Determining the lowest part of the bottom geo textile 

 

6. The upper geotextile box was filled with small gravel up to the point 2-line mark and 

levelled up using foam as shown in Figure 13.  

 

 

Figure 13: Filling the gravel up to point 2 

 

 

7. The weights of the adsorbent materials were determined. The weight determined was the 

mass required, to cover the bottom of the geotextile to a reasonable depth (the target 

depth was set at 9.8 mm). To fulfill the above requirement, 750 g of each material was 

found to be adequate. Therefore, 750 g of respective material for each rig was weighed 

in the upper geotextile as shown in Figure 14 (each materials/ adsorbent had 3 replicates). 
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Small gravel was weighed in the upper geotextile box and placed in the last rig and this rig 

was used as the control. 

 

 

Figure 14: Determining the mass of adsorbent needed for the experiment 

 

8.  The upper geotextiles were placed on top of the levelled gravel (small gravel) in the rigs. 

The adsorbent materials, on the top geotextile were levelled in all the rigs as shown in 

Figure 15. Flow chart for meso-flow column are shown in Figure 16. 

 

 

Figure 15: Placing the adsorbent filled geotextile in the rigs and levelling the adsorbents 
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Figure 16: Flow chart for meso-flow column / rig preparation 

 

3.3.4. Determining grey water delivery for rig experiment 
 
To deliver the grey water through the rigs, initially it was thought, to create a hydraulic head. 

To determine the head, the first rig and tap water were used. In the rig, 1 cm interval marks 

were drawn from the top of the material level. Next, water was poured up to 1 cm. But there 

was no flow of water in the rig. Therefore, water was topped up to 2 cm and then there was 

flow of water down the rig. Thereafter, even at 1 cm top up, the water was flowing. But it 

washed the materials away, as shown in Figure 17. Thus, this delivery method was not 

successful because due to the flow rate the water was added and the fact that the material it 

mixed with was a very fine powder. However, to control the materials draining from the rig, 

it was thought to reduce the pressure applied on the materials. In order to do this, different 

ideas were explored. One of which was, delivering grey water with spray bottles. To do this, 

spray bottles were experimented with and calibrated as shown in section 3.3.5. This approach 

was taken to determine the breakthrough head, which is the head required to overcome the 

initial frictional forces operated in the rig before saturated flow was properly established. 

However, the experiment showed that if this approach was taken, the resulting flow rates 

were sufficient to disrupt the structure. 

Cleaning the rigs and placing the 
metal grids  

Bottom geotextiles were made and 
placed above the grids 

The corner of the geotextiles were 
glued to the rig walls and top corners 
were sealed with sealant  

 

3Kg of 20mm gravel were placed on 
the geo textile  

 

3Kg of 10mm gravel were placed 
above the 20mm layer and levelled  

 

Top geotextiles were made  

The level to position the top geo 
textiles were determined  

Materials weight were determined  Materials were weighed in the top 
geo textile boxes 

Materials together with the top geo 
textile boxes were placed in all the rigs  

Materials were levelled  



 

 

163 | P a g e  

 

The second scenario was to place a layer of 10 mm gravel (1000 𝑐𝑚3volume) above the 

materials in the rigs as shown in Figure 18. Then, spraying the grey water onto the 10 mm 

gravel, to reduce the pressure applied on materials and, to prevent the materials draining 

away with filtered water.  

 

Limitations of this method are  

- The meso-flow columns did not have a very accurate flow simulation, but it was 

acceptable as it was carefully measured. 

- In adsorption columns, temperature and speed of flow can be varied but in meso-flow 

column cannot be varied. 

 

 

 

 
Figure 17: Material washed away from geo textile 
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Figure 18: Placing a layer of 10mm gravel 

 

3.3.5. Spray bottle experiment for grey water delivery 
 
In order to determine the grey water delivery to the rigs, a simple, hand pumped 1 L spray 

bottle was used, to study the suitability.  

   

More experiments were carried out, using the spray bottle (trial and error experiment). 

Detailed experiments are showed in the appendix (see Table 101 to Table 107). 

 

Trial experiments were carried out, using diffuse spray mode in the bottle, and also using one 

of the rigs. During the experiment, the water sprays were spreading to the rig wall as well.  

 

Further experiments were carried out, to determine whether the continuous flow or sprays 

were suitable. Further spray bottle experiments were carried out and detailed in the 

Appendix (see Table 101 to Table 107 in Appendix). 

 

After the calibration, it was determined that, 70 – 90 pumps were enough to produce 200 ml 

of water, from the rig top level as detailed in Table 107.  To maintain the pressure in each 

greywater delivery, the spray bottle was filled up to the 1 L mark. It was sprayed until it 

reduced to the 800 ml mark (i.e. 200 ml delivery) each time. 5 sets of 70 - 90 sprays were 

sprayed to each rig to deliver 1 L grey water. This was done to standardise and to be more 

accurate in delivering 200 ml each time, (and not only to rely on volumetric measurement of 
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first material was weighed and placed, then the second material was placed on the upper 

geotextile if they were in layers. If the material combination was mixed, both the materials 

were weighed and mixed together and then placed on the funnel shaped geotextile. A layer 

of gravel was placed on top of the second material. Material 1 and Materials 2 were equal 

weights and they were 18.750 g. Each combination had three replicates.  

 

Grey water delivery: Three holes were made in a plastic cup and the cup was clamped in a 

stand. The bottle with material 1 and 2 were placed below the cup (the distance between the 

bottom of the cup and top of the gravel layer was 10 cm this distance was less to reduce the 

flow rate of the grey water on to the treatment layers. 

Grey water was synthesised and 200 ml (4 batches: 50 ml each time) of grey water was 

delivered to each treatment bottle.   

 

The combination tested were BPD + Bark (layers), BPD + Zeolite (layers), BPD + Zeolite 

(mixed), BPD+ Lime (layers), BPD+ china clay (layers) + GGBS G  Tyre G (layers), Zeolite + 

Lime(layers), Lime + Tea leaves (layer), Lime + Tea leaves (mixed) They were analysed using 

ICP-OES and the best effective combination was selected based on removal of sodium as 

discussed in section 5.3.  

 

3.3.8. Analytical methods used in meso-flow adsorption column experiments or material 
combination experiment  
 

3.3.8.1. ICP analysis of water samples in meso-flow column adsorption experiment 
 

ICP analysis were carried out as specified in 3.2.6.2 for the water samples (synthetic grey 

water and treated water) in the meso-flow column adsorption experiment. 

 

3.3.8.2. Measuring pH and conductivity in Grey water and treated water using pH meter, 
conductivity meter: meso-flow adsorption column 
 

pH and conductivity of the samples were measured as specified in section 3.2.6.3. 
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3.3.8.3. Gravimetric analysis for TSS measurement: meso-flow adsorption column 
 

A gravimetric / filtration method was used to measure the TSS in samples in the meso-flow 

column experiments. This was used to determine whether the meso-flow column set up could 

remove the TSS from grey water. But the TSS results obtained from the experiment showed 

that TSS concentration is more in treated samples than synthetic grey water samples because 

of the materials draining through the geotextiles in the meso-flow column. The results didn’t 

show any significant difference between the powdered material and granular material. 

During the TSS determination, two filter papers were used for each sample (to prevent tearing 

of filter paper during filtration). Initially, the filter papers were labelled, and were placed in 

an oven at 70 ℃ for 5 minutes. Then their initial weight was weighed using a weighing balance 

and recorded. Then, they were placed in the Buchner funnels (10 cm diameter with 1.5 mm 

ceramic funnel) and each sample was poured through the specifically labelled filter paper.  

Samples were drawn through the filters under vacuum. The filter papers were dried in the 

oven at 70℃ for 30 minutes. They were weighed and the difference in initial and final weight 

were used for TSS calculation. This was the only method available during the meso-flow 

column experiment stage. 

 

3.3.8.4. Measuring nitrates using Foss Fiastar 5000 nitrate analyser: meso-flow adsorption 
column 
 

During meso-flow column experiment a Foss Fiastar 5000 nitrate analyser (Foss analytical, 

2003) became available to analyse nitrates. When analysed on the Fiastar 5000 analyser the 

method determines the sum of nitrate and nitrite (Foss analytical, 2003). Nitrate in the 

sample is reduced to Nitrite in a cadmium reducing column. When acidic Sulphanilamide 

solution is added, Nitrite initially present and Nitrite formed from reduction of Nitrate is 

formed into a diazo compound. This compound is coupled with N-(1-naphtyl)-Ethylene 

Diamine Dihydrochloride (NED) to form a purple azo dye. This azo dye is measured at 540 nm 

wavelength. This analyser uses an autosampler and an automated, flow injection method, to 

process the calibration standard and samples. This method was selected because this was the 

only method available at CAWR during the period of the meso-flow column experiment and 

the Hach-Lange system was no longer available. The method was more complex than the 
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Hach-Lange spectrophotometry method because it involves manually setting up the 

calibration, preparation of reagents, the sample processing in the auto sampler was also time 

consuming. The analysis was carried out as specified in AN5201, FOSS analytical AB 2003. The 

accuracy and reliability of results from the Fiastar analyser was found to be less than ideal 

because during the meso-flow column experiments from five batches of material with 3 

deliveries, Nitrate concentration was detected only in the grey water in the last two batches 

and even though the grey water recipe was same for all five batches. 

 

These unreliable results were possibly due to the reaction of dissolved oxygen in the samples 

with the cadmium column, producing unexpected pH changes because of hydroxide 

generation. This problem was found out through a paper by Gal et al. (2004) in the later stage 

of the work after lab access had been curtailed due to the Covid pandemic. Further tests were 

planned using ion chromatography that became available just before the start of the Covid 

pandemic. But due to the pandemic and lock downs this was not able to be carried out.  

 

 

3.4. Plants Growth Trials – Series 1   
 

This section describes the author’s first attempt to consider grey water as an agriculture/ 

horticultural resource.  

 

This plant trial experiment was carried out using grey water and roof harvested water and 

compared with tap water. The roof water was harvested from the blue-green roof that had 

been created at Ryton for a Knowledge Transfer Partnership project (Trenchard et al., 2019) 

and discussed in section 3.4.1.1. Furthermore, the plant growth experiment was carried out 

to study the effectiveness of different water sources specially the treated water produced 

from the final treatment system in irrigation of plant growth and the chemical accumulation 

in plants as well as the impact on soil. 

 

This plant trial was initially carried out mainly for the purposes of methodological 

development for the final plant experiment series (section 3.6).  These experiments were also 

used for the author to become familiarized with plant trial techniques whilst collecting 

baseline data and also gaining an understanding on effects of synthetic grey water on plants. 



 

 

170 | P a g e  

 

This was a comparison study of plant growth (using growth parameters) and metal uptake 

(chemical analysis) using a selection of irrigation water including synthetic grey water and 

harvested water from the blue-green roof. The growth parameters were recorded to study 

whether the grey water and roof harvested water irrigated plants show better growth than 

tap water irrigated plants.  The chemical analysis was done in order to study effects of the 

chemical’s accumulation on plants, that could be harmful for human consumption and to 

study the effects or benefits of chemical on soil properties. Tap water was used as a control.  

In order to perform this experiment, two types of plants were selected, tomato and rye grass, 

to represent agriculture and landscaping irrigation respectively. Nnadi had successfully used 

tomatoes and rye grass as model subjects for plant growth irrigated using rainwater and 

pavement filtered water, using similar facilities to those available to the author (Nnadi, 2009). 

Organic seeds were used in this experiment because there was a need to respect the organic 

status of Ryton. This was the only choice as no other growth areas were provided by the 

university. Soil was used as growing medium for the plant growth and the details of the soil 

are given in section 3.4.1.2. 

 

Tomato plants: The selected tomato plant seeds were the organic black cherry tomato 

(Solanum Lycopersicum) from Garden organic, UK. They were reported to produce numerous 

amounts of dark purple fruits, each weigh approximately 25 g (Tamar Organics, 2018). Blight 

tolerance was an important characteristic, important as this fungal disease could rapidly 

spread in the leaves and fruit of tomatoes, eventually making the plant collapse and decay 

(The Royal Horticulture society, 2021).  This could lead to an early termination of the plant 

experiment and would affect the growth parameters, which were important for the 

experiment. There were tomato varieties in the market that had much better blight tolerance 

than the black cherry tomato variety. However, those tomato varies were not organic 

therefore they were not selected. For example, crimson crush can resist blight, but organic 

seeds of this type were not available (Sutton, 2022). Compared with other tomato plants, 

cherry varieties were less likely to develop blight, as they ripen early and are harvested before 

the blight hits (BBC gardener’s world magazine, 2021). 

 
Rye grass: The rye grass selected was the organic Lollium multiflorum from Tarmar Organics, 

UK.  
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3.4.1. Water sources and substrate used for plant experiment  
 

3.4.1.1. Roof harvested water  
 

The roof harvested ware was from the roof that was used in KTP project in partnership with 

SEL Environmental Limited on construction of biodiverse green roofs, running between 2017 

and 2019. Roof water was collected from two rainwater butts on the day of watering and 

transported to greenhouse using water buckets. After the irrigation, the excess water was 

stored in a 5 L water butt in the green house. The roof water characteristics are given in Table 

63. The roof collected from both the water butt had similar range for all the elements except 

for potassium. Where the average concentration of potassium in water butt A was 164.0 mg/l 

(SD = 0.66) and rainwater butt B was 55.76 mg/l (SD=0.32). The potassium in the roof 

harvested water were from the growing medium (soil) in the roof. Where the potassium had 

leached from the soil because the soil had more than 245 mg/l of potassium in its chemical 

composition. The management of water on Blue Green roofs is similar to the management of 

water butts and other stored water systems but more complex. Whilst it is important that 

space is maintained in the primary storage volume to prevent runoff during storm events the 

blue green roof also tries to maintain sufficient water in the sub surface layer to allow its 

capillary water recycling system to operate in low rainfall periods. Excess of blue green roof 

water can be utilized for irrigation, that makes a complete use of nutrients. A cross section of 

blue green roof is shown in Figure 20. 

 
Table 62: Concentrations off elements in Roof water 

Sample Parameter Average 
Concentration 

Standard 
deviation 

Rainwater butt A (roof without 
the container)  

Na 39.324 0.76 

Mg 9.260 0.18 

B 0.056 0.0002 

P 1.565 0.03 

K 164.002 0.66 
Ca 52.366 0.23 

 
 
Rainwater butt B (roof above 
container) 

Na 44.093 0.88 
Mg 12.526 0.001 

B 0.060 0.005 

P 1.335 0.03 

K 55.761 0.32 

Ca 66.286 0.33 
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Figure 20: Cross- section of blue green roof 

 
 

3.4.1.2. Growing medium  
 
Growing medium for the plants was the soil obtained from Boughton. This was the same 

growing medium that was used in the green roofs, where the roof harvested water was used 

in plant trial series – 1 (section). It was made up of stones, coarse gravel, fine gravel, coarse 

sand, fine sand, silt and clay with 3.7 % organic matter. The particle sizes were ranging from 

<0.002m to > 8mm with the particle density of 2.18 g/𝑐𝑚 3. The bulk density of the soil at 

field capacity was 1.64g/𝑐𝑚 3 with total porosity of 48.9 %. The pH of the soil extract was 

slightly alkaline, 8 and with high electrical conductivity (31001 𝜇𝑆/𝑐𝑚). The leachates from 

the soil were nitrogen, phosphates and potassium at 7.2 mg/l, >165 mg/l, >241 mg/l 

respectively. These data were from the supplier (Boughton, no date). 

 

3.4.2. Tomatoes experiment  
 

A total of 18 plastic pots (bottom diameter: 19 cm, Top diameter: 25.6 cm and Height: 22.7 

cm) were filled up to ¾ depth with soil. Saucers were provided to reduce / control water loss 

from soil and also to minimise losing the nutrients or chemicals of interest. To prevent water 

escaping, volume of water irrigated was only to the brim of the pot saucer, controlling the 
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overflow much as possible and by just allowing capillarity to take water back into the pot. 

After irrigation, the excess water was stored in the pot saucer and when the needed water 

was taken into the pot by capillarity. The pots were arranged in a randomised design (from 

Nnadi, 2009) as shown in Figure 21. The pots were housed in the green house (Green house 

at Ryton is built with metal frames and glass. The heating system is set at 16 – 20 ℃ during 

the day and 10 – 18 ℃  during the night). This is achieved automatically by hot water and top-

level ventilation. In each pot, 2 or 3 seeds were sown. Six pots were assigned for each water 

source (6 for grey water, 6 for rainwater and 6 for tap water). During each irrigation schedule, 

it was watered until the water holding capacity of the soil (using a sprinkle rose water can) 

was just exceeded (As indicated by wetness of the topsoil in the pots and till the brim of the 

pot saucer completely full). 

 

Irrigation was scheduled depending on the interior weather conditions. Initially it was 

thought, there would be a need to water the plants three times a week because it was 

summer. Therefore, plants were watered three times a week for the first two weeks. 

Afterwards, pots were watered two times a week, but the volume of water used per pot was 

according to the judgement made on the watering day (in all cases the same volume of water 

(grey water, roof water or control) was applied to all pots). The judgement was dependent on 

wetness of topsoil in the pots and the water availability/dryness in the pot saucers. 

Temperature was not used as the basis of the judgement, because temperatures were 

recorded only during times working in the green house. This was because the maximum 

temperature recorded during the whole experiment period 14th May to 17th September 2019 

was 29 ℃ and the minimum was 18 ℃ (Average temperature – 21.8℃, SD – 2.25) , the 

temperature range would be more than this, since it was recorded during working hours in 

the green house. During rainy weeks, due to humidity, the topsoil was wet in the pots and the 

pot saucer had water available almost near the brim, where only 600ml of water was 

irrigated. During dry and sunny days (where the temperature was more than 20 ℃, 700 - 800 

ml of water was irrigated because the topsoil was very dry and water availability on pot 

saucers were low or completely evaporated and dry. 
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TT1 TR1 TG1 

TR2 TG2 TT2 

TG3 TT3 TR3 

TT4 TR4 TG4 

TR5 TG5 TT5 

TG6 TT6 TR6 

 

Figure 21: Random design of tomatoes before transplantation an image of tomato experiment  

 

Each pot was identified using a unique 3 letter notation. The first letter indicates the plant 

type, whether it’s a tomato (T) or rye grass plant (see section rye grass experiment). The 

second letter notes the type of water source (Grey water (G) or Tap water (T) or Roof 

harvested Water) and the third letter indicated the row number (1st to 6th Row). 

 

The seeds were planted on 14th of May 2019. Germination was checked each day and the first 

tomato seedlings were observed on 22nd of May 2019 (8th day since sowing) with 55.6% 

germination. The maximum germination was achieved on 23rd of May (9th day since sowing) 

and was 72.2 %. Thereafter, there was no further germination observed. In Brown et al., 

(2017) experiment, 91% of conventional and 74% of the organic seeds germinated when fresh 

tomato seeds were used within the first 7 days. In the same experiment, 35% of conventional 

and 63% of organic seeds germinated when commercially dried seeds were used within the 

first 7 days from sowing. 
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After a month, the tomato plants were transplanted. Each pot having only one plant per pot. 

The tomato plants, that were at or closest to the middle of the pot were kept in-situ. The 

plants on either side were transplanted to new pots.  

 

The name / notation (3 letters) of each pot was written in a straight line to the plant in the 

middle and to be facing the observer (that was the reference point for the observer). The one 

on the left to the name is the left side plant and the one on the right to the name was the 

right-side plant. The plants in the middle, were given with name ‘a’, plants on the right side 

were given ‘b’ and the plants that were on left side were given as ‘c’.  If the middle plants had 

not germinated, then the right-side plants were given as ‘a’ and the plants on left side were 

given ‘b’.  

 

Growth was measured using the height of the plants using a ruler and monitored for any 

changes using observation, at the start and at the end of each week. The date of the 1st bud, 

date of 1st flower, date of 1st fruit, date of colour change or ripening of fruit were recorded 

with observations being made daily. The number of flowers, total number of flowers, number 

of fruits each observation, total number of fruits, difference in flowering and fruiting numbers 

were recorded. The plants were supported with bamboo canes, when they were judged to 

need support.  

 

An image of the growing tomato plants is provided in Figure 21. Tomato plants were grown 

until the fruits ripened and, when some of the fruits started to burst and fall. All visible fruits 

had not fully ripened by that time. All the tomato plant stems, leaves and fruits were 

harvested on 16th of September 2019 and were placed on aluminum foil trays or containers 

(some fruits were harvested before because they fell off) and tomato roots were harvested, 

with soil samples collected on 17th September 2019. Soil samples were also placed in 

aluminum foil trays for further measurements. 

 

The wet weights of the tomato plant parts were recorded soon after the harvest. Next, the 

plant parts in the aluminium foil trays were placed in an oven at 70℃, till there was no more 

weight change. One day of oven drying was sufficient and there was no further weight change. 
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The dry weight was recorded, and their mean weight is shown in Table 80 in results section 

4.3.2.2. 

 

3.4.3. Rye grass experiment  
 

For the rye grass experiment, a total of 18 plastic pots (bottom diameter: 19 cm, Top 

diameter: 25.6 cm and Height: 22.7 cm) were filled up to ¾th with soil. Saucers were provided 

to reduce water loss from soil, also to prevent losing the nutrients or chemicals of interest. 

After irrigation, the excess water was stored in the pot saucer and when needed, water was 

taken into the pot by capillarity. The pots were arranged in a random design similar to the 

tomato plant experiment (see Figure 22). The pots were placed in the green house near to 

the tomato plant pots.  In each pot 2 g of rye grass seeds were sowed. Six pots were assigned 

for each water source (6 for grey water, 6 for rainwater and 6 for tap water). Watering was 

scheduled identically to the tomato plant irrigation schedule. Plant heights were recorded on 

the start and the end of each week. Since it was not viable to measure the heights of all the 

grass plants in each pot, only five grass shoots in each pot was selected for height 

measurements. The first plant was the one with the highest height in the pot, the second one 

with the lowest height in the pot and the heights of last three plants were in the middle range 

(they had height between the highest and the lowest, (any three plants that were in the 

middle heights)). This showed the range of growth or height in each pot. 

 

Rye grasses, as shown in Figure 22, were harvested on the dates/days shown in Table 64. The 

harvest dates were determined when most of the pots recorded heights more than 30 cm. All 

the grass plants were harvested 3 cm above the soil surface and were placed in paper bags 

for further measurements. 
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RT1 RR1 RG1 

RR2 RG2 RT2 

RG3 RT3 RR3 

RT4 RR4 RG4 

RR5 RG5 RT5 

RG6 RT6 RR6 

  

Figure 22: Random design of rye grass and image of ryegrass experiment 

 

Please refer about the explanation on these notations on tomato plant experiment section. 
 
Table 63: Rye grass harvested dates or number of days from sowing 

 Date  Number of days from 

sowing 

Number of days 

from previous 

harvest 

1st Harvest  14th June 2019 31 days  - 

2nd Harvest 09th July 2019 56days  25days 

3rd Harvest 30th July 2019 77 days  21 days 

4th Harvest 03rd September 2019 112 days 35 days 

5th Harvest / Final 

harvest 

19th September 2019  131 days 19 days  
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Fresh weights and dry weights were recorded for the shoots in the first four harvests. In the 

final harvest, the wet weight and dry weight of shoots and roots were recorded. Percentage 

of germinations were estimated for the first two weeks. There were not many differences in 

germination between each water source irrigated seedlings. But there were approximately 7 

– 10% increase in germinations in the second week compared with the 1st week. 

 
The wet weights of the rye grass parts were recorded soon after harvest and the rye grass 

that were in paper bags were placed in an oven at 70 ℃ till there was no more weight change. 

It had one day drying period for each harvest. Then the dry weight was recorded.  

 
3.4.4. Analytical methods used in plant trial (series -1) 
 

3.4.4.1. Acid digestion of plant samples and soil samples (solid samples): Plants Growth Trials 
– Series 1   

 
More information on microwave digestion are given in this section. After the dry weights were 

recorded, each part of tomato and rye grass plants were grounded (they were grounded using 

a ball mill for the first 4 rye grass harvests and all the plant parts were grounded using coffee 

grinder in the final harvest. This was due to health issues of the author, lid of the ball mill was 

heavy to be carried and during that period the author could not be in university. Therefore, 

the plant parts were grounded from home using coffee grinder) into powder, bottled, labeled 

and stored (at room temperature) for analysis. Each batch was able to digest 15 samples. 

Therefore, 14 samples and one blank were digested in each batch as specified in this section. 

The plant tissues were analyzed for sodium, potassium, magnesium, calcium, phosphorous 

and Boron in ICP – OES (section 3.2.6.2) and the results are given in section 4.3.4. 

 

To study the concentration of metal in pre-planted soil, and soils irrigated with three different 

type of water, acid digestion of soil and ICP –OES analysis was done as specified in section 

below. Fresh soil samples were mixed, bagged and stored before the start of experiment. 

After harvesting the plants, the soil sample used in this experiment were mixed thoroughly in 

each pot, bagged and stored for analysis. All the soil samples were oven dried at 70℃. As 

mentioned above, 14 samples and 1 blank were digested in each batch and three replicates 
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were used for each soil samples. The soil samples were also analysed for sodium, potassium, 

magnesium, calcium, phosphorous and boron by ICP – OES (section 3.2.6.2). 

A high-performance microwave digestor (Milestone Ethos model) was used to digest solid 

samples such as the materials used in this project including plant and soil samples. Microwave 

digestion allows the dissolution of elements from the solid samples in the presence of acid in 

high temperatures in a closed vessel. At the same time, organic matter is destroyed. It should 

be noted that for samples containing silicates (e.g. soils) a “total” dissolution is not achieved 

but the rigorous conditions are believed to extract into solution most of the metals of interest 

and certainly any material not extracted would not be available to plants. 

In the Milestone Ethos microwave, 15 samples can be digested in any one time.  For the 

microwave digestion, each sample was weighed in a specific amount in the vessel, with the 

correct volume of acid or acids discharged into the vessel. The vessel is secured in a 

microwave cage and placed in the microwave. The microwave programme is selected 

according to the material digested (Programme used for plant samples are different from 

programme used for soil samples). The reason for selecting this equipment for digestion was 

due to the availability, ease of use, safety and because different type of solids could be 

digested. The restricting factor is the time taken for cooling down, which could be 1.5 hours 

to 2 hours, but the sample digestion would be only 20-35 minutes.  

Microwave digestion of soil samples and adsorbent materials (rock type materials) were 

performed using the following method specified by EPA Method 3051A, acid digestion of 

sediments, sludge and soils (EPA 2007). 0.5g of sample (adsorbent materials/soil samples) 

was weighed in Teflon digestion tube/ vessel. Each sample had three replicates. In each 

digestion batch 15 samples can be digested (14 samples and 1 blank). After the sample was 

weighed, 10ml of 70% analytical grade Nitric acid was pipetted into each Teflon tube and the 

Teflon lid was placed above the tube. Each tube was placed in a dedicated digestion cage 

(tubes were given a dedicated number in order to identify each sample) and tightened. The 

program was started; the program EPA 3051 was used for this digestion. All 15 tube cages 

were placed in the acid digestor. Cage 1 had a special feature to measure the temperature 

where a temperature probe was attached to the digestor and placed in Cage 1. After the 

digestion, the tubes were allowed to cool till they reached the room temperature. All the 
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cages were removed from the digestor and unscrewed. The solution in each of the Teflon 

tubes were filtered (filter paper) into a 50ml volumetric flask. The volumetric flask was filled 

up to the mark, closed and shaken. Each sample was poured into labeled sample bottles. 

 

Microwave digestion of plant samples and adsorbent materials (plant-based materials) were 

performed using the following method specified in European commission joint research 

centre (European commission 2011). 0.5g of sample (plant sample /material sample) was 

weighed into Teflon digestion tube/ vessel. Each sample had three replicates. In each 

digestion batch 15 samples can be digested (14 samples and 1 blank). After the sample was 

weighed, 8ml of 70% analytical grade Nitric acid and 2ml of hydrogen peroxide were pipetted 

into each Teflon tube and the Teflon lid was placed above the tube. Each tube was placed in 

a dedicated digestion cage (tubes were given a dedicated number in order to identify each 

sample) and tightened. The sample preparation was done in a fume cupboard. The program 

was started; the program plant tissue digestion was used for the digestion. All 15 tube cages 

were placed in the acid digestor. Cage marked 1 had a special feature to measure the 

temperature where a temperature probe was attached to the digester and placed in Cage 1. 

After the digestion, the tubes were allowed to cool till they reached the room temperature. 

All the cages were removed from the digestor and unscrewed. The solution in each of the 

Teflon tubes were filtered (filter paper) into a 50ml volumetric flask. The volumetric flask was 

filled up to the mark, closed and shaken. Each sample was poured into a labeled sample 

bottle. 

 

3.5. Final treatment system  
 
This section will elaborate on the final treatment system and final plant experiment. The 

best material combination was used in the final treatment system. This section covers the   

final system design development, construction and preparation for experiment. Finally, the 

experiments were carried out together with an accompanying plant growth experimental 

phase (series -2) 
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3.5.1 Proposed treatment system design and calculations based on previous meso-flow 
column and plant trial experiment 
 
The water sources used for the final plant experiments were synthetic grey water, final 

treatment system treated water (TW) and tap water (TpW) as control. In order to determine 

the volume needed for the final treatment system, previous plant trial experiment data were 

used.  

 

In the final plant experiment, 12 pots of Tomato plants and 12 pots of Cowpea plants were 

considered. For each water source 4 pots were allocated (4 pots for grey water, 4 pots for 

treated water, 4 pots for tap water (control) with 24 pots in total. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

In the previous plant trials, since it was carried out during summer period, the plants were 

watered three times a week on hot days and twice a week on rainy days. During the watering 

schedule, 1𝑑𝑚3 per pot was needed on hot days and 0.7L per pot was needed on rainy days. 

The volume of water used per pot was according to the judgement made on the watering day 

(in all cases the same volume of water (grey water, treated water or control) was applied to 

all pots). The judgement was dependent on wetness of topsoil in the pots and the water 

availability/dryness in the pot saucers. The final plant experiment was carried out during the 

winter period. Therefore, using the above information, it was determined that 0.6L per pot 

was sufficient with twice a week watering schedule.  

 

Amount of treated water needed (for treated water irrigated plants) = 0.6L×8 pots (4 for 

tomato / 4 for cowpeas) = 5.6 𝐿 + 2.4 𝐿  (reserve) = 8 𝐿  +8  𝐿  (water needed when plants 

after transplanted to new pots) = 16 𝐿  

Therefore, 16 𝐿  of water from each water source will be needed 

 

To produce 16 L of treated water, the volume of synthetic grey water needed was calculated 

using the data from the meso-flow column experiment (section 6.3). 

In the meso-flow experiment, 2L of synthetic grey water was filtered / treated through 1500g 

of material (750g lime + 750g tea leaves) that produced 0.4- 0.65L of treated water during 1st 

filtration and 1.6 – 1.8L during 2nd filtration and 3rd filtration. 
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Therefore, 20L of synthetic grey water was needed to produce 16L of treated water for each 

watering schedule/ day twice a week. 

It was considered that during the 1st filtration there would not be much treated water 

produced due to synthetic grey water being used for saturating the materials (lime and tea 

leaves). For the initial run of the treatment system, tap water was used as first flush/ to 

saturate the materials (lime, tea leaves) and to study the flow rate of the system.  

 

3.5.2. Development from proposed design to final design  
 

The design of the final treatment system was proposed and designed by the author and, it 

was developed stage by stage as shown below (First design, second design, third design and 

final design). 

 

3.5.2.1. First Design (proposed) 
 
The first proposed design (Figure 23) was to have a design similar to the meso-flow column 

rigs with some amendments. This design was intended to have an area below the treatment 

layer for sedimentation. The first design was to be in the form of a cuboid shaped chamber 

separated into two compartments. The 1st compartment was for treatment and the second 

compartment was for collection. The surface area of the first compartment was intended to 

have the same surface area and volume as the meso-flow column. But there would be an 

opening from the treatment chamber to a collection chamber. The opening was intended to 

be at a particular height in order to provide space for sedimentation (i.e., the opening would 

not be at the bottom), to reduce the speed of the flow by producing a back pressure and to 

give more contact time for the treatment. A perforated plate (Figure 24) was to be fixed above 

the opening. This was to control particles draining with treated water. Holes in the perforated 

plate (Figure 24) were to be spaced at larger spacings to reduce flow to give more contact 

time. The 1st geotextile was above the perforated plate that is followed by the 1st materials 

then the 2nd geotextile was placed, that was followed by the 2nd material. The collection tap 

was in a height to help further settlement.   
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Figure 23: 1st design (proposed design) 

 

 
Figure 24: Perforated plate with larger spacing 

 

3.5.2.2. Second Design: Changes made to 1st design 
 

The 2nd design (Figure 25) had amendments to the first design. A cuboid shaped chamber was 

separated into two compartments as in the first design. The surface area was increased and 

in the treatment chamber, a permavoid box was intended to be placed at the bottom to allow 

settlement of particles like the 1st design. Above the permavoid box, was the perforated plate 
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(Figure 24). The perforated plate was to be held by holders or brackets in the treatment 

chamber. Then, above the perforated plate was to be the 1st geotextile, then a gravel layer 

was intended to be placed. A small cuboidal box was to be placed above the layer of gravel. 

The small cuboidal compartment was designed in such a way, to hold the treatment material 

layers as shown in Figure 26.  In the small cuboidal box, the 2nd geo textile was to be placed, 

then the first material was intended to be placed above it, another geotextile (3rd geo textile) 

was to be placed above the first material. Then the 2nd material was to be placed on the top. 

Then a 4th geo textile was to be placed. The surface area of the small compartment was 

intended to be more than the surface area of treatment chamber in the 1st design. It was 

suggested to have 30cm length and 30cm width with height similar to 1st design/ meso flow 

columns.  The purpose of having the small compartment, was intended to be removed when 

replacing materials (when needed) during the operational period. The collection chamber of 

the 2nd design was to be like the first design, the only difference was that two collection taps 

were specified. Where both taps could have been used for collection or to create a head and 

the bottom tap was intended to be used for easy cleaning of the system. 
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Figure 25: 2nd design (proposed) 

 

• Big compartment Length: 120cm, Breadth: Bcm, Height= (120+P+S) cm; B depends on 

being able to accommodate the small box 

• The compartments were to be separated using a plastic separation wall (L cm distance 

from treatment chamber end) to create treatment chamber and collection chamber.  

This separation wall was to be having an opening at a particular height in the lower 

area (Opening depth = half of permavoid depth (0.5P), L depended on being able to 

accommodate the small box. 

• A Permavoid box (30*30*P) cm) was to be cut and placed in the treatment chamber.  

• A 20mm width holder / bracket (lower) was to be pressed/attached above permavoid, 

the perforated sheet was to be pressed above the brackets /holders (lower).  

• Another holder/ bracket (upper 1st) is pressed/attached above the perforated sheet, 

and onto it, geotextile was to be placed on the holder /bracket (upper 1st) and on top 
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of geotextile another holder/bracket (Upper 2nd) was to be pressed/attached. The top 

part of the bracket was intended to be sealed with sealant / beading. 

• The small compartment (L:30, B:30, H:100) cm was to be completely opened at top 

but the bottom opening was to be (L:24cm, B:24cm) as shown figure 6.25 below. The 

bottom opening was to be fixed with geotextile. Geotextiles were to be used in 

between the materials to separate the material layers. This small box was to be placed 

above the gravel layer. 

• Two opening and taps were to be installed at collection chamber (one tap at bottom 

and the second tap at 40cm height from bottom)    

 
 

 
 

Figure 26: Small compartment in 2nd design 
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3.5.2.3. Third design: Changes made to the 2nd design   
 
The third design was intended to be like the 1st design but with few differences. The surface 

area of the treatment chamber was to be increased than the 1st design. It was to have two 

layers of gravel in the treatment layer as shown in Figure 27. It also was intended to have two 

tap in the collection chamber that is similar to the 2nd design. 

 
 

 
Figure 27: 3rd design (proposed) 
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3.5.2.4. Fourth design: Final design  
 

The 4th design as shown in Figure 28, was like the 3rd design but the shape of the chamber 

was changed from one cuboid (one cuboid separated to two segments/ compartments) to 

two cylinders (1st cylindrical chamber for treatment and the second cylindrical chamber for 

collection). There was no separation wall as in the 3rd design, whereas the two cylinders were 

connected using a connector pipe in this design. The other difference was that, the length 

and the width of the treatment chamber in the 3rd design were intended to be 30cm. 

Whereas, in this design, the radius of the cylinders was 30cm to give a larger surface area and 

volume. That would eventually, increase the contact time between the grey water and the 

materials.  

 

 
 

Figure 28: Final design 
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3.5.3. Importance of the unit / item used in the final adsorption treatment system design 
 

• The surface area of the final treatment system was increased from the meso-flow 

columns in order to increase the contact area between the grey water and materials. 

For this purpose, a 60cm diameter readily available cylindrical tube was chosen.  

• The bottom reservoir in the treatment chamber / space below the connector pipes in 

the treatment chamber, was designed to reduce the flow, or increase the contact 

time.  This design will also help the particles that leach from the materials, to settle at 

the bottom, therefore, preventing particles being discharged with treated water. This 

also prevented clogging in the rose headed water bucket during later irrigation using 

the treated water. 

• The purpose of placing the permavoid in the bottom of the treatment chamber, was 

to provide space for sedimentation as well as to place the gravel and materials above 

the sedimentation area.  

• A perforated support plate was used to prevent particles leaching from the materials. 

Geotextile also has some capacity to prevent particles (filtration materials used) 

travelling through them. 

• The gravel was used on top of the tealeaves (2nd material) to reduce kinetic force and 

the velocity from grey water delivery onto the materials. 

• Two openings were created / two taps were fixed at the collection chamber, to collect 

water at different heights. This will help in creating water head during the experiment. 

 

3.5.4. Construction of final adsorption treatment system 
 
Based on the proposed design (designed by the author), the treatment system was 

constructed (Figure 29) at SEL Environmental Ltd, Blackburn, UK. It was a great opportunity 

to visit, supervise the operation and perform leak test at SEL in Blackburn in March 2020.  

According to the availability of materials and the practicality of welding within the deep 

narrow tank, the square shaped tank was re-designed to be replaced by a cylindrical one and 

instead of separating the space in to two chambers (treatment chamber and collection 

chamber), two different chambers were made and connected. The author’s view is that this 

design would form an important first step in the work of future researchers in this, or related, 

fields. In particular this process has highlighted the practical limitations of welding plastic 
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components in deep yet narrow proposed structures, a factor that is rarely highlighted in 

academic papers and an important contribution to the practice of research in this area. 

 

Figure 29: Constructed final design at SEL 

 

• Initially, long black high-density polyethylene tubes (HDPE) / Weholite tube of 600mm 

diameter, were measured (height was measured, 1095mm) and cut using a Beka-Mak 

BMSY800 Addison saw (Figure 30) to produce the 1st tank / treatment chamber.  

Another tube (2nd tank / collection chamber) was also cut in the same way. 

 

This item has been removed 
due to 3rd Party Copyright. 
The unabridged version of 

the thesis can be found in the 
Lanchester Library, Coventry 

University. 
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Figure 30: Equipment used for cutting the chamber tubes 

 

 

• The position of the connector pipe and the taps were marked in the HDPE tubes. The 

openings (110mm) were marked and cut, to join the connector pipe between the 1st 

and 2nd tank. In the 2nd tank (collection chamber), two openings (25mm) were cut to 

fix collection taps. 

 

• To close the base of the two tanks, 600mm diameter circular shape HDPE base was 

welded. Initially it was tack welded and then extruded welding was used to seal the 

base. 

 

• The two tanks were leak tested by the author and found to be leak free. 

 

• The HDPE pipe of 110mm diameter was used for connector pipes. They were levelled 

and welded using extruded welding. Valves and taps were fixed in the 2nd tank (Figure 

31).  

 



 

 

192 | P a g e  

 

 

Figure 31: Collection Pipes and connector pipes fixed in collection chamber 

 

• A Permavoid™ 150mm geo-cellular unit as shown in Figure 32 was cut into circle (the 

diameter of this circle was few mm less than the tank 1/ treatment chamber) and was 

placed in Tank 1/ treatment chamber. A Permavoid™ 150mm geo cellular unit will be 

henceforth called as Permavoid box.  

 

Figure 32: Circular permavoid placed in the treatment chamber 

 

 

• The circular perforated support plate (product of SEL) was placed above the 

Permavoid box. Both the tanks were transported to the experimental site (Ryton).  
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3.5.5. Arrangement of treatment system in final adsorption treatment system 
 

• The tanks were thoroughly washed and dried. They were placed at the green house 

adjacent to the plant experiment.  

 

• The ground was levelled using to form a low plinth. Two geocellular units (85mm) were 

placed on top of the bricks to increase the height of the plinth and thus raise the tanks 

further to provide a convenient working elevation.  

 

• Then the two tanks were mounted upon the geo cellular units (85mm). 

 

 

3.5.6. Setting up the treatment chamber: final adsorption treatment system 
 

• The circular section of geo cellular unit (85mm) that had been fabricated at the SEL 

workshop was placed at the bottom of the treatment chamber.  

 

• The circular perforated support plate was placed on above the geo cellular unit 

section.  

 

• A length of Geo textile (GT1) was cut into an approximately 600mm diameter circle 

and was fixed (using sealant) above the perforated support plate and then a circular 

HDPE ring (Figure 33) was fixed above the geotextile. Then it was left to cure for 24 

hours. This was used to ensure that any chance of bypassing the geotextile was 

eliminated. 
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Figure 33: Geotextile fixed above perforated plate; circular shape HDPE ring fixed on top of geotextile 

 

 

 

• At this stage some initial experiments were carried out in order to determine the flow 

characteristics of the system (Figure 34) as shown in Table 66. 

 

 

Figure 34: Determination of the flow rate of the chamber 

 

• The treatment chamber was connected to the collection chamber using connector 

pipes as shown in Figure 35. Then a leak test was performed in order to check for leak. 



 

 

195 | P a g e  

 

During the check, the tank was leak-free but the geotextile (GT1) that was fixed was 

observed to be bulging (due to air trapped below it) and also produced air bubbles as 

shown in Figure 36. 

 

  

Figure 35: Treatment chamber and collection chamber joined using connector pipe 

 

Figure 36: Geotextile bulging during leak test 

 

• 10L gravel (washed and dried) was placed above the fixed geotextile as shown in 

Figure 37.  
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Figure 37: Placing gravel layer 

 

• Another geotextile (GT2) was cut and fixed above the gravel. 

• Lime (Figure 38) was weighed (calculated in section 3.5.7) and placed on the geotextile 

(GT2). 

 

 

Figure 38: Layer of hydrated lime in the final treatment system 
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• Another geotextile (GT3) was cut and placed (not fixed) above the lime. The textile 

was used in the form of a shallow tray with a depth of approximately 50mm. 

• Tealeaves were weighed (calculated as in section 3.5.7) and placed above the 

geotextile (GT3) as shown in Figure 39. 

 

 

Figure 39: Tea leave place above geotextile (GT3) 

 

• 10L of gravel was placed above tealeaves to reduce kinetic force and velocity of water 

delivered on materials  

 

3.5.7. Weight of material (Lime and Tealeaves) / surface area / depth of the material to be 
used in the treatment chamber in the final adsorption treatment system 
 

From the material analysis (section 3.2.2) and meso-flow rig experiments, the surface area of 

the rig was 441𝑐𝑚2, the thickness/depth of the lime layer was 2.5cmm and tealeaves layer 

was 3.3cm. The volumes of lime and tealeaves used in the meso – flow experiment was 

1103𝑐𝑚3 and 1442.31 𝑐𝑚3 respectively. This volume of materials was able to produce 1.6-

1.8 L in each delivery. 

The initial thought was to increase the depth of the layer of the materials (lime and tealeaves) 

to give more contact time. Later it was decided to have the same depth as the previous meso-

flow experiment and increase the surface area since surface area was a more important factor 



 

 

198 | P a g e  

 

than the depth to provide more contact between the synthetic grey water and the materials. 

The surface area of the designed treatment chamber was more than double the surface area 

of meso-flow columns in the previous experiment. The weight of materials were calculated 

as shown in Table 65. 

 

 
Table 64: Calculating the weight of materials for the final treatment system  

Depth of material = same depth as the previous rig experiment 

Weight of tea leaves / Lime  = π × (Diameter of treatment tank)2 ×

 depth of material × density of material (density of materials were determined using 

previous experiment) 

 

Weight of Tealeaves =  π × (30cm)2 × 3.3 × 0.52 = 4852.50g of Tea leaves 

 

Weight of Lime =  π × (30cm)2 × 2.5 × 0.68 = 4807.26g of Lime 

 

 

3.5.8. Flow characteristics of the tank: final adsorption treatment system 
 

 

The time taken to fill a 10 L bucket using water hose (mains) was 43 seconds.  

 

A water hose was placed into the treatment chamber and the time it took for the first 

discharge to reach the collection bucket was 01.18.87 minutes. Then the flow rate was 

measured continuously as shown in the Table 66. 
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Table 65: Flow rate of the chamber 

Volume captured in the bucket  
(L) 

Time 
(Min.sec.millisec) 

Flow rate (L/sec) 

8 1.02.85 13.33 
6 0.28.19 21.43 
6 0.26.93 22.22 
6 0.25.68 23.08 
10 0.44.29 22.73 
6 0.27.72 22.22 
8 0.34.76 23.53 
8 0.36.93 22.22 
6 0.26.03 23.08 
6 0.27.22 22.22 
6 0.26.38 23.08 
6 0.27.87 21.43 
6 (water stopped from the hose 
at this point) 

0.31.37 19.35 

6 0.56.09 10.71 
1 0.54.89 1.85 
0.550 1.00.47 0.92 
0.350 0.39.27 0.90 
0.200 0.34.58 0.59 
0.100 0.51.39 0.20 
0.090 0.46.38 0.20 
0.060 0.42.40 1.43 
0.040 0.49.88 0.08 
0.020 0.53.45 0.04 
0.015 0.55.76 0.03   

 

Total time taken 20.11.69  

 

The 1st discharge and the next 8L collection into a bucket took more time than the other 

collections. This is due to the time taken for saturating the system / geotextile.  

In this experiment after the 1st 8L collection, it could be seen that 2L of water 

discharged/collected for every 10 seconds (6L took around 25 - 28 sec, 8L took 34 - 35 sec and 

10L took 44sec) until the water hose was stopped. The water from the hose was delivered 

around 10 minutes and after it stopped it took another 10 minutes for the water to 

completely drain out from the system.  
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3.5.9.1. Spray bottle calibration: final adsorption treatment system 

Spray bottle was calibrated before delivering the grey water as shown in Table 108.  

The spray bottle was calibrated using the following options  

1. Diffuse spray or point spray 

2. Using the nozzle A and B (Figure 41) 

3. using the pump (pump on the top of the bottle)  

To study which option worked best for the grey water delivery, calibration experiments were 

carried out. Initially it was found how much volume of water could be delivered if the bottle 

is pumped once using the diffuse spray mode. It was found it could deliver between 150ml - 

170ml (Average=166, SD= 14.9). The time taken to deliver 150ml was recorded and on 

average it was 101 seconds (n=5, SD=8.87). Then the number of pumps were increased, and 

the time taken to produce 150ml was recorded as shown in Table 108. It was found that 7 

pumps could deliver water quickly in diffuse spray mode. Further experiments were carried 

out using 7 pumps. Then 5 sets of 7 pumps were used and the time taken and the volume 

that is being delivered were recorded. It took around 29 to 32 minutes to deliver 4.96 L of 

water using 5 sets of 7 pumps and 40ml of water was left out at the bottom of the spray 

bottle. Irrigation was also tried with point spray to see whether this could be achieved with 

lesser time. 4.96L can be delivered faster using point spray than diffuse spray. But the 

downfall was, it could not be spread onto the whole surface of the materials when used in 

the final treatment system. Therefore, further experiments were carried only in diffuse spray 

mode with the use of the nozzle B. The Nozzle B was turned 10 times, 20 times and 30 times, 

to see whether irrigation could be achieved in a shorter time, but there was no significant 

difference. Finally, the spray bottle experiment was carried out at sink level, with diffuse spray 

and Nozzle B turned 30 times. It delivered 4.93L to 4.96L of water in 28.40 to 29.55 minutes.  

After the calibration, it was found that diffuse spray, Nozzle B turned 30 times, 5 sets of 7 

pumps/tapping could deliver average 4.96L in 29 minutes.  
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3.5.10. Saturating the materials in the final adsorption treatment system 
 

To carry out the saturation experiment in the treatment system tap water was used. The tap 

water was delivered into the treatment system by the spray bottle. Each time the spray bottle 

was filled with 5 L of water. 

During the saturation experiment, the first 5 L of the treated water did not enter the collection 

chamber. It was the same for the second 5 L batch. During the third 5L batch, treated water 

entered the collection chamber when 13.46 L was delivered, and it took 1 hour and 10 

minutes.  

Another 2.08 L was delivered for the treated water to enter the collection bucket. The total 

volume of water needed for the first drop to enter the collection bucket is 15.54 L. A further 

9.26 L was delivered (total delivery 24.8 L) and the total volume collected in the collection 

bucket was 8.47 L (until the next day). Therefore 2/3 of the water delivered was used for 

saturating the system (materials, geotextiles). The total time taken for this process was 2 

hours and 19 minutes and 57 seconds as shown in Table 109. The time taken for the water to 

enter the collection bucket, was also studied for every 5 or 10 minutes.  

On the next day further experiments were carried out to study whether the system was 

completely saturated. Initially 1 L water was delivered but it did not produce any discharge, 

so a further 2 L was delivered, and it produced 1.15 L of treated water. This was 33% of the 

total volume delivered. A further 2 L of water was delivered, and it produced 2.69 L totally, 

this being 53.8 % of the total volume added.  

Since there was a break between the experiments, another set of saturation experiment was 

carried out and for every batch 5L of water is delivered. During the 1st batch 53.8 % treated 

water was captured, during the 2nd batch 90.2 % of treated water was collected and in the 

final batch 92.6 % (As shown in Table 109) of water was captured. This shows that the system 

had become almost completely saturated.  

After the saturation experiment, before the final experiment was carried out, a manual pump 

(Siphon pump from Screwfix) was used to withdraw almost all the water from the bottom of 
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the reservoir (in the treatment chamber and collection chamber) that was used in the 

saturation experiment.  

3.5.11. Setting up the final adsorption treatment system and the water flow through the final 
treatment system and final plant experiment (series 2): SGWC 
 

The grey water recipe was further modified prior to this experiment, where the ingredients 

used were same as the meso-flow column experiments except one new ingredient was added, 

but the brands used in this grey water recipe were different. The reason was because the 

ingredients that has only MSDS were selected in this grey water synthesis. This was because 

LC-MS analysis was planned, which needed the concentration of compounds found in each 

GW ingredient (from cleaning or personal care product) but the experiments and analysis 

were restricted by Covid. The products /ingredients used in the adsorption and meso-flow 

experiments did not have MSDS. The brand and pack size of the ingredients are given in table 

67. 

 
Table 66: Brand, weight /volume of pack of the ingredients used in synthetic grey water C (SGWC) for adsorption 

experiment 

The constituent of each product/ingredient is shown in the appendix 1. 
 

Ingredient  Brand  Pack size  

Washing powder  Evans – Search non-bio 8100g 

Shampoo Boots anti-dandruff  500ml 

Shower gel Palmolive honey & milk 500ml 

Hand wash  Certex antibacterial 500ml 

Cooking Oil Sainsbury’s cooking oil 1000ml 

Surface cleaner  Elbow grease 500ml 

Washing up liquid  Fairy  1150ml 

Disinfectant Evans - protect anti-bacterial 

disinfectant cleaner  

5000ml 
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3.5.12. Boron in meso-flow experiment and final treatment experiment  
 
 
During the initial stages of meso-flow column experiment ICP-OES was unavailable during 

grey water synthesis (despite 2 perfectly good instruments being present in the HLS 

laboratories). ICP-OES became available when 4 material batches (3 grey water deliveries) 

were completed.  When the samples were analysed, the boron was measured in very low 

concentration or not detected in the synthetic grey water samples. Nothing was able to be 

done at this stage since most of the meso-flow experiment had been completed. Repeating 

the experiment was not feasible due to the time and resource limitation. The growth 

differences were less in the plant experiment from water sources than expected (Tap water 

and grey water). This could have been due to the low concentration of boron in grey water 

samples as boron is one of the most important phytotoxic components of greywater (WHO 

2006). These symptoms such as yellowing, spotting or drying leaf tissues at the tip were seen 

in all the plants watered with all three types of water source and there were no differences 

in these symptoms between tap water and grey water plants. Even if, the boron toxicity 

differs in plants, there were no difference between the grey water and tap water plants 

except the flowering and fruiting were delayed by two weeks and there were growth 

differences(height) at the start of the experiment. The pH of the soil or water can alter the 

availability of boron. Boron is available between pH 5.5 and 7 and pH more than 10.5. 

 

The products / ingredients that had Material safety data sheet (MSDS) were selected for the 

final treatment and final plant experiment. The MSDS of washing powder selected specified 

that it has boron in it. Therefore, prior to final plant experiment synthetic grey water was 

prepared using the ingredients in Table 67 and analysed for the concentration of boron and 

it was not present. Further testing was done to analyse the boron concentration in washing 

powder. Where weight specified in Table 68 was added to 2L tap water and manually stirred 

and analysed in ICP-OES. There was no boron present. For 2L of tap water, double the weight 

of washing powder was added still there was no boron detected. The laundry powder supplier 

was approached regarding the boron. The supplier addressed that boron should be present 

as specified in MSDS (in specified amount). Even with further analysis, boron was not 

detected in the laundry powder synthesised water. 
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Then it was planned to add boron to the synthetic grey water (SGWC). The boron compound 

that was specified in the laundry powder (sodium perborate tetrahydrate) was planned to be 

added. Sodium perborate tetrahydrate was tested soon after the GW was simulated (without 

storing). But still the boron was not detected. 

 

Due to the pandemic and first lockdown the experiment was paused. When there was access 

again, access to labs were limited with limited resources. Therefore, boric compound was not 

able to be added. In hindsight the suggestion to remove the boron was unfortunate and this 

matter would need to be addressed in future work. 

 
 
Table 67: Synthetic grey water (SGWB) recipe for meso-flow column experiment  

Ingredients Mass(g) for 2L of 

tap water 

Mass(g) for 20L of 

tap water 

Washing powder  1.632 16.3 

Shampoo 0.384 3.8 

Shower gel 0.2 2 

Hand wash  0.233 2.33 

Cooking Oil 0.216 2.2 

Surface cleaner  0.2 2 

Washing up liquid  0.2 2 

Disinfectant  0.2 2 

 
Ingredients as shown in Table 68, were weighed (to make 20L grey water) and stored in the 

refrigerator (due to restrictions in entering the lab due to Covid). Grey water was prepared 

by adding the ingredients with 20L tap water and manually stirred. They were prepared in 20L 

batches each time and stored for later use. The water butt (grey water storage) was kept at 

an elevated height to facilitate free flow of grey water into the spray bottle (see Figure 42). 

The characteristics of grey water are given in Table 69. 
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Table 68: Concentration found in synthetic grey water (SGW C) 

Parameter  Range   

Sodium (mg/l) 106.3 – 118.6 

Boron (mg/l) 0.04 – 0.08 

Calcium (mg/l) 22.9 – 39.9 

Magnesium (mg/l) 3.58 – 9.37 

Potassium (mg/l) 12.9 – 14.5 

Phosphorous (mg/l) 1.18 - 1.73 

Zinc(mg/l) 1.04 -1.31 

Conductivity (𝜇𝑆/𝑐𝑚) 574.2 – 648.3 

pH 9.65 – 9.72 

 

 

 

Figure 42: Grey water storage at elevated height 

 

The final setup phase of the experiment was as follows. The stored grey water travelled from 

the water butt to the spray bottle when the water butt tap was opened. To fill the spray 

bottle, every time the lid had to be opened. Therefore, a few methods were tried with the 

hose pipe and valves/fittings to create a continuous flow as shown in Figure 43. But this was 

not successful, because if continuous flow was achieved, the spray bottle could not be 

pumped/tapped to create a pressure with the bottle for the water to flow. Therefore, as 

mentioned earlier every time the spray bottle was opened to fill the grey water. 
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When tapping /pumping of the spray bottle was done (during the treatment and irrigation 

phase, the spray bottle was tapped 5 sets of 7 tapping (determined using the calibration of 

spray bottle in section 3.5.9.1), the grey water travelled from the spray bottle to the lance of 

the spray bottle and sprayed onto treatment layers.  The spray bottle lance was set up in such 

a way (Gorilla tape was used to fix the lance to the treatment chamber) as shown in Figure 44 

to facilitate the diffuse spray to spread across the treatment layers. Then the grey water was 

sprayed to the material / gravel layer (where it travelled through a layer of gravel, tealeaves, 

geotextile, lime, another geotextile and another layer of gravel).  

 

Samples were collected from water sources (grey water, tap water and treated water) on the 

days when the grey water was prepared and stored in a fridge for analysis. Grey water was 

prepared almost every 20 days.   

 

 

Figure 43: Different valves or fittings tried for creating continuous flow 
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Figure 44: Lance of the spray bottle fixed to treatment chamber 

 

3.5.13. Analytical methods used in final adsorption treatment system 
 

3.5.13.1. ICP analysis of water samples and solid samples in final adsorption treatment 
experiment 
 

ICP analysis were carried out as specified in 3.2.6.2 for the water samples and solid samples 

in the final adsorption experiment.  

 

3.5.13.2. Measuring pH and conductivity in Grey water and treated water using pH meter and 
conductivity meter: final adsorption treatment experiment 
 

pH and conductivity of the samples were measured as specified in section 3.2.6.3. 

 

3.6 Final plant experiments – Series 2  
 
 
The final plant experiments were carried out to test whether the grey water treated using the 

waste material composite treatment system, that removed sodium from grey water, could be 

used for irrigating plants. This would be compared with grey water irrigated plants and tap 

water irrigated plants (as a control). To perform this experiment two types of plants were 

selected, including tomato, that had been used in plant trials series 1, and the second species 

was the cowpea that was not used previously in this project. 
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Both plants were selected to represent horticultural outcomes. To carry out this experiment, 

the final treatment system was designed and constructed as elaborated in section 3.5. To 

understand the effects of grey water on plants, the previous plant trial experiments were 

carried out using only grey water as elaborated in section 3.4.  

 

3.6.1. Tomatoes and Cowpea Experiments 
 

3.6.1.1. Tomatoes  

The purpose of selecting tomatoes plants was because to represent horticulture and they are 

tolerant to sodium if exposed for short term but eventually die due to sodium toxicity if 

exposed for long term. Tomatoes can tolerate sodium for shorter period and will eventually 

die due to sodium toxicity when exposed for longer period. Brewer et al. (no date) studied 

the effect of sodium chloride on tomato plants with 5.75%, 11.5% and 23% of concentration. 

Plants water with 11.5% and 23% of sodium chloride died after first watering. The growth of 

the plant watered with 5.75% of sodium chloride was inhibited (3 week duration). The tomato 

seeds used were used in this experiment were the same as the seeds used previously in plant 

experiment (series 1) and were purchased from the same place. Please refer to section 3.4. 

The tomato plant variety selected was the Organic black cherry tomato (Solanum 

lycopersicum) from Garden Organic, UK. These tomato plants produce numerous dark purple 

fruits, and each weigh approximately 25g. They grow well at temperature between 21℃– 

24℃. (Thompson & Morgan, 2021). The purpose of selecting this type was that this was the 

organic variety with some blight tolerance which was available in the market. Even though 

this variety could not resist blight like to the variety crimson crush, cherry varieties were less 

likely to be infected by blight, because they ripen early and are harvested before the blight 

hits (Immediate media company, BBC studios distribution, 2021). Tomato fruits can be 

harvested between 3 - 4 months from sowing. 

3.6.1.2. Cowpeas  
 
The purpose of selecting cowpeas to represent horticulture and they are sensitive to sodium. 

Le et al. (2021) studied the effect of sodium, chlorine and sodium chloride on the growth of 

cowpea plants. The growths of the plants were inhibited with all three chemicals. The plants 
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water with sodium chloride was inhibited more than the plants watered with chlorine and 

plants watered with sodium alone.  Organic cowpea (Vigna unguiculata) seeds were from 

Biteofindia. They produce numerous amounts of pods and grow well at temperatures 

between 12℃ and 30℃ (Garden Organic, 2002). Cowpeas pods can be harvested between 3 

- 4 months from sowing. Cowpea is a legume, where it has nitrogen fixing bacteria in the root 

nodules (Garden Organic 2002). 

 

3.6.2. Plant Experiment  

A total of 24 plastic pots (bottom diameter: 19cm, Top diameter: 25.6cm and Height: 22.7cm) 

were filled up to 3/4 with soil. There were 12 pots for tomatoes and 12 pots for cowpea. 

Saucers were provided to reduce water loss from soil thereby to prevent losing the nutrients 

or chemical of interest. The pots were arranged in random design as shown in Figure 45 and 

46 for tomatoes and cowpeas respectively. The pots were placed in the green house. In each 

pot 5 seeds (Tomato/ Cowpeas) were sowed. 4 pots were assigned for each water source (4 

for grey water, 4 for final treatment system treated water and 4 for tap water). During each 

water schedule watering was done to saturation using a shower head fitted water can and 

the volume of water used each time was recorded. Watering was scheduled depending on 

the climate condition. These experiments were carried out during winter. Therefore, watering 

was done twice a week. 

 

 

GrBc4 TwBc4 TaBc4 

TwBc3 TaBc3 GrBc3 

TaBc2 GrBc2 TwBc2 

GrBc1 TwBc1 TaBc1 

Figure 45: Random design of tomato plant pots for final plant experiment 
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GrCo4 TwCo4 TaCo4 

TwCo3 TaCo3 GrCo3 

TaCo2 GrCo2 TwCo2 

GrCo1 TwCo1 TaCo1 

Figure 46: Random design of cowpea plant pots for final plant experiment 

 
Each pot had a unique 5 letter notation in the experiment. The First two letters indicate the 

type of water source (Grey water (Gr)or Tap water (Ta) or Treated Water (Tw)). The third and 

fourth letter noted the type of plant (Bc -Black cherry tomatoes, Co - Cowpeas) and the fifth 

character indicated the row number (1st to 4th Row). i.e. GrBc1: Grey water, Black cherry 

tomatoes, 1st row. 

 

3.6.3. Germination experiment 
 

3.6.3.1. Germination in module trays  
 

Germination experiments were carried out in module trays to study the influence of different 

water sources on the germination rate. During the plant trials – in series 1 (section 3.4) the 

germination rate in tap water irrigated pots was less than the other two water sources 

irrigated pots (grey water and roof harvested water). Therefore, this experiment was 

established to check whether the tap water affected the germination or whether the 

germination was affected due to different reasons. It was also done to have as many 

seeds/plants as possible for the final plant experiment. If the seeds in pots in the final plants 

experiment were not germinated, then the seedlings in the module trays could be 

transplanted to the pots and could be used for the final plant experiment. 
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Table 69: Germination in module trays 

Tomatoes (Tray) 04/12 08/12 11/12  

Grey water 0 1 2 2 out of 12 seeds 

Tap water  3 3 3 3 out of 12 seeds 

Treated water  0 1 2 2 out of 12 seeds 

Cowpeas (Tray)     

Grey water No growth  No growth  No growth   

Tap water  No growth  No growth  No growth   

Treated water  No growth  No growth  No growth   

 

The seeds in the module trays were sown on 06th of November 2020 (on the same day as the 

seeds were sown in pots). Only 7 seedlings germinated from 36 tomato seeds in the module 

trays as shown in Table 70. Less germination of tomato seeds was seen in the module trays 

than in pots. This could be due problems with the heating system in the greenhouse, a sub 

optimal temperature, that would have caused waterlogging in the soil which could have 

affected the germination. Therefore, it was not possible to determine whether the tap water 

affects the germination rate. None of the cowpea seeds germinated in the module tray.  

  

3.6.3.2. Germination in pots  
 
The tomato seeds were sown on 6th of November 2020. The germination was checked each 

day and the first tomato seedlings were observed on 26th November 2020 (20 days since 

sowing) with 30% germination. The maximum or complete germination was achieved on 4th 

December (28 days since sowing) and the germination rate was 90% as shown in Table 71. 

Thereafter, there was no further germination observed. 
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Table 70: Total germination percentage in the pots - tomatoes 

 Total germination  Germination % 

Grey water  17 Out of 20 seeds 85% 

Treated water  20 out of 20 seeds 100% 

Tap water  17 out of 20 seeds  85% 

54 seeds germinated out of 60 seeds  90% total germination  

 
In this experiment the germination rate was compared between the water sources. The 

treated water irrigated seeds completely germinated whereas, both tap water and grey water 

irrigated plants showed 85% germination as shown in Table 71.  

 

Cowpea seeds were also sown on 6th of November 2020. Even after a month there was no 

germination seen in cowpea pots. The possible reasons are discussed in section 5.5. 

 

3.6.3.3. Conductivity, moisture content and temperature  
 

Conductivity, moisture content and temperature of the growing media (irrigated with 

different water sources) were measured to study the suitability of the soil during the growing 

phase. These parameters were measured once a week using a Wet sensor (brand: Delta - T, 

Model: type wet-2). The measured moisture content, conductivity and temperature of the 

growing medium is given in section 4.4.2.3. 

 

3.6.3.4. Growth and Watering schedule   
 

The growth was measured using their height using a ruler and monitored for any changes 

using observation, at the start and at the end of each week.  

This experiment was carried out during winter and watering twice a week (Mondays and 

Thursdays) was found to be sufficient. On the day of sowing, 1L of water was used for the 

pots to saturate the soil. After that, 300ml of water was enough for irrigation during that 

period.  

 

The last irrigation was on 30th of December 2020 for tomato plants. They were not irrigated 

because the access was restricted due to pandemic and lockdown. The next access was on 
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08th of March 2021. Since it was almost 10 weeks it was thought that the plants would have 

died and wilted, and the plan was to harvest the dead and dried plants.  It was surprising that 

they were alive as shown in Figure 48. It was investigated whether the plants were watered 

by any other individual and confirmed they were not watered by anyone.  

 

The only reason could be the water that was accumulated in the soil (during the watering 

period November and December 2020) would have been used by the tomato plants to keep 

them alive. During November and December 2020 as specified above, due to non-working 

heating system, the water would have not completely used by the plant or evaporated. The 

soil in the pots were also completely dried (visually, checked by hand as well weights were 

recorded before and after oven drying) when it was checked on 08th of March 2020. 

Evaporation experiments were carried out on soil samples. Even though the plants were alive, 

further water irrigation was not carried out due to time constraint. All the tomato plants were 

finally harvested in paper bags (leaves, stems and roots were harvested separately for each 

pot). As specified in section 3.6.2 each pot had 5 plants, all 5 plants in each pot were 

harvested. Since the plants were harvested in early stage, if the five plants were not taken as 

one then there would have not been enough sample for microwave digestion. 

The wet weights of the tomato plant parts were recorded soon after the harvest. Next, the 

plant parts in the paper bags were placed in an oven at 70℃ till there was no more weight 

change. One day drying period was sufficient and there were no further weight changes. The 

dry weight was recorded, and their mean weight is shown in Table 92 in results section. 

 

 

Figure 47: Tomato plants on 08th March 2021 (last watered10 weeks previously on 30th of December 2020) 
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3.6.3.5. Analytical methods used in final plant trial (series 2) 
 

3.6.3.5.1. Acid digestion and ICP-OES analysis of plants tissues and soil samples: final plant 
trial (series 2) 

 
More explanation on the microwave digestion process is given is section 3.4.4.1. After the dry 

weights were recorded, the tomato plant parts were processed, and microwave digested as 

specified in section 3.4.4.1 and the soil samples were microwave digested as specified in the 

same section. The digested plant tissues and soil samples were analyzed for sodium, 

potassium, magnesium, calcium, phosphorous and Boron in ICP – OES (section 3.2.6.2) and 

the results are given in section 4.4.4. 
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4.1.3. Sodium adsorption ratio of synthetic greywater and treated water in stirred batch 
reactor experiment   
 

Sodium adsorption ratio is important if the synthetic grey water or adsorbent treated water 

are used for plant irrigation. Table 72 shows the sodium adsorption ratio of the water samples 

before and after adsorption.  

 
Table 71: Sodium adsorption ratio of synthetic grey water and treated water using adsorbents 

 Average Concentration   

  
Na 
(mg/l) Mg(mg/l) Ca(mg/l) 

Na 
(meq/L) 

Mg 
(meq/L) 

Ca 
(meq/L) SAR Conductivity 

SGW(I) 131.2 13.27 9.59 5.71 1.09 0.48 6.440 967.1 

Tyre gran 139 11.334 17.14 6.05 0.93 0.86 6.395 1234 

GGBS F 142.4 26.32 40.85 6.19 2.17 2.04 4.272 897.4 

GAC 138.4 11.63 30.29 6.02 0.96 1.51 5.419 763.9 

moringa seed  135.8 51.08 15.1 5.91 4.20 0.75 3.752 1266 

 

SGW(II) 159.4 17.9 17.71 6.93 1.47 0.88 6.387 776.8 
Lime  152.6 0.05 684.538 6.64 0.00 34.16 1.606 8439 

BPD 612 0.037 696.77 26.62 0.00 34.77 6.384 36.87 
PAC 455.6 17.93 18.41 19.82 1.48 0.92 18.114 677 

moringa shell 159.9 44.35 10.25 6.96 3.65 0.51 4.822 828.8 

china clay 188.3 14.97 21.2 8.19 1.23 1.06 7.655 1446 
 

SGW(III) 152.6 13.68 16.47 6.64 1.13 0.82 6.727 966.3 
PFA 207.4 29.84 76.86 9.02 2.46 3.84 5.087 1098 

Tea leaves 124.8 67.17 2.38 5.43 5.53 0.12 3.231 1864 

Bos 165.7 0.123 103.34 7.21 0.01 5.16 4.484 1017 
gypsum 225.2 48.4 575.42 9.80 3.98 28.72 2.423 3175 

mica1 149.6 15 16.42 6.51 1.23 0.82 6.422 1184 

 

SGW(IV) 104.2 8.842 22.335 4.53 0.73 1.11 4.723 944.1 
coffee waste 179.4 22.225 8.945 7.80 1.83 0.45 7.317 936 

rice husk 185.9 16.013 13.223 8.09 1.32 0.66 8.132 267 

terracotta 132.8 12.179 19.521 5.78 1.00 0.97 5.811 954.1 
zeolite 128 10.257 50.437 5.57 0.84 2.52 4.295 1050 

Fuller's earth 204.3 17.058 190.58 8.89 1.40 9.51 3.804 2087 
brick 104.3 8.884 14.505 4.54 0.73 0.72 5.319 811.1 

 

SGW(V) 127.7 10.608 18.736 5.55 0.87 0.93 5.843 960.1 
graphite  68.4 5.457 9.2009 2.98 0.45 0.46 4.415 416.3 
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GGBS F, GAC, moringa seed, lime, moringa shell, PFA, tea leaves, BOS, gypsum, fuller’s earth, 

and graphite were able to reduce sodium adsorption ratio by 34.4%, 13.2%, 42.5%, 74.9%, 

24.5%, 24.4%, 51.9%, 33.3%, 63.9%, 19.4% and 24.4% respectively. 

 

4.1.4. Determination of the removal efficiencies of different adsorbents using different 
adsorbent dosages/ weights 2g,5g, 10g, 20g at 1-hour adsorption period. Studying the 
concentration of adsorbents before and after adsorption with the adsorbent dosage  
 

Using the results in 1-hour adsorption with 20 g materials in section 7.1.2., materials were 

chosen if a material could remove at least one element/ pollutant with more than 20% 

removal efficiencies. The materials that were chosen were PFA, Lime, BPD, GAC, tealeaves, 

BOS, gypsum, china clay, mica. Some of the materials that removed at least one of the 

parameters at 20% were not used in this experiment due to various reasons.(i.e., Graphite 

was not used since it was introduced later, analysis were not able to be done because of 

unavailability of ICP until the meso-flow column experiments) 

 The adsorption tests were carried out to study the removal efficiencies of different adsorbent 

materials using different adsorbent dosages. In this experiment 2 g, 5 g, 10 g, and 20 g of 

adsorbents were stirred in 250 ml synthetic greywater in 500 ml beakers. The adsorption was 

carried out for 1-hour period.  

 

Figure 59: Removal efficiencies of materials in the removal of sodium using different adsorbent dosage 
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PFA and GAC were the only materials that were able to remove potassium as shown in Figure 

67. In GAC adsorbed samples the R.E was constant for 2 g to 10 g dosage (52.3% - 52.9%) and 

the removal efficiency increased when the adsorbent dosage was 58.8%. PFA adsorbed 

samples had removal efficiencies between 29.1 to 25.3% for 2 g to 10 g adsorbent dosage but 

at 20 g dosage, the R.E reduced to 9.3%. The potassium concentration of samples treated with 

BPD and tea leaves increased drastically as shown in Figure 68.  For tea leaves-adsorbed 

samples, the potassium concentrations at 2 g and 5 g were 241.2 mg/l and 445.4 mg/l 

respectively and the potassium concentration at 10 g and 20 g saturated. The concentration 

of potassium of 10 g and 20 g adsorbed samples should be more than 445.4 mg/l. For BPD 

adsorbed samples, the potassium concentrations were saturated for all four adsorbent 

dosages, these concentrations should be more than 445.4 mg/l.  The potassium concentration 

in lime adsorbed samples also highly increased and the concentration was 274.3 mg/l in 20 g 

lime adsorbed samples. the potassium concentrations in gypsum and china clay adsorbed 

samples also slightly increased after adsorption. Mica and BOS were not able to remove 

potassium at all from the grey water samples.
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4.2 Results: Meso-flow column / Rig experiments  
 

4.2.1. Average volume collected and the first flow or drop into the collection bucket  
 

The volume collected from each rig for all three deliveries are given in Table 73.  
 
Table 72: Average volume discharges and first flow/drop into the rig experiment for each material 

  Delivery 1 Delivery 2 Delivery 3 

  

First flow/drop into the 
collection bucket 

Average 
volume 
discharged 
(ml) 

The 
volume 
collected 
Range 
(ml) 

First flow/drop into the 
collection bucket 

Average 
volume 
discharged 
(ml) 

The 
volume 
collected 
Range (ml) 

First flow/drop into the 
collection bucket 

Average 
volume 
discharged 
(ml) 

The 
volume 
collected 
Range (ml) 

GGBS F After 400 ml  563.3 460 - 680 During 200 ml 963.3 880 - 950 During 200 ml 925 780 - 930 

BPD F During 800 ml / after 800 ml) 383.3 340 - 450 During 200 ml 926.7 830 - 860 During 200 ml 841.7 825 - 840 

BOS F  After 200 ml / start of 400 ml 663.3 600 - 720 During 200 ml 943.3 800 - 915 During 200 ml 858.3 790 - 900 

GGBS G During 200 ml 960 940 - 960 During 200 ml 911.7 890 - 930 During 200 ml 836.7 750 - 920 

Biochar During 400 ml/start of 600 ml 766.6 720 - 800 During 400 ml 786.7 700 - 840 End of 200 ml / start of 400 ml 780 700 - 840 

BOS Granules During 200 ml 963.3 940 - 970 During 200 ml 893.3 850 - 940 During 200 ml 880 820 - 960 

Bark 
End of 200 ml or start of 400 
ml 836.7 750 - 890 End of 200 ml / Start of 400 ml 893.3 840 - 950 End of 200 ml / start of 400 ml 866.7 800 - 910 

Tyre G Start of 200 ml 926.6 900 -960 Start of 200 ml 906.7 860 - 920 During 200 ml 916.7 890 - 960 

Glass waste End of 200 ml 923.3 900 - 970 During 200 ml 876.7 800 - 910 During 200 ml 903.3 760 - 980 

Lytag During 200 ml 690 520 - 740 End of 200 ml / During 200 ml 855 840 - 870 During 200 ml 900 850 - 940 

PFA End of 400 ml 576.7 520 - 660 During 200 ml / During 400 ml 880 860 - 910 During 200 ml 913.3 890 - 940 

China clay End of 600 ml 170 150 - 200 during 200 ml  816.7 790 - 860 During 200 ml / Start of 400 ml 870 860 - 880 

Zeolite During 600 ml 396.7 340 - 440 Start of 400 ml 943.3 920 - 960 During 400 ml 913.3 860 - 970 

Lime During 800 ml  246.7 230 - 270 Start 0f 400 ml / During 400 ml 880 810 - 920 During 400 ml 916.6 850 - 950 

Gypsum During 600 ml 210 240 - 350 During 200 ml/ End of 200 ml 783.3 740 - 850 During 200 ml 906.7 880 - 910 

Tea leaves End of 800 ml 163.3 140 - 220 During 400 ml    Start of 400 ml   

 
 
Out of all materials tested, some of the materials filtered water were collected during the first set or second set out of 5 rainfalls (during 200 ml – 400 ml out of 1000 ml) in the 1st greywater delivery. Some of the 

materials released the water during the 3rd or 4th set (600ml-800ml delivery) during the 1st greywater delivery. This is related to the water holding capacity of the materials. If the material had less water holding 

capacity, then the filtered water travelled and entered the collection bucket faster. After the drying period, when the GW was delivered during the 2nd greywater delivery, treated water entered the collection bucket 

during 200 ml – 400 ml water delivery for all the materials. The third delivery was delivered after the drying period. The volume collected was similar to the second delivery.  The water-holding capacities of the 

materials during the second delivery were less than the first delivery. The water-holding capacities of the materials during the third delivery were less than the second delivery. This resulted in, treated water entering 

the collected bucket faster than previous deliveries.
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able to reduce sodium relative to raw greywater and with low removal efficiency. They were 

bark and zeolite (up to 8.64%). According to previous literature and previous studies, zeolite 

should have had good removal efficiency in removing sodium. But in this experiment, zeolite 

showed low removal of sodium. The concentrations of samples treated with zeolite were 

increased or equivalent to the synthetic greywater. Bypass dust (BPD) treated samples had 

high concentrations of sodium. The concentration of Sodium in BPD treated water in the 

second grey water delivery was less than compared to the first GW delivery and the third 

delivery was lesser than the first two deliveries (the concentration in the 3rd delivery is 

approximately half the 2nd delivery, concentration in 2nd delivery is approximately half the 1st 

delivery). The same trend can be seen with glass waste treated samples and biochar filtered 

samples. But the concentration of sodium in glass waste and biochar treated samples was 

much lower compared with BPD treated samples.  Standard deviation  of the   concentrations 

are given in appendix .
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Figure 78: Average concentration of Potassium before and after filtration /treatment with different materials (greywater 

delivery 1) 

 

 

 

 
Figure 79: Average concentration of Potassium before and after filtration /treatment with different materials (greywater 

delivery 2) 
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4.2.3. Sodium adsorption ratio of synthetic grey water and different material treated / 
filtered water in five different batches. 
 
Table 73: Average concentration in Greywater and different materials treated water and Sodium adsorption ration (in 

meq/L): Delivery 1 

 

  Delivery 1 

  Average Concentration   
 

  
Na 
 (mg/L) 

Mg 
 (mg/L) 

Ca  
(mg/L) 

Na  
(meq/L) 

Mg 
 (meq/L) 

Ca 
(meq/L) SAR 

Electrical 
conductivity 
(𝝁𝑺/𝒄𝒎) 

SGW D1 
Batch 1 131.1 7.71 52.79 5.71 0.635 2.635 4.463 727.5 

GGBE F 157.066 10.296 85.091 6.832 0.847 4.246 4.281 1056.23 

BPD 
1105.42

5 0 723.528 48.085 0.000 36.106 
11.31

7 45.53 

BOS F 131.307 7.069 74.648 5.712 0.582 3.725 3.892 822.03 

SGW D1 
Batch 2 131.179 7.711 52.793 5.706 0.635 2.635 4.463 834.6 

GGBS G 130.812 11.775 100.416 5.690 0.969 5.011 3.291 931.3 

Biochar 168.708 13.931 70.608 7.339 1.146 3.524 4.803 2270.7 

BOS G 141.455 0 152.955 6.153 0.000 7.633 3.150 2028.7 
SGW D1 
Batch 3 111.966 6.376 36.739 4.870 0.525 1.833 4.485 655.1 

Bark 82.802 13.618 31.971 3.602 1.121 1.595 3.091 767.97 

Tyre G 106.671 7.953 84.601 4.640 0.654 4.222 2.972 946.93 

Glass 
Waste 242.867 11.365 83.265 10.564 0.935 4.155 6.622 1377 

SGW D1 
Batch 4 132.341 9.225 55.574 5.757 0.759 2.773 4.332 782.8 

Lytag 113.499 12.018 72.641 4.937 0.989 3.625 3.251 855.16 

 PFA 130.574 9.059 60.437 5.680 0.745 3.016 4.142 858.17 

china 
clay 119.698 10.644 82.575 5.207 0.876 4.121 3.294 739.2 

SGW D1 
Batch 5 112.888 9.935 53.662 4.911 0.818 2.678 3.714 627.6 

Zeolite 113.662 10.555 59.005 4.944 0.869 2.945 3.581 798.7 

lime 126.275 0 488.026 5.493 0.000 24.354 1.574 5895 
gypsum 126.633 12.743 313.662 5.508 1.049 15.653 1.906 1776 

SGW D1 
B6 122.992 10.701 17.718 5.350 0.881 0.884 5.696 727.5 
Tea 
Leaves  123.764 23.849 2.383 5.384 1.962 0.119 5.277 1056.23 
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Table 74: Average concentration in Greywater and different materials treated water and Sodium adsorption ration (in 

meq/L): Delivery 2 

 

 

 

 

  Delivery 2  

  Average Concentration    

  
Na 
(mg/L) Mg (mg/L) 

Ca 
(mg/L) 

Na 
(meq/L) 

Mg 
(meq/L) Ca(meq/L) 

SAR 
(meq/L)  

Electrical 
conductivity 
(𝜇𝑆/𝑐𝑚) 

SGW D2 
B1 129.708 8.259 45.104 5.642 0.680 2.251 4.661 

 
754.6 

GGBS F 150.888 10.437 70.175 6.563 0.859 3.502 4.445 941.1 

BPD 562.959 0 348.848 24.488 0.000 17.408 8.300 20.6 

BOS F 137.766 7.7 66.804 5.993 0.634 3.334 4.255 853.3 

SGW D2 
B2 135.123 10.803 53.172 5.977 0.889 2.653 4.491 

 
842.3 

GGBS G 137.409 12.275 82.443 6.891 1.010 4.114 4.305 900.4 

Biochar 158.409 13.455 54.732 6.194 1.107 2.731 4.471 1982 

BOS G 142.391 0.029 58.176 4.234 0.002 2.903 3.513 1006.2 
SGW D2 
B3 120.192 5.506 31.52 5.324 0.453 1.573 5.290 

 
658.1 

Bark 97.336 13.658 59.429 6.824 1.124 2.966 4.772 793.4 

Tyre G 122.396 6.432 55.442 4.987 0.529 2.767 3.884 854.2 
Glass 
Waste 156.878 7.431 66.646 5.330 0.611 3.326 3.799 873.2 
SGW D2 
B4 115.194 8.705 44.874 4.958 0.716 2.239 4.079 

 
698.5 

Lytag 114.637 8.24 85.571 5.107 0.678 4.270 3.247 817.1 

 PFA 122.542 11.617 70.597 4.916 0.956 3.523 3.285 892.5 
china 
clay 113.989 9.382 54.769 5.933 0.772 2.733 4.482 744.7 
SGW D2 
B5 117.399 11.06 41.462 5.899 0.910 2.069 4.833 

 
729.2 

Zeolite 113.007 11.172 64.984 4.916 0.919 3.243 3.408 838.6 

lime 136.404 0 223.567 5.933 0.000 11.157 2.512 2790 

gypsum 135.606 17.993 299.138 5.899 1.481 14.928 2.059 1858.333 

SGW D2 
B6 127.476 10.932 40.718 5.545 0.900 2.032 4.580 

 
684.3 

Tea 
Leaves  131.764 20.186 10.763 5.732 1.661 0.537 5.467 

 
1822 
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Table 75: Average concentration in Greywater and different materials treated water and Sodium adsorption ration (in 

meq/L): Delivery 3  

  Delivery 3  

  Average Concentration    

  
Na 
(mg/L) 

Mg 
(mg/L) 

Ca 
(mg/L) 

Na 
(meq/L) 

Mg 
(meq/L) Ca(meq/L) 

SAR 
(meq/L)  

Electrical 
conductivity 
(𝜇𝑆/𝑐𝑚) 

SGW D3 B1 122.892 8.497 45.873 5.346 0.699 2.289 4.373 732.4 

GGBS F 142.018 9.617 66.556 6.178 0.791 3.321 4.308 868.8 

BPD 307.086 2.04 107.011 13.358 0.168 5.340 8.049 9.741 

BOS F 131.54 8.642 59.397 5.722 0.711 2.964 4.221 816.700 

SGW D3 B2 127.028 10.427 50.183 5.526 0.858 2.504 4.262 790.6 

GGBS G 129.544 11.731 74.093 5.635 0.965 3.697 3.691 912.3 

Biochar 147.572 12.636 53.873 6.419 1.040 2.688 4.702 1920.333 

BOS G 133.284 7.531 76.057 5.798 0.620 3.795 3.902 844.067 

SGW D3 B3 110.856 3.94 27.384 4.822 0.324 1.367 5.245 605.1 

Bark 97.584 12.588 53.743 4.245 1.036 2.682 3.113 777.033 

Tyre G 116.931 5.187 45.143 5.086 0.427 2.253 4.394 754.1 
Glass 
Waste 132.524 6.229 55.929 5.765 0.513 2.791 4.485 754.9 

SGW D3 B4 119.468 5.996 33.744 5.197 0.493 1.684 4.981 656.6 

Lytag 111.434 9.677 54.764 4.847 0.796 2.733 3.649 748.8 

 PFA 127.998 8.475 65.569 5.568 0.697 3.272 3.952 858.7 

china clay 119.504 7.384 45.917 5.198 0.608 2.291 4.318 719.3 

SGW D3 B5 127.631 11.57 50.536 5.552 0.952 2.522 4.212 786.3 

Zeolite 109.225 12.269 69.281 4.751 1.010 3.457 3.179 846.633 

lime 134.281 0.902 130.291 5.841 0.074 6.502 3.221 1787.333 

gypsum 89.21 12.066 196.385 3.881 0.993 9.800 1.670 7567.667 

SGW D2 B6 135.425 10.342 30.718 5.891 0.851 1.533 5.396 708.2 

Tea Leaves  136.994 27.186 19.763 5.959 2.237 0.986 4.694 1896 

 

In the 1st greywater delivery, sodium adsorption ratio (SAR) (see Table 74) reduced for BOS 

Fine particles, GGBS granules, BOS granules, tyre granules, bark, lytag, and china clay filtered 

samples up to 30 %. However, for Lime and gypsum, the SAR reduction was 64% and 57% 

compared with the greywater respectively. SAR increased in glass waste and BPD treated 

samples. As shown in Table 75, in the 2nd greywater delivery, BPD shows SAR greater than 

greywater, but the SAR value is reduced compared with the 1st greywater delivery. The SAR 

of glass-treated water in delivery 2 was less than delivery 1. Lime and gypsum also had the 

highest SAR reduction in the second delivery. But their SAR values are higher compared with 
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delivery 1. Overall, the SAR values in Delivery 2 are more than SAR Values in Delivery 1. 

Therefore, the SAR reduction in Delivery 2 is less than delivery 1. 

In the 3rd delivery (see Table 76) gypsum had the highest SAR reduction than the other 

material treated samples. These single adsorbent materials show SAR reduction was not due 

to the reduction in sodium concentration, it was mainly due to an increase in the calcium 

concentration in filtered or treated samples. 

 

4.2.4. Other parameters that were analysed  
 

• There was very little, or no boron found in synthetic greywater (please see section 

3.5.12 for more information).  

 

• The suspended solids were measured in synthetic greywater and different material 

filtered/ treated water. The data obtained for suspended solids were variable and did not 

show a consistent picture before and after the filtration process. Even though they were 

in the granular form, they still showed a wide variation in TSS. This could be due to loose 

particles/dust present with the granular materials, particles draining from gravel. This 

could reduce or show less variation in future greywater deliveries after all the loose 

particles are washed through the rigs. 

 

• Nitrates in greywater and treated water were measured and the nitrate results were not 

definitive (please see section 3.3.8.4) 

 
 

4.2.5. Material Combination  
 

4.2.5.1. Material selection for material combination filtration layers  
 

 
Hydrated lime was a promising material as it removed magnesium and phosphorous from 

synthetic greywater. Although lime did not remove sodium, it does not leach sodium to the 

same degree as other materials. Therefore, if combined with another material it could remove 

sodium from greywater. Lime also reduced the SAR from greywater by up to 64%. Lime can 

leach calcium with treated water, which could be helpful to reduce SAR. 
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Of other materials, BPD was considered for combining with lime because it is also capable of 

removing magnesium and phosphorous but leaches a high amount of sodium into the treated 

water. Bark was also considered because it can remove sodium. Zeolite showed good 

efficiency in removing sodium in previous literature, but it did not remove much sodium in 

single material experiments. Zeolite was still used to see whether it could remove sodium 

when combined with another material. Tea leaves removed calcium, did not remove sodium 

but do not leach sodium. Thus, tea leaves were selected in ongoing material combination 

experiments. 

 

4.2.5.2. Concentration of Elements in Synthetic greywater and filtered /treated greywater 
using combined materials   
 

 

The results of combined materials are shown in Table 77. When BPD and bark were combined 

in layers, the combination was able to remove Magnesium and Phosphorous completely. 

When BPD was combined with zeolite, the removal was similar to BPD and bark combination. 

Zeolite and lime combination also removed magnesium and phosphorous. Lime and tealeaves 

combination were the only combination that was able to remove sodium and removal 

efficiency was better in layers than when it was mixed.
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Table 76: Concentration of elements before and after treatment/filtration with combined materials 

Combination   Parameters Greywater  
Treated/filtered 
water  

Removal 
efficiencies  

BPD + Bark layers  Na 134.838 391.9 - 

  Mg 9.051 0 100 

  B 0.055 0 - 

  P 1.095 0 100 

  K 14.808 5320.6 - 

  Ca 43.717 767.7 - 
BPD + Zeolite 
layers Na 134.838 213.7 - 

  Mg 9.051 0 100 

  B 0.055 0 - 

  P 1.095 0 100 

  K 14.808 1125.5 - 

  Ca 43.717 314.1 - 

BPD + Zeolite 
mixed Na 134.838 444.8 - 

  Mg 9.051 0 100 

  B 0.055 0 - 

  P 1.095 0 100 

  K 14.808 4981.2 - 

  Ca 43.717 1051.9 - 

BPD + Lime  Na 140.218 316.5 - 

  Mg 9.368 0 100 

  B 0.034 0 - 

  P 1.669 0 100 

  K 15.207 3414.1 - 

  Ca 46.041 743.5 
 
-  

 
BPD + China clay Na 140.218 474.6 - 

  Mg 9.368 0 - 

  B 0.034 0 - 

  P 1.669 0. 100 

  K 15.207 7040.1 - 

  Ca 46.041 423.1 - 

ggbs g +tyre g  Na 140.218 143.4 - 

  Mg 9.368 10.7 - 

  B 0.034 0 - 

  P 1.669 1.6 - 

  K 15.207 17.5 - 

  Ca 46.041 54.5 - 
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Combination   Parameters Greywater  
Treated/filtered 
water  

Removal 
efficiencies  

Zeolite + Lime Na 162.465 172.7 - 

  Mg 10.029 0 100 

  B 0.021 0 - 

  P 1.402 0 100 

  K 15.422 25.4 - 

  Ca 48.696 710.1 - 

Lime + Tea leaves 
layers  Na 256.660 166.9 36.9 

  Mg 7.273 55.7 - 

  B 0.013 0.3 - 

  P 1.223 63.6 - 

  K 16.016 1599.8 - 

  Ca 39.377 96.3 31.7 

Lime + Tea leaves 
mixed Na 256.660 203.6 14.9 

  Mg 7.273 0 100 

  B 0.013 0.08 - 

  P 1.223 2.3 - 

  K 16.016 893.1 - 

  Ca 39.377 1067.8 - 

Bark + Lime mixed Na 157.210 143.9 12.6 

  Mg 6.395 1.5 77.5 

  B 0.005 0.01 - 

  P 1.659 0.8 52.1 

  K 20.210 22.3 - 

  Ca 39.889 178.1 - 
 
 

4.5.2.3. Sodium adsorption ratio of Combined materials 
 

Out of all the combinations lime and tea leaves were the most effective combination, even 

though they do not remove sodium as single materials, when combined, they removed 

sodium up to 36.9% and also contributes to calcium. This combination also reduced the SAR 

to 82.6% from greywater as shown in Table 78. The SAR reduction was mainly due to the 

removal of sodium and some calcium, resulting in an increase in the samples (due to leaching 

from the material). Lime and tea leaves in layered form were a more efficient arrangement 

for removing sodium than a mixture as shown in Table 78. 
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Table 77: Sodium adsorption ration of combined materials filtered water 

  Average Concentration 
SAR 

(meq/L)  
  

Na 
(mg/L) 

Mg 
(mg/L) 

Ca 
(mg/L) 

Na 
(meq/L) 

Mg 
(meq/L) Ca(meq/L) 

SGW  134.838 9.051 43.717 5.865 0.745 2.182 4.849 

bpd + bark  391.913 0 767.653 17.048 0.000 38.308 3.895 

bpd + zeo 
layers 1105.425 0 723.528 48.085 0.000 36.106 11.317 

bpd + zeo 
mixed 131.307 7.069 74.648 5.712 0.582 3.725 3.892 

SGW  131.179 7.711 52.793 5.706 0.635 2.635 4.463 

BPD+lime 130.812 11.775 100.416 5.690 0.969 5.011 3.291 

BPD+ china 
clay 168.708 13.931 70.608 7.339 1.146 3.524 4.803 

ggbs g + 
tyre g 141.455 0 152.955 6.153 0.000 7.633 3.150 

SGW  111.966 6.376 36.739 4.870 0.525 1.833 4.485 

zeo +lime 82.802 13.618 31.971 3.602 1.121 1.595 3.091 

bpd + bark 
grindered 242.867 11.365 83.265 10.564 0.935 4.155 6.622 

SGW  256.659 7.272 39.376 11.164 0.598 1.965 9.862 
lime + tea 
leaves 
mixed 203.615 0 1067.847 8.857 0.000 53.288 1.716 

lime + tea 
leaves 
layers 166.894 55.732 96.286 7.260 4.586 4.805 3.350 

SGW  157.209 6.395 39.889 6.838 0.526 1.991 6.096 

bark + lime 
mix 143.888 1.531 178.106 6.259 0.126 8.888 2.948 
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4.3 Results: plant trials: Series 1  

4.3.1. Characteristics of irrigation water sources (Range of concentration) 
 
Table 78: Characteristics of irrigation water in plant trial (series 1): Range of concentration 

 Grey water  Tap water  Roof harvested water  

Sodium (mg/l) 112.8 – 142.4 16.2 – 27.9 39.7 – 45.38 

Magnesium(mg/l) 7.71 – 10.4 5.23 – 8.35 8.89 – 12.65 

Boron (mg/l) - - - 

Phosphorous (mg/l) 0.97 – 1.14 0.67 – 1.33 1.28 – 1.62 

Potassium(mg/l) 8.25 – 15.8 10.9 – 12.8 55.11 – 165.55 

Calcium(mg/l) 36.7 – 48.1 22.9 – 36.6 51.93 – 66.13 

 

In plant trial series -1, Grey water had high amount of sodium that would not be suitable for 

plants(Table 79). Roof harvested water also had more concentration of sodium than tap 

water. Roof water had high amount of potassium and significant amount of calcium found in 

roof water compared to the other two water sources.  

 

4.3.2. Growth and weight of tomato plants 
 

4.3.2.1. Growth/height of tomato plants 

 
The growths of the plants were measured by their height (length of the main branches and 

side branches) 
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08th July. After that, still, there was a difference of 10cm between the height of tap water and 

greywater irrigated plants up to 30th July. The height difference between tap water and 

greywater plant was reduced to approximately 4cm difference after 30th July. This could be 

because the greywater irrigated plants became resistant to the chemicals and continued to 

grow.  

 

The stem lengths of tap water irrigated plants were restricted due to the emerging of side 

branches from tap water irrigated plants. After 12th August, the tap water irrigated plants 

started growing longer and the difference between them and greywater irrigated plants were 

approximately 10cm again. Close to the harvest, the greywater plants caught up with the 

height of tap water irrigated plants and their height difference was less than 5cm. 

 

4.3.2.2. Growth and weight of tomato plants 
 

The average height of the tomato plants irrigated with various water sources and weight of 

the plant parts are given in Table 80. 

 

Table 79: Average height and weight of tomato plants irrigated with different water sources 

 Tap water  Greywater  Blue-green roof 
harvested water 

Final mean height (cm) 72.12 68.46 108.67 

Final maximum height including 
side branches (cm): by at least 
one of the plants 

95.00 115.00 164.20 

Average wet weight of leaves(g)   12.663 12. 284 18.921 

Highest wet weight achieved - 
leaves (g): by at least one of the 
plants 

14.918 23.170 26.098 

Average dry weight of leaves(g) 2.844 3.199 4.728 

Highest dry weight achieved - 
leaves (g): by at least one of the 
plants 

3.855 6.432 7.180 

Average wet weight of fruits(g) 32.592 16.655 29.375 

Highest wet weight achieved - 
fruits (g): by at least one of the 
plant 

44.940 44.019 52.536 
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4.3.3. Growth and weight of ryegrass 
 

The average height of the rye grass irrigated with various water sources and weight of the 

plant parts are given in Table 81. All the ryegrass plants showed a greater growth difference 

at the start of the 2nd week compared with the 1st week, but their growth differences (current 

height compared with previous height) were decreasing as the number of weeks elapsed. 

Where the growth difference was 7.5cm for RT1 from week 1 – week 2, from week 2 to 3 the 

difference was 3.3 cm and from week 3 to 4 it was 2 cm. This pattern is continued after each 

harvest where all the plants had height differences as soon after the harvest, and as the week 

passes by the height difference reduces.  

 

 

 

 

 

 

 

 

 

 Tap water  Greywater  Blue-green roof 
harvested water 

Average dry weight of fruits(g) 3.302 2.607 2.733 

Average wet weight of stems(g) 14.386 13.763 22.092 

Highest wet weight achieved (g) 
– stems: by at least one of the 
plant 

17.925 26.143 35.013 

Average dry weight of stem(g) 1.853 1.722 2.672 

Average number of fruits per 
plant 

5 3 3.58 

Total number of fruits  25 out of 5 
plants 

27 out of 9 plants 43 out of 12 
plants 

Highest wet weight single fruit 13.28 10.57 16.23 

Average wet weight of root 3.522 3.74 6.191 

First Budding date / how many 
days since sowing 

01/07/19 14/07/19 02/07/19 

First flowering date / How many 
days since flowering 

04/07/19 17/07/19 05/07/19 

First Fruiting Date  12/07/19 25/07/19 16/07/19 

First fruit ripening date  12/08/19 26/08/19 15/08/19 
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Table 80: Average wet weight and dry weight of ryegrass shoot and root and Highest height at each harvest 

  Tap water Greywater 
Blue-green roof 
harvested 
water 

Average wet weight of shoot (g): 
1st Harvest  

 21.457  13.293  23.240 

Average wet weight of shoot (g): 
2nd Harvest  

 22.303  19.787  25.412 

The average wet weight of shoot 
(g): 3rd Harvest  

 20.235  19.017  19.907 

The average wet weight of shoot 
(g): 4th Harvest  

 25.491  23.908  25.385 

The average wet weight of shoot 
(g): Final Harvest  

 12.267  14.267  12.000 

The average dry weight of shoot 
(g): 1st Harvest  

 2.348  1.320  2.528 

The average dry weight of shoot 
(g): 2nd Harvest  

 3.395  2.946  3.705 

The average dry weight of shoot 
(g): 3rd Harvest  

 3.295  3.294  3.275 

The average dry weight of shoot 
(g): final Harvest  

 4.537  4.375  4.620 

The average wet weight of roots 
(g): final Harvest  

 51.286  31.561  35.683 

The average dry weight of roots 
(g): final Harvest  

 4.205  4.818  4.519 

The average height achieved in all 
6 rows (cm): 1st Harvest  

 41.0  33.6  41.2 

The average height achieved in all 
6 rows(cm): 2nd Harvest  

 34.7  33.1  35.8 

The average height achieved in all 
6 rows (cm): 3rd Harvest  

 36.9  39.1  36.4 

The average height achieved in all 
6 rows (cm): 4th Harvest  

 36.4  34.1  34.7 

The average height achieved in all 
6 rows (cm): Final Harvest  

 12.8  12.1  11.9 

 
As shown in Table 81, in the first two harvests the peak mean heights were achieved by blue-

green roof harvested (BGRH) water irrigated plants, where the mean height of greywater was 
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the lowest. In the third harvest, the greywater had the highest mean height and BGRH water 

irrigated plants had the lowest mean height compared to greywater and tap water irrigated 

plants. In the last two harvests, tap water irrigated plants achieved their peak height.  

 

The mean wet weights of shoots (ryegrass) of greywater irrigated plant were the lowest in 

the first four harvests and their mean wet weights were the highest at the final harvest. BGRH 

water plants had the highest mean wet weight during the first two harvests and tap water 

irrigated plants had the highest mean weight in the 3rd and 4th harvest. There was some 

relationship between the wet weight and height in the 1st, 2nd and 4th  harvest, where the 

plants that reached the highest height had the highest mean wet weight and mean dry weight 

and where the plants had the lowest height had the lowest mean wet weight and lowest 

mean dry weight. The roots of the tap water irrigated plants had the highest mean wet weight 

and the greywater irrigated plants had the lowest wet weight of roots. 
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4.3.4. Elemental analysis of plants and soils 
 

4.3.4.1. Average accumulation on plant of ryegrass   
 
Table 81: Concentrated nitric acid extractable (mg/kg) – Average concentration in ryegrass shoot at different harvest 

 
Rye grass: 1st harvest 

 Tap water Grey water Roof water 

   Minimum  Maximum Median Mean  Minimum  Maximum Median Mean  Minimum  Maximum Median Mean 

Na 
134.2 309.6 188.0 218.5 1066.4 3033.9 1290.8 1634.8 134.2 636.8 267.8 307.3 

Mg 
1390.6 2134.9 2115.0 1929.5 1313.6 2246.4 1967.1 1941.57 1661.6 1796.6 1672.5 1671.1 

B 
32.7 36.9 35.0 34.8 20.1 43.7 34.4 32.8 21.4 38.7 30.0 29.3 

P 
3437.8 5281.5 4834.2 4666.0 2919.9 5239.1 4582.4 4461.0 4083.5 5111.6 4479.4 4456.8 

K 
38645.5 57495.2 51940.1 49796.7 26808.1 50081.1 43556.2 42733.5 47791.1 56807.7 52835.2 53193.7 

Ca 
3789.1 5626.9 5234.4 5020.1 3555.1 6564.1 5362.0 5340.1 3722.1 5204.8 4347.2 4640.7 
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Rye grass: 2nd harvest 

 Tap water Grey water Roof water 

   Minimum  Maximum Median Mean  Minimum  Maximum Median Mean  Minimum  Maximum Median Mean 

Na 
408.7 

 
1866.9 

 
912.7 

 
975.8 

 
834.2 

 
2185.9 

 
2075.2 

 
1787.7 

 
566.7 

 
1030.5 

 
662.9 

 
746.2 

 

Mg 
2342.2 

 
4661.0 

 
4096.9 

 
3748.2 

 
2814.2 

 
4014.0 

 
3789.9 

 
3632.7 

 
3194.9 

 
4455.9 

 
3282.9 

 
3585.7 

 

B 
43.7 

 
91.2 

 
65.2 

 
67.5 

 
68.3 

 
86.8 

 
75.6 

 
77.3 

 
45.2 

 
80.9 

 
70.7 

 
68.3 

 

P 
2907.2 

 
5796.53 

 
4716.2 

 
4463.7 

 
3674.8 

 
5563.0 

 
4841.5 

 
4761.4 

 
3988.8 

 
5027.5 

 
4599.8 

 
4576.8 

 

K 
27239.1 

 
70199.7 

 
51797.9 

 
50063.3 

 
35342.8 

 
83583.3 

 
53768.6 

 
55420.3 

 
63531.7 

 
85680.9 

 
64478.3 

 
68782.3 

 

Ca 
5029.1 

 
8317.8 

 
7655.9 

 
7250.7 

 
4790.1 

 
8090.9 

 
6284.6 

 
6567.8 

 
5449.6 

 
8160.2 

 
5783.3 

 
6302.7 
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Rye grass: 3rd harvest 

  Tap water Grey water Roof water 

      Median Mean     Median Mean     Median Mean 

Na 
811.2 1145.3 991.4 982.6 1937.9 2757.0 2201.4 2298.7 377.0 812.7 411.7 533.8 

Mg 
3860 4679.8 4121.8 4220.5 3293.9 3696.2 3389.9 3460.0 2767.5 3959.4 2894.6 3207.1 

B 
32.5 45.2 44.3 40.7 35.4 52.3 44.9 44.2 37.6 48.0 44.2 43.3 

P 
4452.1 5448.6 4598.0 4832.9 3758.4 4104.2 4007.0 3956.5 4221.9 4759.4 4409.2 4463.5 

K 
42315.4 53270.8 42370.0 45985.4 38789.7 42761.34 42081.7 41210.9 48932.1 62564.4 50923.7 54140.1 

Ca 
6329 7890.316 6918.2 7045.8 6224.2 7734.1 6273.2 6743.8 3564.9 6449.5 3811.2 4608.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

269 | P a g e  

 

Rye grass: final harvest 

 Tap water Grey water Roof water 

   Minimum  Maximum Median Mean  Minimum  Maximum Median Mean  Minimum  Maximum Median Mean 

Na 
3820.0 6841.2 5713.0 5399.1 7217.4 14141.7 11699.6 10600.3 2199.8 6106.1 3101.6 3961.6 

Mg 
3678.4 4152.8 3999.0 3949.8 2507.8 3599.8 3327.0 3208.1 2451.3 3653.2 2688.9 2923.2 

B 
16.2 26.5 24.8 22.4 12.8 22.9 20.0 18.7 22.5 29.8 26.0 26.7 

P 
4454.2 5878.0 4956.4 5083.9 3006.9 5750.5 4698.9 4670.3 4363.8 5045.9 4777.5 4742.3 

K 
32640.0 42455.6 40539.2 38400.9 11303.9 38313.4 30498.8 27910.3 39254.5 58850.7 53961.8 52109.5 

Ca 
7629.4 9823.8 8221.2 8543.8 6343.6 13431.4 7306.1 8279.8 3699.8 3699.8 5377.5 4951.7 
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The average concentrations of different elements found in the ryegrass at each harvest is 

shown in Table 82. In all five harvests, the concentration of sodium found in grass shoots 

irrigated with greywater was high compared with BGRH water irrigated grass shoot and tap 

water irrigated grass shoots. The sodium concentration in ryegrass shoots from all three 

water sources increased during each harvest and in the final harvest, the concentration of 

sodium in shoots irrigated with greywater was 8.5 times the initial harvest. For Tap water, the 

final harvest sodium concentration was 27 times the initial harvest and for BHRH water it is 

20.5 times the initial harvest. This was due to sodium is being accumulated in the shoots.  

 

Except for the first harvest, the magnesium concentrations in the other four harvests were 

approximately the same. In each harvest magnesium and phosphorous concentrations in the 

shoot were high in tap water irrigated plants compare to the other two water irrigated plants. 

Boron concentration in shoot irrigated with all three water sources were approximately the 

same. Calcium concentrations were more in tap water and greywater irrigated grass shoots 

than roof harvested water irrigated grass shoots. Potassium concentration was high in roof 

harvested water irrigated shoots compare to tap water or greywater irrigated shoots.
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Table 82: Concentrated nitric acid extractable (mg/kg) – Average concentration in ryegrass roots 

  Tap water Grey water Roof water 

   Minimum  Maximum Median Mean  Minimum  Maximum Median Mean  Minimum  Maximum Median Mean 

Na 1127.7 3638.6 2484.1 2368.0 1969.2 7503.9 2609.3 3530.6 793.2 3831.0 1074.6 1714.9 

Mg 1971.1 3400.0 2973.2 2871.7 1553.3 3366.6 2535.8 2419.1 1971.3 3339.9 2374.5 2473.7 

B 6.1 18.2 8.3 2.2 5.4 22.9 7.8 5.6 11.6 19.6 18.5 16.6 

P 1708.6 3393.6 2911.5 2703.2 1688.4 4693.6 3037.5 2884.4 1902.2 3562.3 2184.3 2535.0 

K 6266.5 17349.4 12027.6 11204.9 5086.8 41517.0 11431.4 13021.9 7424.9 18231.2 10387.7 11387.5 

Ca 12016.0 17299.2 16212.7 15765.4 12232.1 19501.0 14329.4 14330.0 11481.1 18087.6 14170.0 14688.3 

 
 

Table 83 shows the average concentration of each element found in the roots of ryegrass plants. The roots from grey water treated plants show 

a higher amount of sodium compared with BGRH water plant roots and tap water irrigated plant roots. The other elemental concentration from 

the roots were similar.  

 

 

 

 

 

 

 

 



 

 

272 | P a g e  

 

4.3.4.2. Average accumulation on plant parts of tomato plants   
 

Table 83: Concentrated nitric acid extractable (mg/kg) – Average concentration in tomato plant roots 

 Roots Tap water irrigated plants  Grey water irrigated plants Roof water irrigated plants 

   Minimum  Maximum Median Mean  Minimum  Maximum Median Mean  Minimum  Maximum Median Mean 
Na 1151.0 1701.3 1303.1 1385.1 2693.5 8432.1 5087.6 5404.4 576.3 807.6 773.0 719.0 

Mg 3540.4 4490.2 4381.5 4137.4 3208.6 4462.4 3825.9 3832.3 3195 4534.4 3746.5 3825.3 

B 6.3 9.2 7.3 7.6 1.8 8.1 1.9 3.9 4.1 5.7 5.5 5.1 

P 2308.4 2956.2 2881.5 2715.4 2116.5 3082.8 2254.9 2484.7 2326.2 3250 2928.0 2834.7 

K 11987.7 16695.8 12368.3 13683.9 11767.5 17549.4 14017.9 14444.9 21684.4 25860 24271.0 23938.5 
Ca 9694.6 13280.0 13216.6 12063.7 10575.3 15154.3 14301.0 13343.5 12040 15713.7 12186.2 13313.3 

 

 
Table 84: Concentrated nitric acid extractable (mg/kg) – Average concentration in tomato plant stems /branches 

 Stem/branches Tap water irrigated plants  Grey water irrigated plants Roof water irrigated plants 

   Minimum  Maximum Median Mean  Minimum  Maximum Median Mean  Minimum  Maximum Median Mean 

Na 1189.5 2387.5 1361.3 1621.0 3986.0 4964.6 4840.9 4658.1 540.5 952.2 607.9 668.8 

Mg 3154.8 5157.4 3612.5 4061.0 1075.8 4780.5 3361.7 3141.0 2126.2 3326.1 3062.7 2756.4 
B 10.6 17.3 15.3 14.6 5.1 21.9 18.1 15.9 13.0 15.4 13.6 13.9 

P 2593.3 3045.9 2824.7 2835.7 1522.0 4065.3 3775.4 3382.0 3066.3 4535.4 3784.7 3804.5 

K 27113.1 37081.7 29302.8 31174.5 16437.1 32028.1 29008.0 26068.2 47465.8 68814.2 51058.8 54837.7 

Ca 17252.0 24462.2 20337.2 20568.9 5589.8 26761.8 16833.7 17463.7 7492.0 16029.7 12819.3 11579.5 
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Table 85: Concentrated nitric acid extractable (mg/kg) – Average concentration in tomato plant leaves 

 Leaves Tap water irrigated plants  Grey water irrigated plants Roof water irrigated plants 

   Minimum  Maximum Median Mean  Minimum  Maximum Median Mean  Minimum  Maximum Median Mean 
Na 113.32 291.73 253.4 219.5 3060.5 4990.1 4881.6 4361.4 241.4 1461.8 354.0 571.9 

Mg 3223.32 4489.04 4285.3 4037.1 1914.9 3637.7 2980.3 2915.3 1665.0 4481.3 3718.2 3366.0 
B 65.91 91.73 76.4 78.0 13.4 61.1 13.8 25.8 87.3 90.2 45.5 45.4 

P 2529.64 3555.56 3470.3 3209.5 1814.7 3288.7 2700.0 2558.6 1113.8 3513.8 3139.3 2536.7 

K 13769.84 32290.84 14273.6 18439.6 7841.5 23134.9 13846.9 13963.8 9661.0 31489.2 27289.0 22279.6 

Ca 26574.26 53998.02 43943.7 42348.3 8458.7 33752.5 14964.1 19160.4 11235.3 26844.2 18755.1 17008.2 

 
The leaves of greywater irrigated plants had high concentrations of sodium compared with tap water and BGRH water plants. The 

Potassium content was high in BGRH water irrigated plant leaves. This was due to BGRH water containing high amounts of potassium 

compared with greywater and tap water. The calcium concentration was high in tap water irrigated plants.  

 
 

Table 86: Concentrated nitric acid extractable (mg/kg) – Average concentration in tomato plant fruits 

 Fruits Tap water irrigated plants  Grey water irrigated plants Roof water irrigated plants 

   Minimum  Maximum Median Mean  Minimum  Maximum Median Mean  Minimum  Maximum Median Mean 

Na 380.6 789.6 674.2 601.4 729.4 1987.0 1063.6 1288.4 232.4 359.9 272.7 282.2 

Mg 1919.4 3752.5 2123.6 2464.6 1565.7 3352.2 2561.7 2431.3 1714.4 2416.8 1961.0 2012.7 

B 3.4 13.8 12.1 9.2 5.4 12.0 5.8 5.6 4.1 13.3 8.9 9.3 

P 4363.5 4615.8 4480.4 4484.8 3644.1 4549.8 4050.2 4065.2 4294.1 4724.1 4405.4 4476.0 

K 29750.5 36517.0 31902.0 32836.9 25019.6 29762.8 28110.0 27325.3 26158.4 40039.4 33326.2 33984.4 

Ca 1950.2 6740.5 4210.6 4203.5 2169.6 6667.7 5027.0 4553.9 1780.2 3343.6 2253.6 2364.0 

Fruits of greywater irrigated plant had more sodium and calcium compared with the other two water source irrigated plants. There was not 

much variation in magnesium, boron, phosphorous and potassium concentration between the fruits from all three different sources of water. 



 

 

274 | P a g e  

 

4.3.4.3. Elements in soils before planting and after harvesting  
 

Table 87: Concentrated nitric acid extractable (mg/kg) – Average concentration in soils before and after irrigating plant with different water sources (Ryegrass)  

 Pre-planted soil Tap water irrigated plant soil Grey water irrigated plant soil Roof water irrigated plant soil 

      Median Mean     Median Mean     Median Mean     Median Mean 
Na - - - - - - - - 57.5342 69.28 60.5 62.4 - - - - 

Mg 4.85 5.64 4.8 4.9 404.3 509.7 489.1 467.7 358.031 526.1 509.0 464.4 406.2 472.6 442.2 440.3 

B - - - - - - - - - - - - - - - - 
P 4.25 6.33 6.3 6.1 319.4 395.7 368.2 361.1 291.3 536.4 426.6 418.1 304.5 454.3 383.0 380.6 

K 8.21 10.64 8.2 9.0 199.9 618.9 548.4 455.8 358.73 580.3 409.6 449.5 439.8 674.8 561.6 558.7 
Ca 45.73 69.17 60.8 58.6 4061.4 5737.4 4604.9 4801.2 4778.2 6020 5090.3 5296.0 4390.3 5630.3 4728.8 4916.5 

 

Table 88: Concentrated nitric acid extractable (mg/kg) – Average concentration in soils before and after irrigating plant with different water sources (Tomato plants) 

 

 Pre-planted soil Tap water irrigated plant soil Grey water irrigated plant soil Roof water irrigated plant soil 

      Median Mean     Median Mean     Median Mean     Median Mean 

Na - - - - - - - - 5.6 6.9 5.6 6.3 - - - - 
Mg 4.85 5.64 4.8 4.9 389.0 443.8 421.7 418.2 370.2 532.2 401.9 434.8 515.3 604.9 516.1 545.4 

B - - - - - - - - - - - - - - - - 
P 4.25 6.33 6.3 6.1 293.0 327.6 306.6 309.1 388.7 550.0 409.2 449.3 379.9 390.2 387.0 385.7 

K 8.21 10.64 8.2 9.0 469.1 612.6 497.5 526.4 478.6 494.7 478.6 326.3 602.8 605.0 605.0 610.4 

Ca 45.73 69.17 60.8 58.6 3460.7 4988.4 3976.5 4141.9 4697.9 5222.0 4893.8 4937.9 4032.1 4919.7 4696.3 4549.3 
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Table 89: pH and conductivity of soil samples 

 Median pH  Average Conductivity (𝜇𝑠/𝑐𝑚) 

Soil (Pre-planted) 6.58 86.8 

 

Blue-green roof harvested water 
irrigated plant soil 

7.69 390.5 

Greywater irrigated plant soil 7.77 354.4 

Tap water irrigated plant soil 7.88 260.8 

 
Blue-green roof harvested water 
irrigated plant soil 

7.88 367.3 

Greywater irrigated plant soil 8.23 324.8 

Tap water irrigated plant soil 7.87 272.9 

 
All three water sources have increased the electrical conductivity of the soil. More increase 

in conductivity had resulted due to the roof harvested water 

 

4.4 Results: final treatment system and final plant experiment 
 

4.4.1. Characteristics of irrigation water sources 
 
Table 90: Characteristics of grey water, tap water and treated water collected of grey water synthesizing days – Final 

treatment and final plant experiment (series 2): Average concentration 

 

 Water 
sources 

 Date of 
collection 

Sodium  Magnesium  Boron  Phosphorous  Potassium Calcium  

Grey 
water  

6th 
November  

106.3 3.39 0.078 1.522 13.45 22.9 

  
26th 
November  

118.5 9.37 0.05 1.734 14.49 27.5 

  
18th 
December  

109.7 3.58 0.084 1.187 12.86 39.9 

Treated 
water  

6th 
November  

42.74 14.86 0.047 12.06 369.3 19.6 

  
26th 
November  

65.30 19.31 0.021 15.43 433.6 28.3 

  

18th 
December  
 
  

77.58 20.33 0.031 14.03 436.3 40.4 
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 Water 
sources 

 Date of 
collection 

Sodium  Magnesium  Boron  Phosphorous  Potassium Calcium  

Tap water  
6th 
November  

17.02 3.07 0.077 1.003 12.60 24.0 

  
26th 
November  

32.90 8.87 0.058 2.218 13.88 47.8 

  
18th 
December  

22.53 5.24 0.081 1.131 12.72 36.0 

 

The water sources from grey water, tap water and treated water were collected only on the 

days when the grey water was synthesized. The sodium concentration in grey water was 

between 106.3 and 118.6mg/l, which is almost 4 times the concentration found in tap water 

and twice the concentration found in treated water. The Table 91 shows that the treatment 

system had removed sodium from grey water at 59.8% on day 1, 28.4 % in 1 month and 12 

days.  
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the germination.  The average height achieved by grey water plants were 2.2cm, treated 

water plants were 2.3cm and tap water plants were 2.7cm.  

 

Tap water plants showed the highest height compared with grey water and treated water 

during this period. In one of the greywater irrigated plant pots, where 4 seedlings germinated 

out of 5. Two of the seedlings germinated on the 30th of November and other two germinated 

by 4th December 2020. On the 4th of November the leaves and part of stem in the first two 

seedling were on the soil and continued by the other seedlings in forthcoming days and their 

growth stopped. On 14th of December 2020, all four seedlings did not survive. Their survival 

was only 10days to 14 days. One of the tap water seedlings and one of the treated water 

seedlings did not survive after 22nd December 2020. 

 

From the end of December 2020 to 8th of March 2021, there was no access to the plant 

experiment due to third Covid lockdown. Therefore, the growth was not being able to be 

measured or observed. During the lockdown, two of tap water plants (from different pots) 

did not survive. Therefore, the total survival was 45 plants out of 60, which is 75% survival 

throughout the experiment.    

 

When there was access after the lockdown, the plant growth was measured. The average 

growth of treated water irrigated plants and tap water irrigated plants were taller than the 

growth /height grey water irrigated plants as shown in Figure 91. The average height of 

treated water 11.8cm higher than grey water treated plants. The average heights of tap water 

plants was 12.7cm taller than grey water treated plants.  
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4.4.2.2. Growth and weight of tomato plants  
 
Table 91: Growth and weight of tomato plant in final plant experiment (series 2) 

 Tap water  Greywater  Final treatment system 

treated water  

Final mean height(cm) 32.1 19.4 31.2 

Final maximum height 

(cm) achieved - by at least 

one of the plants 

46.2 34.5 44.3 

Final lowest height 

recorded  

21.5 15.5 20 

Final total height (cm) 97.3 84.7 147.7 

Total survival: at the end 

of the experiment 

13 13 19 

Average wet weight(g):  

leaves 

13.74 
 

13.51 
 

18.16 
 

Highest wet weight(g): 

leaves - by at least one of 

the plants 

16.23 16.42 20.17 

Average dry weight(g): 

leaves 

5.23 
 

5.12 
 

6.45 
 

Highest dry weight (g): 

leaves - by at least one of 

the plants 

4.90 5.60 6.74 

Average wet weight (g): 

stems 

13.48 14.14 18.60 

Highest wet weight (g): 

stems - by at least one of 

the plant 

15.24 16.62 20.25 

Average dry weight (g): 

stems 

4.93 5.06 5.82 
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Flowering and Fruiting data (average wet weight and dry weight of fruits, Average number of 

fruits per plant, total number of fruits for each water source, highest wet weight of single 

fruit, first budding date, first flowering date, first fruiting date, first fruit ripening date) were 

not achieved due to early termination of the experiment due to lockdown restrictions.The 

Table 92 shows that the final treatment system treated water showed more growth (11.8cm) 

than grey water treated plants.  

 

4.4.2.3. Average Conductivity / Temperature / Moisture content of substrate 
 

The average moisture content, conductivity and temperature of the substrate irrigated with 

grey water, tap water and treated water on six different days are given in Table 93.  

 

 

 

 

 

 Tap water  Greywater  Final treatment system 

treated water  

Highest dry weight (g): 

stems - by at least one of 

the plant 

5.58 5.27 6.05 

Average wet weight (g):  

root 

4.51 4.71 4.97 

Highest wet weight (g): 

roots - by at least one of 

the plant 

4.71 4.96 5.37 

Average dry weight (g):  

roots 

3.39 3.84 3.90 

Highest dry weight (g): 

roots - by at least one of 

the plant 

3.71 3.77 4.16 
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Table 92: Average moisture content, conductivity and temperature of growing medium (soil) irrigated with different water 

sources – final plant experiment (series 2) 

   Parameters  Grey water  Tap water  Treated water  

26th Nov 2020 

Moisture content (%) 29.4 30.6 30.1 

Conductivity (mS/m) 114.3 93.8 179.2 

Temperature (℃) 17.5 17.9 17.6 

 

30th Nov 2020 

Moisture content (%) 26.7 30.0 25.5 

Conductivity (mS/m) 121.8 78.2 179.0 

Temperature (℃) 13.6 13.7 13.4 

 

08th Dec 2020 

Moisture content (%) 26.5 28.7 27.4 

Conductivity (mS/m) 113.4 88.9 208.9 

Temperature (℃) 16.0 16.7 16.4 

 

14th Dec 2020 

Moisture content (%) 29.2 31.7 30.0 

Conductivity (mS/m) 102.1 76.9 186.7 

Temperature (℃) 16.9 16.8 16.5 

 

22nd Dec 2020 

Moisture content (%) 27.7 30.4 31.0 

Conductivity (mS/m) 87.3 62.8 165.8 

Temperature (℃) 10.6 10.7 10.6 

 

30th Dec 2020 

Moisture content (%) 29.1 31.6 33.7 

Conductivity (mS/m) 95.1 70.8 175.2 

Temperature (℃) 14.8 15.4 15.1 

 
 

The moisture content, conductivity and temperature were once a week since the first 

germination. On the first day of measurement, the average temperatures of all the 

substrate/soil were between 17.5 to 17.9℃. The next week the temperatures of the soil 

reduced to 13.4 – 13.7℃ and the next two week they increased between 16 – 16.9.  During 

the fifth week of measured the temperature of the substrate greatly reduced to 10.6 – 10.7℃. 

The moisture content of the soil was approximately the same for all the pots. The conductivity 

of the soil of tap water irrigated pots were low for all six measurements, in the range of 62.8 

– 93.8mS/m. The conductivity of the soil irrigated with grey water were between 87.3 – 121.8 

mS/m. The conductivity of soil irrigated with treated water were in high range, 165.8 to 208.9 

mS/m. This is due to the ions from the tealeaves (magnesium, phosphorous and potassium) 

and hydrated lime (calcium) in the final treatment systems.  
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4.4.3. Average concentrations of elements in pot saucer water samples  
 
Table 93: Average concentrations of elements in pot saucer water samples – final plant experiment (series 2) 

 Pot 
saucers  

Dates   Sodium  Magnesium  Boron  Phosphorous  Potassium Calcium  

Tap 
water 
irrigated 
plants 
  
  
  
  
  
  

12th 
November  

29.4 16.9 0.068 5.17 181.6 114.0 

19th 
November 

11.8 11.7 0.067 3.00 66.5 86.8 

26th 
November  

12.5 13.6 0.088 3.02 74.6 99.8 

4th December 16.0 17.7 0.147 2.99 92.8 122.7 

11th 
December 

21.0 21.3 0.163 2.52 108.8 142.3 

18th 
December  

20.3 19.0 0.120 2.34 83.5 128.2 

30th 
December  

25.8 22.7 0.170 2.16 103.2 151.1 

Grey 
water 
irrigated 
plants 
 
  
  
  
  
  
  

12th 
November  

55.9 12.5 0.070 2.87 81.4 91.2 

19th 
November 

58.6 15.2 0.073 2.98 85.2 107.2 

26th 
November  

63.0 17.2 0.086 3.03 94.1 121.2 

4th December 73.8 20.6 0.140 3.32 131.2 141.2 

11th 
December 

92.6 23.9 0.146 3.13 146.4 159.4 

18th 
December  

97.9 23.2 0.120 2.96 155.5 155.5 

30th 
December  

111.8 25.1 0.147 2.93 140.3 167.1 

Treated 
water 
irrigated 
plants 
 
  
  
  
  
  
  

12th 
November  

11.5 9.3 0.051 2.96 65.9 70.6 

19th 
November 

37.9 20.9 0.064 5.32 210.3 128.4 

26th 
November  

43.6 24.6 0.077 4.65 226.9 149.6 

4th December 57.3 29.1 0.123 3.33 288.6 175.8 

11th 
December 

68.1 33.0 0.144 2.08 362.4 193.1 

18th 
December  

68.8 19.0 0.146 2.15 414.7 199.3 

30th 
December  

78.8 35.0 0.146 2.26 412.1 202.7 
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The sodium concentration in treated water irrigated pot saucers water samples were less 

than the sodium concentration in grey water irrigated pot saucers water samples throughout 

the period. The sodium, magnesium, boron, potassium and calcium concentrations were 

increased in the pot saucer water samples as the number of weeks passed by. This is due to 

evaporation of water from the pot saucers, leaving the elements in pot saucers and thereby, 

pot saucers samples became concentrated. High potassium concentrations were found in 

treated water irrigated pot saucers samples and the concentration increased as the weeks 

passed by. The potassium had leached from the tea leaves and hydrated lime in the final 

treatment system. Compared to tap water and grey water, treated water irrigated pot saucers 

had more concentration of calcium. This could be a result from calcium leaching from 

hydrated lime in the final treatment system but there was not much difference in calcium in 

irrigation water samples.  
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4.4.4. Elemental analysis of plants and soils: Final plant experiment series -2  
 

4.4.4.1. Average chemical accumulation on plant parts of tomato plants   
 

Table 94: Concentrated nitric acid extractable (mg/kg) – Average concentration in tomato plant roots - final plant experiment (series 2) 

 Tap water irrigated plants  Grey water irrigated plants Treated water irrigated plant 

 Minimum Maximum  Median Mean  Minimum Maximum  Median Mean  Minimum Maximum  Median Mean  

Na  2785.0 11146.2 3990.4 5973.9 28639.2 70010.4 59016.2 52555.2 4049.3 50316.6 15025.3 23130.4 

Mg 33632.9 88630.3 41500.4 54587.8 30979.8 77350.0 65944.5 58091.5 25221.5 106292.6 63334.1 64949.4 

B  330.2 559.6 397.4 429.1 248.1 480.7 248.1 227.7 198.2 1314.4 323.4 612.0 

P  81023.5 130055.4 81077.5 97385.5 56992.9 115513.5 110904.7 94470.4 26617.8 116904.3 80952.7 74824.9 

S  15801.4 41963.7 28139.1 28634.7 17756.2 39320.7 33574.0 30217.0 8451.9 51379.9 34654.9 31495.6 

Fe  7131.7 28953.3 7272.4 14452.5 7696.7 18427.1 15279.7 13801.2 5094.0 41666.3 33188.1 26649.5 

Mn  5.3 1082.9 77.9 388.7 325.3 625.1 325.3 302.2 79.3 1623.9 1266.8 990.0 

Zn  242.4 928.2 423.3 531.3 239.0 735.8 683.3 552.7 393.8 1158.2 944.1 832.0 

Al  8855.7 31626.1 11399.8 17293.8 8543.0 18326.8 14927.3 13932.4 9191.0 42491.6 30987.4 27556.7 

Pb  438.3 556.6 448.7 481.2 468.5 503.0 499.0 490.2 584.0 704.2 601.4 629.8 

K  552220.3 1094266.2 680828.7 775771.7 449468.4 1081013.4 1051057.8 860513.2 313758.2 1626559.6 1043623.7 994647.2 

Ca  161504.5 354946.6 234966.7 250472.6 129652.9 263714.8 255961.7 216443.1 272391.5 1005244.1 343654.5 540430.0 
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Table 95: Concentrated nitric acid extractable (mg/kg) – Average concentration in tomato plant shoots - final plant experiment (series 2) 

 

 Tap water irrigated plants  Grey water irrigated plants Treated water irrigated plant 

 Minimum Maximum  Median Mean  Minimum Maximum  Median Mean  Minimum Maximum  Median Mean  
Na  252.4 554.7 468.5 429.3 1286.9 1975.7 1895.9 1763.6 344.5 1468.4 1363.3 1085.2 

Mg 1188.7 1354.6 1315.9 1303.6 1102.9 1312.2 1273.4 1240.5 948.0 3239.8 3239.8 1754.9 

B  2.1 9.9 5.8 5.9 3.2 15.6 6.6 8.0 2.9 37.5 37.5 14.5 

P  3287.0 5521.8 4973.4 4851.3 3328.4 4680.3 4296.9 4150.6 3301.1 5164.8 4812.7 4051.3 

S  1114.5 1397.3 1236.0 1258.8 1259.7 1493.9 1332.5 1354.7 1027.3 10193.1 10193.1 3754.3 
Fe  4.6 35.4 16.5 18.0 2.1 75.4 33.2 36.0 18.6 103.1 103.1 51.7 

Mn  3.4 9.7 6.1 5.9 7.0 9.0 8.9 8.4 1.0 16.7 16.7 8.9 

Zn  19.2 23.3 20.9   19.4 21.6 21.5 21.0 15.9 25.9 25.9 21.3 
Al  25.8 52.1 32.4 21.4 21.5 94.4 52.7 55.4 38.6 168.3 144.1 82.2 

Pb  8.5 9.9 8.9 35.5 8.2 9.3 8.8 8.8 8.6 9.1 8.8 8.9 
K  54696.6 89807.0 58448.1  64650.5 92656.6 73925.3 76289.4 31465.4 96151.7 43483.3 60670.2 

Ca  7865.4 10051.2 8454.0 62838.8 7207.2 8434.5 7874.6 7847.7 7239.3 32923.3 32923.3 15032.1 
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Table 96: Concentrated nitric acid extractable (mg/kg) – Average concentration in tomato plant leaves - final plant experiment (series 2) 

 

  Tap water irrigated plants  Grey water irrigated plants Treated water irrigated plant 

  Minimum Maximum  Median Mean  Minimum Maximum  Median Mean  Minimum Maximum  Median Mean  

Na  316.2 441.4 413.5 398.2 980.5 1423.0 1160.9 1262.2 966.9 1272.9 1147.8 1127.5 

Mg 2535.4 3286.3 2986.4 2973.8 2903.1 3067.1 2981.4 2940.2 2974.7 3310.0 3192.9 3183.1 

B  29.5 47.1 42.2 41.3 23.9 56.1 39.0 39.0 30.6 38.7 33.0 33.9 

P  3473.7 3992.0 3906.4 3836.6 3340.2 4068.8 3669.1 3669.1 3105.8 3463.2 3383.2 3318.5 

S  8297.0 10061.7 9151.0 9255.2 8027.0 10337.3 9145.7 8414.6 6815.1 7619.1 7433.7 7362.9 

Fe  108.5 222.7 120.7 139.1 104.2 151.2 116.7 107.8 113.2 170.0 144.7 141.6 

Mn  21.6 28.2 26.3 25.9 17.9 23.0 18.9 18.5 25.8 33.2 29.1 29.1 

Zn  19.9 32.9 23.5 24.5 23.1 29.5 27.2 27.9 36.2 46.2 40.0 40.5 

Al  138.8 218.7 176.0 174.8 140.7 185.0 149.6 146.0 106.1 214.3 153.1 154.0 

Pb  7.0 9.4 7.5 7.7 6.9 9.9 7.9 9.1 6.7 7.4 7.0 7.0 

K  30913.5 47419.8 40574.4 40068.1 38477.5 48153.5 41106.9 41106.9 48350.4 53684.8 50526.1 51154.2 

Ca  27696.8 32933.7 32163.6 31220.3 25268.7 31816.0 28598.3 26133.2 20855.4 24190.2 22679.4 22676.0 
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4.4.4.2. Average of elements in soils before planting and after harvesting  
 

Table 97: Concentrated nitric acid extractable (mg/kg) – Average concentration in soils before and after irrigating plant with different water sources (Tomato plants) in final plant experiment 

(series 2) 

 

  Pre- planted soil 

  Minimum Maximum  Median Mean  
Na  - - - - 

Mg - - - - 
B  - - - - 

P  - - - - 

S  - - - - 

Fe  26.3 423.4 224.9 224.9 

Mn  - - - - 
Cu  - - - - 

Zn  - - - - 

Al  18.6 188.0 103.3 103.3 
Pb  8.1 8.4 8.2 8.2 

K  536.3 564.2 550.3 550.3 
Ca  100.9 119.8 110.3 110.3 

-   means not detectable  
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  Tap water irrigated plant soil Grey water irrigated plant soil Treated water irrigated plant soil 

  Minimum Maximum  Median Mean  Minimum Maximum  Median Mean  Minimum Maximum  Median Mean  

Na  - - - - - - - - - - - - 
Mg 457.7 819.9 595.4 617.2 425.0 673.7 475.6 512.5 341.2 793.4 604.0 559.1 

B  - - - - - - - - - - - - 

P  350.5 492.7 416.9 409.5 300.4 376.7 360.5 349.5 315.2 482.3 385.2 392.3 
S  134.2 212.1 183.5 178.4 134.2 200.0 177.6 172.3 120.8 227.6 161.7 173.7 

Fe  6290.0 7251.4 6871.6 6842.1 6059.3 7170.6 6863.3 6739.1 6095.7 8365.9 6528.0 6960.1 

Mn  82.0 94.2 89.3 88.5 66.7 86.8 81.8 79.3 71.7 108.7 82.8 85.6 

Cu  - - - - - - - - - - - - 

Zn  23.5 27.0 25.9 25.3 22.6 27.3 26.1 25.6 17.9 31.2 24.6 24.1 
Al  2354.9 3058.6 2742.5 2746.0 1927.8 3187.8 2435.5 2496.6 2354.8 3157.9 2419.8 2634.7 

Pb  18.0 20.9 19.0 19.2 16.9 26.6 19.0 20.4 15.9 25.0 20.1 20.0 
K  871.8 1054.3 977.9 972.8 648.6 887.4 759.3 763.7 760.7 1333.6 967.5 1036.2 

Ca  4307.5 6326.4 5758.9 5610.5 3967.7 5646.7 4722.1 4764.7 3730.6 6834.0 4883.6 5149.1 
 
Table 98: Average pH and conductivity of soil samples – final plant experiment (series 2) 

  pH range  Average Conductivity (𝜇𝑠/
𝑐𝑚) range  

Soil (Pre-planted) 6.802 – 6.809 39.70 - 47.04 

Tomato plants: soil Tap water irrigated plant soil 6. 598 – 7.051 87.83 – 102.9 

Greywater irrigated plant soil 6.788   - 7. 356 78.92 – 136.3 

Treated water irrigated plant soil 6.652 – 7.271 78.14 – 148.9 
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5.0 Discussion 
 

5.1. Discussion: Stirred batch reactor experiment  
 

The value of the stirred batch reactor experiments was not as great as had been anticipated 

at the time. They did contribute to later decisions as to materials to be used in the meso flow 

columns and to some extent provided some stand-alone data which is discussed below.  

 

It would not have been essential to remove phosphate from grey water in the final iteration 

in this research, since the treated water was used to support the growth of plants (which 

would benefit from its presence). If the treated water, after treatment in devices equivalent 

to the stirred batch reactor was released into a river or lake the phosphate removal would be 

important to prevent eutrophication (Chislock et al., 2013). In this case GGBS, PFA, BPD, GAC 

and BOS could be used to remove phosphates. Out of all these, GGBS and PFA were least 

expensive, BPD and BOS (see Table 116) cannot be purchased online but could be obtained 

from Portland cement industries and steel industries respectively. GAC was an expensive 

material compared with all other materials used in this research except for PAC (i.e. Six 

graphite pencils are £6.99 whereas 1 Ton GGBBS powder is £31.90 - £35.44, 20Kg PFA is 

£9.52). 

 

Phosphate concentrations in samples treated with TG or Tea leaves increased, presumably 

because the phosphates leached from these materials. Where TG had 65mg/kg of 

phosphorous, tea leaves had 2227.9 mg/kg of phosphorous using nitric acid extract 

(approximating to total). Water originating from a stirred batch reactor, based on adsorbent 

to liquid ratios used in these experiment, TG, Tea leaves, Moringa shell, moringa seed 

adsorbed water could be used as an irrigation source since they contribute phosphates, but 

these should not enrich receiving waters as much as untreated discharge. Phosphate 

concentration in soil should be between 25 to 50ppm.  If the phosphorus concentration is less 

than 25ppm then phosphorous(as fertiliser) should be added to the soil. 

 

Although PFA BPD and BOS (had phosphorous in their structure as determined by nitric acid 

extract 457.2 mg/kg, 157.2 mg/kg and 2345.2 mg/kg respectively and also removed 



 

 

290 | P a g e  

 

phosphate from grey water. These materials can remove phosphates in grey water, and it 

appears that either they did not leach any phosphate under the reactor conditions, or they 

removed phosphates that leached from their structure by re-adsorption onto active external 

sites. This can be seen since there is no phosphate increase in treated water than the SGW.  

PFA and BPD removed phosphates up to certain percentage, but BOS was able to remove 

99.4% of phosphate concentration by the 1-hour adsorption period. 

 

Tea leaves contained 2227.9 mg/kg of phosphorous in and BOS had 2345.2 mg/kg of 

phosphorous (as determined by nitric acid extract) and the concentration in treated samples 

is very high with 23.1 mg/l in 1hr adsorption period. Whereas, BOS also has similar 

composition in its structure, but the concentration of BOS treated sample did not increase 

and showed complete removal.  

 

Bentonite treated samples cannot be filtered through Whatman 1 filter paper as specified in 

section 4.1. and thus, will not be used in further experiment 

 

Nitrate does not have to be removed from grey water used for irrigation since it is an 

important macronutrient needed by plants. The nitrates concentration for crops varies crop 

to crop but a concertation of 10mg/kg to 50mg/kg are needed by crops. More than 50mg/kg 

could cause toxicity in crops. Water treated in a batch reactor by Lime, BPD, moringa shell, 

moringa seed, tea leaves could, advantageously, be a source of irrigation water because these 

waters would contribute to nitrate concentration in treated water. GAC, PAC and GGBS fine 

materials were the materials that were able to remove nitrates from grey water. GAC has 

being used as an adsorbent (treated with zinc chloride REF or without modification) in the 

removal of nitrates. GGBS fine, GAC and PAC all appear to have potential to remove nitrates 

from water. PAC treated water had more removal efficiency compared to GGBS and GAC 

treated water.  Therefore, they can be used to remove nitrates in ground water, river or lake 

water that result from fertilisers. Treating with these materials will also control and prevent 

eutrophication (Chislock et al., 2013). Further studies should be carried out to study whether 

GGBS could contribute to harmful effects if used for treating river water. GGBS is the low-cost 

material whereas PAC and GAC are expensive as indicated in Table 116 in the appendix. 
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PFA, BPD, GAC, PAC, BOS show a capability to remove anionic surfactants. PAC and GAC had 

the highest removal efficiencies in the removal of anionic surfactant. These materials thus 

offer a potential method of treating waters containing anionic surfactants such as grey water 

or wastewater.  

 

Synthesised grey water (SGWA) had pH between 7.14 to 7.24. Extracts of TG, gypsum, coffee 

waste, rice husk, had slightly higher pH. The pH of irrigation will have significant effect on 

plants. PAC reduced the pH to acidic. This could have an effect where; zinc and aluminium 

would become soluble in acidic pH and cause harmful effects to plants (Yang et al 2015). 

 
Graphite had better removal efficiency out of all the materials in the removal of sodium 

(Reason for not being able to use graphite in further experiment are given in section 4.14). 

Graphite is a cost-effective material when bought in bulk, but it is expensive buying in lower 

amounts, as shown in Table 116. 

 

The others such as tea leaves and mica, that removed sodium had only very low percentage 

of removal and most of the materials did not remove sodium. Sodium is a stubborn pollutant 

in water and wastewater industries that needs extensive treatment such as reverse osmosis, 

distillation, filtration (micro, ultra, nano), advanced oxidation or biological treatments for the 

removal.  

 

GAC and PAC are the adsorbents that are widely used in the removal of many pollutants in 

water and wastewater industries, but they were not able to remove sodium. This was because 

activated carbons can only remove organic pollutants, taste and odour (US EPA, 2021). The 

treated water samples with PFA, BPD, PAC, gypsum, china clay, coffee waste, rice husk and 

fuller’s earth had increased concentration of sodium after adsorption. This was due to sodium 

leaching from the material, where nitric extract of PFA had 1708.4 mg/kg, BPD had 2629.2 

mg/kg, PAC had 3256 mg/kg, china clay had 452.9 mg/kg, coffee waste had 78.3 mg/kg, rice 

husk had 131.5 mg/kg and fuller’s earth had 5632.2 mg/kg of sodium as discussed in section 

3.2.2.3. 
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Magnesium in soil between 0 – 50ppm is considered lower and 100lb./acre magnesium 

needed to be added for fruit and vegetable crops. If the magnesium concentration in soil is 

between 51-150ppm, then it considered as medium and 50 lb./acre magnesium needed to be 

added. If there is more than 150 ppm of magnesium in soils then extra magnesium is not 

necessary to be added. Magnesium does not have to be removed from grey water in this 

project since magnesium is an essential nutrient for plants at the concentrations experienced 

in greywater. The materials that can remove magnesium can be used in industries or other 

fields where the water hardness needs to be removed but other competitive technologies 

(such as ion exchange) might well be more effective.  The removal efficiencies of the materials 

were in the order of BPD>lime>BOS> graphite > china clay > GAC>TG. 

Lime, china clay and tyre granules are inexpensive materials s shown in Table 116. The cost 

of other material were been discussed in previous paragraphs. 

 

GGBS fine, PFA, moringa seed, moringa shell, tea leaves gypsum, coffee waste, rice husk, 

terracotta clay, and fuller’s earth treated water samples showed increased concentration of 

magnesium after the adsorption. This is probably because magnesium has leached from the 

materials.  It is worth noting that GGBS fine, PFA, tea leaves, gypsum, coffee waste, rice husk 

and fuller’s earth had 17087.5 mg/kg, 1708.4 mg/kg, 1849.4 mg/kg, 950.1 mg/kg, 70.5 mg/kg, 

47.7 mg/kg and 827.1 mg/kg of magnesium in their concentrated nitric (microwave).  extracts 

This is a potential advantage from both a fertigation point of view and in relation to the effect 

on SAR and thus useful for plant irrigation if the water treated with these materials are used.  

 

Boron is a micronutrient needed by plants, typically the required amount of boron needed is 

provided by the amounts normally present in soil (Boron concentration between 0.5to 2ppm 

is the required boron concentration needed by plants , less than 0.5ppm causes deficiency 

and more than 2ppm causes toxicity in plants), therefore if boron containing grey water is 

used for irrigation it will potentially cause phytotoxicity. Therefore, boron should be removed 

before irrigating the plants. The boron content found in SGW A can cause toxicity to plants 

and this has been reported (WHO 2006). Most of the materials used in adsorption 

experiments were able to remove boron up to certain limit and the order of their removal 

efficiencies were PAC > graphite>GAC> lime>tea leaves>china clay> 

gypsum>TG>brick>moringa seed >GGBS F> moringa shell>mica > coffee waste. Except for 
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GAC and PAC all other materials are inexpensive or can be obtained from industries (waste 

material from the industry). 

 

If these materials are used in treatment of irrigation water, they could remove boron and 

could thus potentially protect the plant from boron toxicity. The samples treated in the batch 

reactor with PFA, rice husk, terracotta and zeolite were also not able remove boron from grey 

water and the concentration of boron in the treated water increased after treatment. These 

materials should not be used to treat water designed for irrigation use because they can 

potentially contribute to boron phytotoxicity. The boron content in extracts of PFA, rice husk 

and zeolite were 50.8 mg/kg, 0.8 mg/kg and 2.7 mg/kg respectively.  

 

Potassium does not have to be removed from grey water if the concentration is in an 

acceptable limit (potassium concentration not more than needed by plants). Otherwise, high 

amounts of potassium can cause problem to soil stability where high amount of potassium 

can reduce the availability of magnesium due to high selectivity (Liang et al. 2021). Potassium 

in soil should be between 40 to 80ppm for healthy plant growth. If the concentration is more 

than 80ppm no fertiliser will be needed. Concentration of potassium in waters reacted with 

tea leaves, GGBS F, moringa seed, BOS, coffee waste rice husk, terra cotta, zeolite FE and brick 

in the stirred batch reactor increased after treatment. This could be potentially beneficial if 

the treated water is used for plant irrigation because potassium is an essential nutrient for 

plant growth. The treated water sample treated by PFA, GAC and graphite removed 

potassium from grey water. BPD adsorbed sample vastly increased in potassium 

concentration after adsorption. This might cause problems by disturbing the soil structure. 

 

Calcium does not have to be removed from grey water since it is an essential nutrient for 

plant growth as well as help to improve the infiltration problems of the soil and soil dispersion 

caused by sodium. Calcium concentration in soil less than 300ppm considered low for plant 

growth. Waters treated with Lime, BPD, BOS, gypsum, zeolite and fuller’s earth in a stirred 

batch reactor can be used as an irrigation source since it will provide the calcium needed by 

the plants and improving the harmful effects caused by sodium to soil and plants. These 

concentrations of calcium in grey water increased after treating with these materials. This is 

because, the calcium in nitric acid extract of lime, BPD, BOS, gypsum, zeolite and in aqueous 
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extract of fuller’s earth were 217928.3 mg/l, 176418.8 mg/kg, 99110.7 mg/kg, 17843.3 mg/kg, 

11380.1 mg/kg respectively. The calcium concentrations were removed by moringa seed and 

moringa shell, tea leaves, coffee waste, rice husk, brick and graphite.   

 

SAR of GGBS F, moringa seed, GAC, tea leaves, moringa shell, GAC, moringa seed, PFA, BOS F, 

fuller’s earth and graphite reduced slightly and lime ang gypsum reduced significantly. These 

materials treated water can be used in plant irrigation. In the moringa seed treated water had 

high increase in magnesium and slight increase calcium that eventually reduced the SAR. The 

SAR reduction observed in in lime treated water was due to increased concentration of 

calcium in treated water and the SAR greatly reduced to 74.8%. In BPD treated water, the 

concentration of calcium was high, and the concentration of sodium was also high, -both were 

in similar concentration ranges. Therefore, BPD treated water was not seen as being able to 

reduce or increase the SAR. The moringa shell treated water showed a reduction in SAR due 

to an increase in magnesium concentration than grey water.  The SAR of PFA treated water 

was still seen to be reduced even though the sodium concentration increased but this was 

compensated for by the fact that there was a simultaneous increase in magnesium and 

calcium. The reduction of SAR in tea leaves treated water was seen to be due to a reduction 

in sodium concentration and a simultaneous increase in magnesium. The SAR of gypsum 

treated water reduced by 63.9% and the reduction was due to high increase in calcium and 

significant increase in magnesium even though there was increase in sodium. The Fullers 

earth treated water has still been able to reduce SAR, even though the sodium increased but 

it also increased the magnesium and a significant amount of calcium to compensate. The SAR 

reduction in graphite treated water was due to reduction in sodium.  

 

5.2 Discussion: Meso-flow column / Rig adsorption experiments 
 
Other than the materials used in the stirred batch reactors the six new materials were 

introduced during the meso-flow column experiments will be discussed in this section since 

other materials were discussed in section 5.2. The material that was capable of removing the 

pollutant or element was selected and used in meso-flow adsorption experiment. 
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Only bark was able to remove sodium from grey water at very low removal efficiency. Glass 

waste and biochar filtered water samples showed an increase in sodium concentration after 

filtration. Nitric acid extract of glass waste and biochar had 1206.3 mg/kg and 210.5 mg/kg of 

sodium respectively.  

 

BOS G were only able to remove magnesium from grey water and the removal efficiency 

reduced as the number grey water deliveries increased. Whereas in the first delivery the 

removal efficiency was 100%, during the second delivery it was 55.1% and during the third 

delivery 20.4%. BOS F was also used in the meso-flow experiment, and it had better removal 

efficiency than BOS G in the removal of magnesium in all three deliveries. Both the materials 

(BOS G and BOS F) had similar magnesium concentration in their structure, where BOS G had 

17691.6 mg/kg and BOS F had 17712.9 mg/kg. Magnesium concentration in GGBS G, biochar, 

glass waste and bark treated water increased after the filtration and this is due to magnesium 

leaching from the material. The magnesium concentration leached at 17548.6 mg/kg, 1174.6 

mg/kg, 199.7 mg/kg and 309.8 mg/kg respectively. These materials treated water can be 

useful for irrigation since magnesium in an essential nutrient needed by plants.  

 

Five of the new materials used in the meso-flow experiments were able to remove 

phosphorous from grey water at different percentages except for bark. BOS G, GGBS G, glass 

waste removed phosphorous at a higher removal efficiency in all three grey water deliveries. 

These materials can be used to treated phosphorous contaminated water and prevent 

eutrophication.  Biochar had 19.7 % removal at the first grey water delivery and the 

concentration of phosphorous increased during the second and third delivery. Biochar had 

452.5 mg/kg phosphorous concentration in the materials and bark had 345.3mg/kg of 

phosphorous concentration in the materials. These two materials treated water can be used 

in landscape irrigation.  

 

Potassium concentration in four materials treated water increased after the treatment. GGBS 

G, glass waste, bark and lytag filtered water slightly increased whereas biochar filtered water 

had high concentration of potassium in treated water. The concentration of potassium in 

GGBS G, glass waste, bark and biochar were 2938.7 mg/kg, 981.6 mg/kg, 1680.3 mg/kg and 

2116.1 mg/kg respectively.  
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After reaction with all the six materials in the flow through column the treated water had 

calcium concentrations increased after the filtration. This is due to calcium leaching from 

these materials. These treated waters can thus potentially be used for irrigation since calcium 

is an essential nutrient for crops and improve the SAR of irrigation water. 

 

BPD filtered water would not be suitable for irrigation purposes because it shows an increase 

in the sodium adsorption ration. This is due to the sodium leaching from the materials as well 

as magnesium removal from the water. Even though it contributes to calcium concentrations 

this is insufficient to compensate. Lime and gypsum treated water greatly reduced the sodium 

adsorption ratio at 57.6% and 48.7% respectively. This is mainly due to the materials releasing 

calcium from the material.  These water sources can be useful in plant watering since it will 

help the plants and soil structure. The SAR of Bark. tyre granule s, BOS G, BOS F, GGBS G, 

lytag, china clay treated water significantly reduced after the filtration with these materials.  

 
 
The materials selected for the bench top materials combination were based on the material 

were able to remove at least one of the elements with significant removal efficiencies. Lime 

and tea leaves in layered form was the best combination out of all the other combinations. 

This combination was able to remove sodium, increase the concentration of calcium, 

magnesium, potassium and phosphorous in the filtered water. This shows that it contributes 

to all the elements /nutrients that are needed by plants and to improves the soil structure. 

When this material combination (lime and tealeaves) but in mixed form was used in mixed 

form, it was also able to remove sodium but at lower percentage. The mixed combination 

removed the magnesium completely from the grey water.  It was not able to contribute to 

phosphorous whereas the layered contribute to high amount of phosphorous. Potassium 

contribution was less than the layered form, but the mixed form highly contributed to the 

calcium (1067.8 mg/l). The layered form (96.3 mg/l) was only able to contribute to lower 

amount of calcium when compared to mixed form. Tea leaves has capacity of removing 

calcium, therefore tea leaves may be removing the calcium resulted from lime when in 

layered form.   

For future work lime and tealeaves layers could be combined with another layer of tealeaves 

and lime mixed to see whether it could help to improve the irrigation water quality. 
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5.3. Discussion: Plant trial – Series:1 
 
 
It can be seen from the results (growth and weight of plant parts) that Roof water can be a 

promising fertigation water source. Roof water harvested plants had an average stem length 

of 108.7 cm the tallest roof water irrigated plant has a stem length of 164.2 cm. The average 

wet weight of the roof harvested fruits were 29.4 g and the maximum total weight of fruits 

obtained was 52.536 g. Highest weight achieved by roof harvested fruit was 16.23 g. The 

average weight of leaves and stems were higher than tap water and gey water irrigated 

plants. Roof harvested water can be an irrigation source due to the presence of high amount 

of potassium and significant amount of calcium that are essential nutrient for plant growth.  

The roof water benefits the growth of plants were proven in this experiment. Therefore, it 

was no longer needed to be used in the final plant experiment (series 2).  

 

Grey water cannot be an irrigation source due to the presence of high sodium. The presence 

of sodium inhibited the growth of the plants at the initial stages that was visibly seen by the 

author during the experiment and the stem length also showed that the growth of grey water 

plants was restricted. This could be due to plants chemicals in grey water inhibiting the 

growth. Later, the grey water plants grew and almost caught up with the stems length of tap 

water irrigated plants. This is because plants became resistant to chemicals in grey water. 

Chemicals such as magnesium, calcium, potassium, nitrates and phosphate in grey water will 

be helping the plants with their growth and development.  

 

Accumulation of sodium in grey water irrigated plants fruits were two times higher than the 

tap water irrigated plants and four times higher than roof water irrigated plants. Worldwide 

consumption of tomatoes per capita is 20kg per year that is around 160 million tonnes of 

tomato production in 2011 (Agri benchmark, 2014). If grey water irrigated plant fruits are 

consumed, then a person’s average consumption will be 25760mg of sodium every year if 

20kg of tomatoes are consumed (1288 mg/kg of sodium in grey water irrigated fruits). 

Whereas when tap water irrigated plant fruits are consumes 12028 mg of sodium and when 

roof water irrigated plant fruits are consumed 5644 mg of sodium will be consumed per 

person. British heart foundation states that the sodium intake by adults should be less than 

2500 mg per day including all the food sources including the table salt. One cup of tomatoes 
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(149 g) will provide 7.5 mg of sodium per day that 1% of daily intake of sodium from tomatoes 

obtained from market (University of Rochester medical centre, 2022). If a person consumes 

a cup of tomatoes (149 mg) from grey water irrigated plant, will consume 191.9 mg of sodium 

per day. The intake of sodium is very high and exceed the daily sodium consumption.  

 
In all the tomato plant parts (roots, shoots, leaves and fruits), grey water irrigated plants parts 

had high amount of sodium accumulation. This is due to sodium from personal care and 

detergent products resulted in grey water and the concentration of sodium was 112.8 – 142.4 

mg/l in grey water.  

 

Potassium accumulation is high in all the plant parts irrigated with roof water. 

 

More calcium and boron accumulation are seen in leaves than roots, shoots and fruits in all 

the water source irrigated plants. In leaves the boron accumulation was high in tap water and 

roof water compared to grey water irrigated plants. More potassium accumulation is seen in 

stems and fruits than leaves and roots in all the water sources irrigated plants. 

 

Flowering and fruiting of grey water irrigated plants were delayed by 2 weeks compared tap 

water and roof water irrigated plants. If grey is being used on large scale for watering crops, 

then the yield will be delayed, and the yield production could be less than the market 

production. Whereas, if the roof water is used it could increase the yield and also harvested 

on time.  

Combining grey water and roof water will be a sustainable resource for plant irrigation. This 

could help in development in plants as well as enhance the properties of soil.  

 

5.4. Final adsorption treatment system and final plant experiment series 2 
 

 

The final treatment system has potential to remove sodium from grey water. On the first day 

of the treatment, 59.8% of sodium was removed. As the days of treatment increased, the 

removal efficiency decreased. After, 1month and 12 days the removal efficiency was 28.6%. 

This is due to the treatment system losing its efficiency in removing sodium. By this time, 13 

treatments of final treatment system and 13 irrigations had been completed.  To overcome 
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the treatment system losing its efficiency (through exhaustion of active sorption sites, 

damage to active sorption sites or physical occlusion of active sites by sediment. The 

predictions that would be made by both Langmuir and Freundlich isotherm), the material 

should regenerate or replaced with new materials but an easy first step might be to 

experiment to find the optimum layer thicknesses to combine the best longevity and 

acceptable breakthrough head and flow rates. To regenerate the materials, it can be washed 

with deionised water. Regenerating with acid or alkaline may not be suitable (unless the 

residual reagents can be guaranteed to have been removed or a post treatment pH 

adjustment is applied) since the treated water is used for plant irrigation. Residual reagents 

could eventually affect pH of the soil and could enable the harmful elements to become 

soluble and affect the plants, even acids from regenerated material could directly damage the 

plants. To facilitate regeneration or replacement of both the materials drawer format can be 

incorporated in the final treatment system.  

  

Magnesium is contributed from the final treatment system that has been leached from 

tealeaves. This can be helpful in further reducing the sodium adsorption ratio, to prevent 

dispersion of soil particles thereby controlling infiltration problems and protect the plants.  

 

Boron concentration is very low in all the water sources compared to tap water and grey 

water; boron concentration is low in treated water.  

 

Phosphorus (as phosphates) is an essential macronutrient for plants. Treated water has more 

than six times the concentration of phosphorus than tap water and grey water. Therefore, 

plants can get more phosphorous for their survival if final treatment water is irrigated to 

plants. Treated water from this final treatment system should not be sent directly to river or 

lakes since it could contribute to eutrophication.  

 

Very high concentration pf potassium is resulted from the final treatment system that can be 

an advantage in plant irrigation. High amount of potassium is resulted from tealeaves in the 

final treatment system. Tap water and grey water had similar concentration of potassium.  

The concentration of Calcium increased when the treatment days increased and there was 

not much difference between calcium concentration in all three water sources. The 
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expectation was more calcium to be resulted from treated water. Since one of the materials 

used is hydrated lime (HL) it is to be expected that it leaches high amount of calcium. But due 

to the layered set up as well as the other material tea leaves has potential of removing 

calcium, the calcium concentration was low in treated water.  

 

Sulphur is a nutrient needed by plants. All three water sources have measurable sulphur 

concentrations. The sulphur concentration is more in grey water and treated water than tap 

water. 

Manganese is an essential nutrient for plants. Final treatment system contributes to 

manganese in treated water. Other two water sources do not have manganese in them.  

All here water sources consist lead in similar range, approximately 0.05mg/l. This could be 

from tap water.  

 

There is a little amount of aluminium in grey water and more concentration found in treated 

water. Aluminium can cause harmful effects to plants in acidic conditions. Since these plants 

(plants in this project) are in alkaline condition, no harmful effects should be caused by Al 

from treated water to the plants, but a need further research is indicated.  

 

The final treatment system has potential to remove zinc. Even though this is not useful in the 

plant experiment in this project because zinc normally only causes harmful effects in acidic 

environment, since the soil environment in this project was alkaline zinc could not be soluble 

to cause harm. But if the final system treated water is used it can remove zinc and protect the 

soil that has acidic condition. Zinc concentration of 50mg/kg and 100mg/kg in soil showed a 

positive effect on the overall growth and yield(Zinc helps the plants to produce chlorophyll, 

growth of plants). More than 100mg/kg of zinc in soil will be toxic to plants. 

 

As stated in section 5.7.3.2, the treated water irrigated seeds completely germinated 

whereas, both tap water and grey water irrigated plants showed 85% germination. The 

possible reason could be the effects from the seeds but not due to the water sources.  

 

The previous plant experiment (plant trials series -1, section 5.5) was carried out to compare 

the growth of plants using three different water sources such as grey water, tap water and 
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roof harvested water. In the series -1 experiment, the tomato seeds germinated with 10 days. 

But in the current experiment (series - 2), it took around 20 days for tomato seed germination.  

This was due to the fact that the heating system was not working in the green house and the 

temperatures of the winter season (periodic maximum temperature was 16 and minimum 

temperature was 4). 

 

In this experiment, the possible reasons for non-germinating cowpea seeds(even after a 

month) included are: 

• If the seeds were not sold as seeds for sowing and sold for consumption purpose, then 

they would have gone through heat treated to preserve them. Then they might not 

germinate. These were the only organic cowpea seeds that were available to buy. 

There were other suppliers who sold organic cowpea seeds in USA, but international 

delivery was not available. The seeds were searched for at a selection of websites but 

an organic variety was hard to find and in cases where they were available at a 

reputable site then, obtaining supply was obstructed because of delivery to UK. The 

author will use seeds from reputable research centre and governmental site for future 

research. Pre-germination tests were carried out in small pot saucers and module 

trays in the green house but due to the cold temperatures none of the seeds 

germinated. 

• There was set of windows left open in the greenhouse due to mechanical problems 

and was repaired only after a month, reducing temperatures  

Possible explanations for and options to get around these problems, included:  

• It was thought the seeds might have rotted because it was more than a month from 

sowing. Therefore, soil in cowpea pots were dug and there were no seeds found. It 

was concluded that the seeds might have rotted and decomposed due to 

waterlogging.  

• To try germinating in an incubator but the pots used in this experiment cannot be 

accommodated in the incubator. Then to place pots on heated benches in the green 

house. Also, to try to germinate seeds in small tray/ petri dish with wet tissue. 
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As discussed above, a further germination experiment was carried out in small trays with wet 

tissues and cowpea seeds were placed in them. Cowpea seeds still didn’t germinate. The next 

option was to sow green peas seeds. But due to lock down green peas experiment was not 

able to be carried out. 

 

The average shoot length achieved by all the plants were between 2.2 to 2.7 cm (Average 

shoot length of grey water 2.21cm , SD= 0.24 ; Average shoot length of treated water 2.28cm, 

SD= 0.47 ; Average shoot length of tap water 2.72cm, SD=0.78) on 22nd December 2020, that 

was the last day of measurement taken before the lock down. This growth took 27 days from 

germination and 1 month and 16 days since sowing. This shows how badly the heat affected 

the growth of tomato plants. 

 

The 4 seedling that did not survive after 14th of December was not due to grey water because 

the seedling in the other pot survived and grew. This could be due to insect attack, where 

part of stems and leaves were on the pot soil. Including the growth of these plants to the 

experiment is questionable because if they are added then, since there was no growth of 

these plants then the average growth could be less. The other plants that did not survive 

before and during the lockdown could be the effects from the seeds.  

 

The average shoot length of treated water plants and had similar average shoot length of tap 

water irrigated plants. The final total shoot lengths of treated water plants were 50.4 cm 

higher than tap water plants and 63 cm higher than grey water plants. This show that final 

treatment system water can be an irrigation source to replace tap water.  

 

The growth of grey water plants was inhibited due to the presence of chemical such as sodium 

in the grey water, the concentration found was 106.3 to 118.5 mg/l in grey water.   Average 

wet weight of leaves, stems and roots are higher in treated water irrigated plants. Even the 

average dry weight of leaves, stem and roots are higher than the other two water source 

irrigated plants. That shows that the final treatment system treated water is benefitting the 

plants in their growth. The parameter such as phosphorous, magnesium, calcium and 

potassium are helping the treated water plants in their growth and development. 
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All the studied elemental accumulations (Sodium, Magnesium, Potassium, Calcium, 

Phosphorous and boron) were much higher in series 2 plant experiment (final plant 

experiment) plant parts compared with series 1 plant parts (plant trial). This could be due to 

non- watering period during the third lockdown, where the chemicals were concentrated due 

to evaporation. Therefore, it is recommended to repeat the experiment by future 

researchers. 

 

The sodium accumulation in grey water irrigated plant parts are much higher compared to 

tap water and treated water plant parts in series 2 final plant experiment. The sodium 

concentration in treated water plant roots, stems and fruits were less than the grey water.  

This shows the treatment system was useful in reducing the sodium content from grey water 

and thereby less accumulation of sodium in plant parts.  But the author would recommend 

carrying out further trials using the final treatment system with tea leaves and lime, to study 

the efficiency of removal of other elements/ parameters which were not studied in this 

research. This could include examining unwanted or harmful parameters that could be 

leached from the material, any useful parameters which could enhance the end use in plant 

irrigation. In future it will be necessary to study the long term positive and negative effects 

on plants, since this project was fundamentally time limited by the PhD timetable and further 

constrained by both the Covid Pandemic and serious operational difficulties. It would also be 

appropriate to study whether any further treatment processes or additional adsorption units 

could further enhance the treatment system. 

 

Due to time constraints the author could not wait till the plants bore fruit. Therefore, it was 

predicated that even if the tomatoes were obtained from treated water systems, they would 

have a lower sodium content compared with grey water irrigated plants. The prediction was 

based on the plant trial experiment (plant experiment 1). 

 

Roots of grey water irrigated plants had low boron accumulation than tap water and treated 

water irrigated plant roots.  

 

Treated water irrigated shoots, roots and leaves shows slightly higher concentrations of 

magnesium than tap water irrigated plants and grey water irrigated plant roots. Iron content 
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was higher in treated water plants roots than tap water irrigated plants and grey water 

irrigated plant roots. Manganese, zinc and aluminium, lead contents were high in treated 

water irrigated plant roots.  (Mn in treated water plants roots were 990mg/kg , in grey water 

were 302.2mg/kg and in tap water were 380mg/kg ; Al in  treated water plant roots were 

27556mg/kg ; in grey water plant roots were 13932mg/kg and in tap water plant roots were 

17293.8 ; Zn in treated water plant roots were 832mg/kg, in grey water were 552.7mg/kg and 

tap water were 531.3mg/kg as shown in Table 95).Potassium (994647.2mg/kg) and 

magnesium have vastly accumulated in treated water plant roots. Even in the leaves and 

stems iron, zinc, manganese was high in treated water plants than tap water irrigated plants 

and grey water irrigated plant. 

The concentration of elements in roots are much higher compare with elements in leaves and 

stem. 

 

European commission (2013) states that soil contamination can seriously affect the ability to 

perform some of its key functions. Soil is a living resource, but once contamination exceeds a 

certain threshold, the soil may be considered not fit for its intended or preferred purpose 

(although other, less desired uses may still be available). Pollution by heavy metals, and many 

organic contaminants is often practically irreversible.  

 

Additional treatment should be considered for the final adsorption treatment system. This is 

to be safe for public health and improve the aesthetics of treated water.  The effluent from 

the final treatment system was a dark brown colour. This could have resulted from tealeaves, 

as we see in a cup of tea as well as none of the rig experiments saw a brown colour from other 

treatment materials used in the rigs This could be improved by additional treatment with 

activated carbon where activated carbon can remove polyphenolic compounds that give tea 

leaves their colour. Caqueret et al. (2011), removed dark coloured and polyphenolic 

compounds of sugar beet vinasse, using activated carbon. 
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5.5 Cost benefit analysis and sustainability of the final adsorption treatment system 
 

Carrying out a rigorous cost benefit analysis of the final adsorption system is difficult because 

it depends on the scale and size of the development to be treated. The design proposed and 

designed by the author might best be considered to be the preliminary version of the system 

and it is at the experimental stage. If the cost is determined at this stage, it will be little more 

than a cost estimation. When the scale is determined and the cost of the scale up system is 

analysed and will be more cost effective.  

 

Tea production and processing is a main source of livelihood for millions of families in least 

developed (i.e. Burundi, Uganda and Bangladesh) and developing countries (i.e. Sri Lanka, 

Kenya accounts for half of world’s tea production) and is the main means of substance for 

millions of poor families. China also contributes to the half of the world’s tea production. 

The tea industry is a main source of income and export revenues for some of the poorest 

countries and as a labour-intensive sector, provides jobs, especially remote area and 

economically vulnerable areas. Tea can play a significant role in rural development, poverty 

reduction and food security in developing country and it’s an important cash crop (United 

nation, no date).  

 

In tea factories in India for 1250 million tonne of tea, 0.015 million tonne of tea waste is 

produced in a year (tamilselvan et al., 2020). Waste tea from tea production process will not 

be exported as a product for consumption. Therefore, the waste tea could be sold as a 

product for adsorption treatment system that could achieve Goal 1 of sustainable 

development(SD) which can even provide a solution for extreme poverty that could fight the 

hunger by achieve Goal 2 of SD. Developing countries or least developed can use the tea for 

their own grey water treatment system and form a solution for water problems that could 

achieve sustainable Goal 6.  

 

Hydrated lime is mainly produced in developing countries such as China and India and 

developed countries such as UK, Germany, Japan and US and least developed country such as 

Zambia. Production of hydrated lime is inexpensive and requires low technology Therefore, 
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if hydrated lime is sold from Zambia, this should achieve SD Goal 1 and 2 and 6. If the system 

is used in developed nation then it could achieve the SD Goal 6 and 11. 

 

 

The adsorption system can also achieve the three pillars of sustainability. Through social 

sustainability, it can provide a source of water for non-potable uses for people, this could 

improve the healthy lifestyle of people in poor countries where they could reuse the grey 

water for their non-potable purpose and reduce grey water becoming stagnated around their 

home or streets. That will ultimately prevent them from water borne diseases. By selling the 

products for grey water treatment system, the developing and least developing countries can 

achieve economical sustainability through profit. Using natural and waste products (Hydrated 

lime and tealeaves) with no electricity needed for treating grey water, can achieve the 

environmental sustainability. 
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6.0 Conclusion, Recommendations for future work, Thesis limitations 
and Cost-benefit & Sustainable consideration of final adsorption 
treatment system 
 

 
6.1 Conclusion  
 
A thorough literature review on the general area of grey water quality was the output arising 

from the achievement of the first of the objectives outlined in chapter 1. This helped in the 

greywater simulation process and to compare the simulated greywater in this project with 

greywater synthesized by past researchers. 

 
As intended, many of the greywater constituents of concern were found to be removed from 

the SGW by single adsorbent materials, although in some cases material combinations were 

found to be advantageous. The second objective was to analyse the treatment efficiencies of 

various natural or waste materials in the removal of grey water constituents using various 

experiments. This objective was achieved through an initial stirred batch reactor, flow 

through adsorption column experiments, and material combination experiments.  In the 

initial benchtop experiment, except for graphite, none of the materials used individually in 

this study were able to achieve 20% removal of sodium. Graphite was used at the initial stage, 

but because of equipment availability constraints the analytical program was able to be 

completed only after the end of the meso-flow column experiment and it was thus not 

possible to incorporate this adsorbent into the later study. Even though graphite had a 

removal efficiency for sodium of more than 20%, it would probably not be an adsorbent of 

choice since it is an expensive material compared to all other materials except for GAC and 

PAC. Therefore, graphite was excluded from further study. As specified in Appendix 6 (Table 

116) pure graphite(same size as a pencil – six numbers) was £6.99, whereas other materials 

were a Ton of GGBS powder was only £31.90. Many materials were able to remove boron, 

magnesium, calcium, potassium, and phosphorous from greywater. Some materials were able 

to completely remove the specific pollutant from greywater. i.e., BPD removed magnesium 

completely from greywater. These materials may be useful to treat contaminated water in 

various fields with contaminated water and thus this initial data could contribute to further 

studies. BOS and BPD are novel materials in water and wastewater industries for pollutant 
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removal and have been introduced by this project. These materials are promising in pollutant 

removal. Hydrated Lime was known as a pH enhancer in water treatment but was not used in 

pollutant removal in water and wastewater industries. Hydrated lime could be used as an 

adsorbent in these industries in the future. The impact of adding these three materials to 

remediating systems has contributed to knowledge. 

 

The final model was proposed, designed, and developed by the author (and constructed at 

SEL Environmental under the author’s direction) to achieve the third objective outlined in 

chapter 1. The final treatment apparatus was allowed experiments to be carried out - to study 

the efficiency of the proposed treatment system.  Both hydrated lime and tea leaves were 

unable to remove sodium from SGW when used as a single material. But the combination of 

lime and tea leaves was able to remove sodium up to 36.9%, in the benchtop stirred batch 

reactors experiments. In the large-scale final treatment, sodium removal was up to 59.8%. 

The arrangement of the material also plays a role in the treatment where this combination 

performed better as a layer than when it was mixed. Most of all, these materials were not 

modified or chemically or physically treated in this project. The lime and tea leaves combined 

adsorption treatment, not only removed the sodium from water source (grey water) but were 

also capable of enhancing the resulting irrigation water quality, by increasing the magnesium 

and calcium in the treated water, benefitting the plants as well as the soil. It confirmed that 

the simple but effective lime and tea leaves adsorption system can potentially form a solution 

as a cost-effective treatment system, but further work and modifications will be necessary to 

enhance both effectiveness and longevity of successful treatment. Thereby the treated grey 

water can be an agricultural water source in near future.  

 

According to the aim, objective 4 and results  specified in section 1.3.1 and 1.3.2 in chapter 1, 

Figure 90, Table 80 and 81, Figure 91 and Table 92.The effects of raw grey water, blue-green 

roof water and tap water on plants were studied in earlier experiments and in the final part 

of this project, where the usefulness of water derived from the use of the optimum filter 

material composite was established. It was clear that grey water cannot be used directly to 

irrigate plants due to sodium accumulation in plant parts, especially in the fruits (which has 

important public health implications) resulting from the elevated level of sodium in the grey 

water. Grey water was seen to delay the growth of plants by 2 weeks when compared with 
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plants irrigated with tap water and rainwater.  After been utilized by the vegetation planted 

on the blue-green roof, the experiments showed that excess blue green roof water could be 

used as a fertigation water source for plant irrigation whether for horticultural or landscape 

purposes.  It was clearly shown that, it can provide magnesium, potassium and calcium for 

plants growth and to improve the soil structure by modification of the soil absorption ratio. 

However, the volume of water collected can be a limiting factor due to dry seasons or low 

rainfall periods and, particularly since much would be transpired by growing plants. 

Therefore, the possibility that blue green roof water may be blended with treated or 

untreated greywater, should be considered. As well as increasing the resource this could 

improve the overall quality of the water. In order to accomplish this, the sizing of storage 

tanks must be considered. Consideration must also be given to see whether alternating the 

use of roof water and greywater can usefully mitigate any long-term soil permeability 

problems by flushing out sodium from time to time. The ability to achieve either of these 

proposals would be very site specific and it is important that detailed modelling and or 

experimental work, on a site-specific basis, be carried out before implementation. 

 

6.2 Recommendation for future work  

 

Further research should be carried out on BOS and BPD materials depending on the end use 

and to study whether harmful chemicals could result from these materials. 

 

Further work should be carried out to study the treatment life of the materials in the final 

treatment system, methods for regeneration of materials, modifying the treatment chamber 

to easily replace or remove the materials when they lose their efficiency. Studies might also 

be carried out by chemically and physically modifying the lime and tea leaves and then 

combining them. This could improve the adsorption property of the combined materials but 

risks of harmful chemicals leaching due to modification, should be considered. 

 

The final plant growth experiment showed that the grey water should be treated (to remove 

sodium and increase calcium and magnesium) to obtain better growth. But there is still much 

uncertainty since the period of enhanced growth happened during the non-irrigation period 

(caused by the Covid lock down). Therefore, repeat plant experiments, based on the 
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treatment system proposed, should be repeated to allow the study to be completed without 

obstacles. Studies should be carried out to see whether the non-watering scenario had an 

effect in the difference between the grey water, treated water and tap water plants. Even 

though boron was not found in the cleaning products /laundry detergents in the UK, it would 

be found in cleaning products /laundry detergents in other countries. Therefore, boron 

compounds should be incorporated during synthesizing grey water and used in plants studies 

in the future. 

 

The overarching conclusion of the work presented here is that, even though it has contributed 

to some initial ideas on potential use of alternative sources of irrigation water, for 

horticultural or landscape irrigation, the work remains only in its initial stages. There is 

therefore great potential for further study in this area, ideally at a time when a global 

pandemic does not constrain progress to the extent that it did in this study. Any future 

workers will benefit from the baseline data obtained on the various materials initially chosen 

for study, allowing a more focussed approach to be taken at the outset of following projects. 

 

6.3. Summary of limitations of Thesis 

 

o Sample sizes were small. In each experiment, there were only three replicates for 

treatment with each material, three replicates with material or solid sample analysis. This 

was limited due to the time and resources constraints, that limited the statistical analysis 

of using SPSS or R. Therefore, statistics were provided through range, mean and median.  

 

o There are various materials that could be for treating pollutants but due to time 

constrained all the materials cannot be tested. Therefore based on two criteria specified 

section 2.4,  the materials were selected and experimented in this research. The materials 

with better removal efficiencies were further experimented and other materials were 

eliminated at each stage. 

 
o Synthetic grey water was used in this research due to ethical and health issues. This 

limited all the ingredients that could be found in real grey water. 
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o There were limitations in using stirred batch reactors and meso flow columns as specified 

in section 3.21 and 3.34. 

 
o There were limitations due to delays because of lab shifts, Covid, limited access to lab 

facilities and limited access to materials. 

 

Even with all the limitations and challenges, the thesis had been completed with successful 

ending, and will be useful for the future researchers. 
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8.0 Appendices 
 

 

Appendix 1: MSDS calculation 
 
Table 99: MSDS of each ingredient used in Synthetic grey water C (SGWC) 

 

Ingredient  Boots anti-dandruff shampoo 

  CASNO 
MASS 

NUMBER MINIMUM MAXIMUM 
Product mass 

used in 1L SGW(g)  

Other ingredients found in the 
product (% present in product not 

known) 

sodium laureth sulfate 68585-34-2   5 10 

0.816 

Decyl glucoside, Parfum, PEG-7 
glyceryl cocoate, C12-13 alkyl 
lactate, PEG-18 glyceryl 
oleate/cocoate, Menthol, PEG-12 
dimethicone, Sodium hydroxide, 
Panthenol,  Guar 
hydroxypropiltrimonium chloride, 
Hexyl cinnamal, Ammonium 
sulphate,  Ammonium chloride,  
Magnesium chloride, Magnesium 
nitrate,  CI  42090 (Blue 1) 

sodium chloride 7647-14-5   1 3 

cocamidopropyl betaine  61789-40-0   1 5 

acrylates copolymer 

25133-97-5 
/ 25035-69-
2 / 25212-
88-8   1 3 

ammonium lauryl sulfate 2235-54-3   1 3 

zinc pyrithione 13463-41-7     <1.2 

benzyl alcohol 100-51-6     0.12 

methylchloroisothiazolinone 26172-55-4     0.12 

methylisothiazolinone 2682-20-4     0.12 

citric acid 77-92-9     <0.15 
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% used if 
minimum 

used in 
calculation 

Product 
mass 

used in 
20L  

SGW (g) 

Compound 
mass in 

20L SGW 
(g) 

Concentration 
in 20 litre 

batch (mg/l) 

% used if 
maximum 

used in 
calculation 

Product mass used 
in 20L  SGW. (g) 

Compound 
mass in 

20L SGW 
(g) 

Concentration 
in 20 litre 

batch (mg/l) 

sodium laureth sulfate 5 16.3 0.815 40.75 10 16.3 1.63 81.5 

sodium chloride 1 16.3 0.163 8.15 3 16.3 0.489 24.45 

cocamidopropyl betaine  1 16.3 0.163 8.15 5 16.3 0.815 40.75 

acrylates copolymer 1 16.3 0.163 8.15 3 16.3 0.489 24.45 

ammonium lauryl sulfate 1 16.3 0.163 8.15 3 16.3 0.489 24.45 

zinc pyrithione 0.1 16.3 0.0163 0.815 1.2 16.3 0.1956 9.78 

benzyl alcohol 0 16.3 0 0 0.12 16.3 0.01956 0.978 

methylchloroisothiazolinone 0 16.3 0 0 0.12 16.3 0.01956 0.978 

methylisothiazolinone 0 16.3 0 0 0.12 16.3 0.01956 0.978 

citric acid 0.075 16.3 0.012225 0.61125 0.15 16.3 0.02445 1.2225 

*<1.2 %, therefore min is taken as is 0.1        

*<0.15 %, therefore min is take as half 0.15, is 0.075       
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Brand / Ingredient Search / non-bio laundry powder 

  CASNO MASS NUMBER MINIMUM MAXIMUM 

Product mass 
used in 1L 

SGW(g)  

Other 
ingredients 
found in the 
product (% 
present in 

product not 
known) 

sodium carbonate 497-19-8 105.988 25 30 

0.192 

 

sodium perborate tetrahydrate 10486-00-7 153.86 10 15 

sodium disilicate 1344-09-8 122.063 0.1 1 

alkyl benzene sulphonic acid, na-salt 85117-50-6  0.1 1 

c12-15 alcohol ethoxylate (7eo) 68131-39-5   0.1 1 

 

  

% used if 
minimum 

used in 
calculation 

Product mass 
used in 20L  

SGW (g) 

Compound 
mass in 20L 

SGW (g) 

Concentration 
in 20 litre 

batch (mg/l) 

% used if 
maximum 

used in 
calculation 

Product 
mass used 

in 20L  
SGW. (g) 

Compound 
mass in 20L 

SGW (g) 

Concentration 
in 20 litre 

batch (mg/l) 

sodium carbonate 25 3.8 0.95 47.5 30 3.8 1.14 57 

sodium perborate tetrahydrate 10 3.8 0.38 19 15 3.8 0.57 28.5 

sodium disilicate 0.1 3.8 0.0038 0.19 1 3.8 0.038 1.9 

alkyl benzene sulphonic acid, na-salt 0.1 3.8 0.0038 0.19 1 3.8 0.038 1.9 

c12-15 alcohol ethoxylate (7eo) 0.1 3.8 0.0038 0.19 1 3.8 0.038 1.9 
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Brand / Ingredient Elbow / grease degreaser  

  CASNO MASS NUMBER MINIMUM MAXIMUM 

Product 
mass used in 

1L SGW(g)  

Other ingredients 
found in the product 
(% present in product 

not known) 

 Ethylene Glycol Butyl Ether  111-76-2   5 10 

0.1 

Phosphates, Perfume , 
Limonene 

Sodium Hydroxide 1310-73-2   0.5 1 

Sodium Tripolyphosphate 7758-29-4   0.5 1 

 Nonylphenol Ethoxylate 9016-45-9   0.5 1 

Disodium Metasilicate 10213-79-3   0.5 1 

 

  
% used if minimum 
used in calculation 

Product mass 
used in 20L  

SGW (g) 

Compound 
mass in 

20L SGW 
(g) 

Concentration 
in 20 litre 

batch (mg/l) 

% used if 
maximum 

used in 
calculation 

Product mass 
used in 20L  SGW. 

(g) 

Compound 
mass in 

20L SGW 
(g) 

Concentration 
in 20 litre 

batch (mg/l) 
 Ethylene Glycol Butyl 
Ether 5 2 0.1 5 10 2 0.2 10 

Sodium Hydroxide 0.5 2 0.01 0.5 1 2 0.02 1 
Sodium 
Tripolyphosphate 0.5 2 0.01 0.5 1 2 0.02 1 

 Nonylphenol Ethoxylate 0.5 2 0.01 0.5 1 2 0.02 1 

Disodium Metasilicate 0.5 2 0.01 0.5 1 2 0.02 1 
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Brand / Ingredient  Protect / disinfectant  

  CASNO MASS NUMBER MINIMUM MAXIMUM 

Product 
mass used in 

1L SGW(g)  

Other 
ingredients 
found in the 
product (% 
present in 

product not 
known) 

c12-15 alcohol ethoxylate  (7eo) 68131-39-5   3 5 
0.1  

alkyl (c12- c16) dimethyl benzyl ammonium 68424-85-1   3 5 
 

  

% used if 
minimum 

used in 
calculation 

Product mass 
used in 20L  

SGW (g) 

Compound 
mass in 

20L SGW 
(g) 

Concentration 
in 20 litre 

batch (mg/l) 

% used if 
maximum 

used in 
calculation 

Product 
mass 

used in 
20L SGW. 

(g) 

Compound 
mass in 

20L SGW 
(g) 

Concentration 
in 20 litre 

batch (mg/l) 

c12-15 alcohol ethoxylate  (7eo) 3 2 0.06 3 5 2 0.1 5 

alkyl (c12- c16) dimethyl benzyl 
ammonium 3 2 0.06 3 5 2 0.1 5 
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Brand / Ingredient  Certex / hand wash  

  CASNO MASS NUMBER MINIMUM MAXIMUM 

Product mass 
used in 1L 

SGW(g)  

Other 
ingredients 
found in the 
product (% 
present in 

product not 
known) 

Sodium laureth sulphate  1335-72-4 288.38 5 10 

0.116 

  

Cocamidopropyl Betaine  61789-40-0 342.5 0.5 1 

Triclosan 3380-34-5 289.54 0.5 1 

Cocamide DEA 68603-42-9 287.438 0.5 1 

Preservatives  -     <1 

Parfum -     <1 
 

 

 

  

% used if 
minimum 

used in 
calculation 

Product mass 
used in 20L  SGW 

(g) 

Compound 
mass in 20L 

SGW (g) 

Concentration 
in 20 litre 

batch (mg/l) 

% used if 
maximum 

used in 
calculation 

Product 
mass used 

in 20L  
SGW. (g) 

Compound 
mass in 20L 

SGW (g) 

Concentration 
in 20 litre 

batch (mg/l) 

Sodium laureth sulphate  5 2.3 0.115 5.75 10 2.3 0.23 11.5 

Cocamidopropyl Betaine  0.5 2.3 0.0115 0.575 1 2.3 0.023 1.15 

Triclosan 0.5 2.3 0.0115 0.575 1 2.3 0.023 1.15 

Cocamide DEA 0.5 2.3 0.0115 0.575 1 2.3 0.023 1.15 

Preservatives  0.5 2.3 0.0115 0.575 0.9 2.3 0.0207 1.035 

Parfum 0.5 2.3 0.0115 0.575 0.9 2.3 0.0207 1.035 
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Brand/ Ingredient  Sainsbury’s sunflower oil 

  CAS NO MASS NUMBER MINIMUM MAXIMUM 

Product mass 
used in 1L 

SGW(g)  

Other 
ingredients 
found in the 
product (% 
present in 

product not 
known) 

Palmitic fatty acid 67701-02-4 256.42 3 10 

0.108 - 

Steric fatty acid  68937-76-8 284.5 1 10 

Oleic fatty acid 68412-07-7 282.5 14 35 

Linoleic fatty acid  2197-37-7 280.4 55 70 

Alpha Linolenic  463-40-1 278.436 ≦0.3 

Behenic fatty acid  112-85-6 340.6 ≦1.6 
 

  

% used if 
minimum 

used in 
calculation 

Product mass used 
in 20L  SGW (g) 

Compound 
mass in 20L 

SGW (g) 

Concentration 
in 20 litre batch 

(mg/l) 

% used if 
maximum 

used in 
calculation 

Product 
mass used in 

20L  SGW. 
(g) 

Compound 
mass in 20L 

SGW (g) 

Concentration 
in 20 litre batch 

(mg/l) 

Palmitic fatty acid 3 2.2 0.066 3.3 10 2.2 0.22 11 

Steric fatty acid  1 2.2 0.022 1.1 10 2.2 0.22 11 

Oleic fatty acid 14 2.2 0.308 15.4 35 2.2 0.77 38.5 

Linoleic fatty acid  55 2.2 1.21 60.5 70 2.2 1.54 77 

Alpha Linolenic  0.15 2.2 0.0033 0.165 0.3 2.2 0.0066 0.33 

Behenic fatty acid  0.8 2.2 0.0176 0.88 1.6 2.2 0.0352 1.76 
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Brand/ Ingredient Fairy washing up liquid  

  CASNO MASS NUMBER MINIMUM MAXIMUM 

Product 
mass used 

in 1L 
SGW(g)  

Other ingredients found in 
the product (% present in 

product not known) 

Sodium Lauryl Sulphate 1231880-35-5 288.38 10 20 

0.1 
 Benzisothiazolinone, 

Phenoxyethanol, Perfumes 

Sodium C12-14 Pareth-3 Sulfate or 
sodium lauryl ether sulphate  68891-38-3 496.7 

5 10 

Lauramine Oxide 308062-28-4 229.4 5 10 

Sodium C12-14 Alkyl Sulfate 85586-07-8 288- 316 1 5 

 

  

% used if 
minimum used 
in calculation 

Product 
mass used in 
20L  SGW (g) 

Compound 
mass in 

20L SGW 
(g) 

Concentration 
in 20 litre 

batch (mg/l) 

% used if 
maximum 

used in 
calculation 

Product mass used in 
20L  SGW. (g) 

Compound 
mass in 

20L SGW 
(g) 

Concentration 
in 20 litre 

batch (mg/l) 

Sodium Lauryl Sulphate 10 2 0.2 10 20 2 0.4 20 

Sodium C12-14 Pareth-3 
Sulfate 

5 
2 0.1 5 

10 
2 0.2 10 

Lauramine Oxide 5 2 0.1 5 10 2 0.2 10 

Sodium C12-14 Alkyl 
Sulfate 1 2 0.02 1 5 2 0.1 5 
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Brand/ Ingredient Palmolive honey and milk / 

  

CASNO MASS NUMBER MINIMUM MAXIMUM 

Product 
mass used 

in 1L 
SGW(g)  

Other ingredients found in the product (% prese     
known) 

Sodium LaurethSulphate 
9004 - 82- 
4 

288.38 <10 
  

Glycerin, Sodium Chloride, Parfum, Cocamide MEA   
Copolymer, Sodium Salicylate, Sodium Benzoate, S   
Polyquaternium-7, Citric Acid, Tetrasodium EDTA,   
Lactose, Laureth-4, Whey Protein, Mel, Benzyl Ben   
Salicylate, Butylphenyl Methylpropional, Hexyl Cin   
Linalool, CI 16255, CI 19140 

Cocamidopropyl Betaine  
61789-40-
0 

342.5 <10 
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Type of 
ingredient   

mass 
from 
shampoo 

mass 
from 
laundry 
powder 

mass 
from 
degreaser 

mass from 
disinfectant 

mass from 
hand wash 

mass 
from 
cooking 
oil 

mass 
from 
washing 
up liquid 

mass 
from 
shower 
gel 

surfatant  Sodium Laureth sulphate  0.815       0.115     0.1 

 Sodium Chloride 0.163               

 Cocamidopropyl Betaine  0.163       0.0115     0.1 

 Acrylates Copolymer 0.163               

 Ammonium Lauryl Sulfate  0.163               

 Zinc  Pyrithione  0.0163               

 Benzyl Alcohol 0               

 Methylchloroisothiazolinone 0               

 Methylisothiazolinone 0               

 Citric acid  0.012225               

 Sodium Carbonate    0.95             

 Sodium Perborate Tetrahydrate   0.38             

 Sodium Disilicate    0.0038             

surfactant  Alkyl benzene sulphonic acid , Na-salt   0.0038             

surfactant  C12-15 Alcohol Ethoxylate  (7EO)   0.0038   0.06         

  Ethylene Glycol Butyl Ether     0.1           

 Sodium Hydroxide     0.01           

 Sodium Tripolyphosphate     0.01           

surfactnt   Nonylphenol Ethoxylate     0.01           

 Disodium Metasilicate     0.01           

surfacrtant  
Alkyl (C12- C16) Dimethyl Benzyl 
ammonium       0.06         

 Triclosan         0.0115       

 Cocamide DEA         0.0115       
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preservatives  Preservatives          0.0115       

 Parfum         0.0115       

 Palmitic fatty acid           0.066     

 Steric fatty acid            0.022     

 Oleic fatty acid           0.308     

 Linoleic fatty acid            1.21     

 Alpha Linolenic            0.0033     

 Behenic fatty acid            0.0176     

 Sodium Lauryl Sulphate             0.2   

 Sodium C12-14 Pareth-3 Sulfate             0.1   

 Lauramine Oxide             0.1   

 Sodium C12-14 Alkyl Sulfate             0.02   
 

 

 when maximum  % used 

 

mass 
from 
shampoo 

mass 
from 
laundry 
powder 

mass 
from 
degreaser 

mass from 
disinfectant 

mass 
from 
hand 
wash 

mass 
from 
cooking 
oil 

mass 
from 
washing 
up liquid 

mass from 
shower gel 

Sodium Laureth sulphate  1.63       0.23     0.18 

Sodium Chloride 0.489               

Cocamidopropyl Betaine  0.815       0.023     0.18 

Acrylates Copolymer 0.489               

Ammonium Lauryl Sulfate  0.489               

Zinc  Pyrithione  0.1956               

Benzyl Alcohol 0.01956               

Methylchloroisothiazolinone 0.01956               

Methylisothiazolinone 0.01956               
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Citric acid  0.02445               

Sodium Carbonate    1.14             

Sodium Perborate Tetrahydrate   0.57             

Sodium Disilicate    0.038             

Alkyl benzene sulphonic acid , Na-salt   0.038             

C12-15 Alcohol Ethoxylate  (7EO)   0.038   0.1         

 Ethylene Glycol Butyl Ether     0.2           

Sodium Hydroxide     0.02           

Sodium Tripolyphosphate     0.02           

 Nonylphenol Ethoxylate     0.02           

Disodium Metasilicate     0.02           

Alkyl (C12- C16) Dimethyl Benzyl 
ammonium       0.1         

Triclosan         0.023       

Cocamide DEA         0.023       

Preservatives          0.0207       

Parfum         0.0207       

Palmitic fatty acid           0.22     

Steric fatty acid            0.22     

Oleic fatty acid           0.77     

Linoleic fatty acid            1.54     

Alpha Linolenic            0.0066     

Behenic fatty acid            0.0352     

Sodium Lauryl Sulphate             0.4   

Sodium C12-14 Pareth-3 Sulfate             0.2   

Lauramine Oxide             0.2   

Sodium C12-14 Alkyl Sulfate             0.1   
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Total mass if 
min % used  

Total mass if 
max % used  

Concentration in 20L 
batch  (min %) 

Concentration in 20L 
batch (max %) 

Sodium Laureth sulphate  1.03 2.04 51.5 102 

Sodium Chloride 0.163 0.489 8.15 24.45 

Cocamidopropyl Betaine  0.2745 1.018 13.725 50.9 

Acrylates Copolymer 0.163 0.489 8.15 24.45 

Ammonium Lauryl Sulfate  0.163 0.489 8.15 24.45 

Zinc  Pyrithione  0.0163 0.1956 0.815 9.78 

Benzyl Alcohol 0 0.01956 0 0.978 

Methylchloroisothiazolinone 0 0.01956 0 0.978 

Methylisothiazolinone 0 0.01956 0 0.978 

Citric acid  0.012225 0.02445 0.61125 1.2225 

Sodium Carbonate  0.95 1.14 47.5 57 

Sodium Perborate Tetrahydrate 0.38 0.57 19 28.5 

Sodium Disilicate  0.0038 0.038 0.19 1.9 

Alkyl benzene sulphonic acid , Na-salt 0.0038 0.038 0.19 1.9 

C12-15 Alcohol Ethoxylate  (7EO) 0.0638 0.138 3.19 6.9 

 Ethylene Glycol Butyl Ether 0.1 0.2 5 10 

Sodium Hydroxide 0.01 0.02 0.5 1 

Sodium Tripolyphosphate 0.01 0.02 0.5 1 

 Nonylphenol Ethoxylate 0.01 0.02 0.5 1 

Disodium Metasilicate 0.01 0.02 0.5 1 

Alkyl (C12- C16) Dimethyl Benzyl ammonium 0.06 0.1 3 5 

Triclosan 0.0115 0.023 0.575 1.15 
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Cocamide DEA 0.0115 0.023 0.575 1.15 

Preservatives  0.0115 0.0207 0.575 1.035 

Parfum 0.0115 0.0207 0.575 1.035 

Palmitic fatty acid 0.066 0.22 3.3 11 

Steric fatty acid  0.022 0.22 1.1 11 

Oleic fatty acid 0.308 0.77 15.4 38.5 

Linoleic fatty acid  1.21 1.54 60.5 77 

Alpha Linolenic  0.0033 0.0066 0.165 0.33 

Behenic fatty acid  0.0176 0.0352 0.88 1.76 

Sodium Lauryl Sulphate 0.2 0.4 10 20 

Sodium C12-14 Pareth-3 Sulfate 0.1 0.2 5 10 

Lauramine Oxide 0.1 0.2 5 10 

Sodium C12-14 Alkyl Sulfate 0.02 0.1 1 5 
 

 

 

    

Molecular 
weight of 
compound  

Atomic 
weight 
of 
targeted 
element 

Interesed 
atoms 
per 
formula  

Propotion 
of 
targeted 
compound  

Min % used : 
Molecular 
concentration 
in 
solution(mg/L) 

Min % used : 
Elemental 
concentration 
in SGW 
(mg/L) 

Max % used : 
Molecular 
concentration 
in 
solution(mg/L) 

Max % used : 
Elemental 
concentration 
in SGW 
(mg/L) 

Sodium 
Sodium Laureth 
sulphate  332.4 22.98 1 0.069 2.04 0.141 51.5 3.560 

  Sodium Chloride 58.4 22.98 1 0.393 0.489 0.192 24.45 9.614 

  
Sodium 
Carbonate  106.0 22.98 1 0.217 1.14 0.247 57 12.360 
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Sodium 
Perborate 
Tetrahydrate 153.9 22.98 1 0.149 0.57 0.085 28.5 4.257 

  Sodium Disilicate  175. 16 22.98 1 0.131 0.038 0.038 1.9   

  

Alkyl benzene 
sulphonic acid , 
Na-salt 348.5 22.98 1 0.066 0.038 0.003 1 0.066 

  
Sodium 
Hydroxide 40.0 22.98 1 0.575 0.02 0.011 1 0.575 

  
Sodium 
Tripolyphosphate 367.9 22.98 5 0.312 0.02 0.006 1 0.312 

  
Disodium 
Metasilicate                 

  
Sodium Lauryl 
Sulphate 288.2 22.98 1 0.080 0.4 0.032 1.76 0.140 

  
Sodium C12-14 
Alkyl Sulfate 330.5 22.98 1 0.070 0.1 0.007 5 0.348 

Zinc  Zinc  Pyrithione  317.7 65.38 1 0.206 0.815 0.168 9.78 2.013 

Boron 

Sodium 
Perborate 
Tetrahydrate 153.9 10.81 1 0.070 19 1.335 28.5 2.002 

                    

Phosphorous  
Sodium 
Tripolyphosphate 367.9 30.97 3 0.253 0.02 0.005   0.000 
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Appendix 2: Spray bottle calibration in meso-flow experiment  
 
 

 Initially 20 pumps were done, and each spray was weighed in an analytical balance as shown in Table 

101. 

Table 100: weight of each spray when 20 pumps were pumped 

  Weight (g) 

  1st replicate  2nd replicate 3rd replicate 

1st spray 0.389 0.489 0.482 

2nd  spray 0.459 0.34 0.455 

3rd  spray 0.567 0.38 0.5 

4th spray 0.51 0.471 0.437 

5th t spray 0.493 0.476 0.348 

6th spray  0.503 0.412 0.289 

7th spray  0.528 0.468 0.356 

8th spray  0.426 0.383 0.402 

Mean  0.484375 0.427375 0.408625 

Median  0.498 0.427375 0.408625 

Mode  #N/A #N/A #N/A 

Standard 
deviation 0.0536 0.0522 0.065 

 

 

 Since the weights were not consistent, 20 pumps were done that was followed by a set of 20 sprays 

were sprayed and weighed. Then another set of  20 sprays were sprayed and weighed and followed 

by another set of 20 sprays were sprayed and weighed (3 set of 20 sprays) as shown in Table 4. 

  

Table 101: weight of 20 spray when 20 pumps were pumped 

 Weight (g) 

 Set 1 : 20  pumps 

with   20 sprays in 

each replicate 

Set 2 : 20  pumps 

with   20 sprays in 

each replicate 

Set 3 : 20  pumps 

with   20 sprays in 

each replicate 

1st replicate  7.709 7.011 5.719 

2nd replicate 6.309 6.514 6.165 

3rd replicate 7.732 7.650 6.624 
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4th replicate 7.102 6.199 5.802 

5th replicate 7.651 7.077 6.927 

 

Then 20 pumps were followed by 60 sprays and 100 sprays as shown in Table 5. 

 

Table 102: weight of 60 sprays and 100 sprays when 20 pumps were done 

 Weight (g) 

 20 pumps 60 sprays  20 pumps 100 sprays  

1st replicate  22.697 30.746 

2nd replicate  21.166 29.835 

3rd replicate 21.208 28.609 

4th replicate 19.942 26.772 

5th replicate 20.178 28.549 

 

Further experiment were carried out pumping  30 times and 40 times and producing 60 sprays and 

100 sprays as shown in Table.6.  

 

Table 103: Weight of 60 sprays and 100 sprays when 30 pumps and 40 pumps were pumped 

 30 pumping 60 

sprays 

30 pumps 100 

sprays 

40 pumps 60 

sprays 

40 pumps 100 

sprays  

1st replicate  25.764 40.513 21.866 38.763 

2nd replicate  23.231 45.675 23.916 40.692 

3rd replicate 22.384 32.902 24.786 36.117 

4th replicate 22.216 34.804 20.676 37.658 

5th replicate 24.871 36.951 22.169 35.106 

 

Producing 60 sprays for any number of pumping showed some consistency in their weight. 

Then, 60 pumps with continuous flow was experimented as shown in Table 7. 
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Table 104: weight of water delivered when 60 pumps pumped with continuous flow 

 60 pumps continuous flow  

1st replicate  47.828g (66.4ml) 

2nd replicate  46.056g (62.7ml) 

3rd replicate  46.744g (63.3ml) 

4th replicate  47.544g (65.9ml) 

5th replicate 48.108 g(68.7ml) 

 

Determining number of pumps needed to deliver 200ml with continuous flow mode (Table 8). 

 

Table 105: number of pumps needed to deliver 200ml water 

1st replicate  124 pumps 192.871g 

2nd replicate  112 pumps 189.446g 

3rd replicate  130 pumps 207.991 

4th replicate  126 pumps 197.130 

5th replicate 125 pumps 187.123 

 

Therefore, approximately 125 pumps with continuous flow can deliver 200ml of water in the 

laboratory. But the height (from the top of the rig) could change the number of pumping to produce 

200ml. Therefore, few spray bottle trials were done in the rigs as shown in Table 9.  

 
Table 106: Number of pumps needed to deliver 200ml water in the rigs 

 Number of pumping for producing 200ml 

water  

1st replicate  83 

2nd replicate  91 

3rd replicate  86 

4th replicate  78 

5th replicate 74 



 

 

363 | P a g e  

 

Appendix 3: Spray bottle calibration in final treatment system experiment 
 

 
Table 107: Grey water delivery calibration: Spray bottle calibration 

    

Diffuse spray, how much volume can 1 pump produce? , No nozzle  turn (A&B) (Figure 18) 

Volume Time 
(min.sec) 

  

150ml 01.38.33 
  

170ml 01.39.32 
  

150ml 01.30.10 
  

170ml 01.43.72 
  

190ml 01.57.76 
  

    

Diffuse spray , 1 pump  , No nozzle turn (A&B) , how much time needed to produce 150ml? 

Min. sec 
   

1.35.16 
   

1.32.94 
   

1.23.59 
   

1.13.25 
   

1.22.07 
   

1.27.23 
   

    

Diffuse spray , no nozzle turn  3 pump to produce 150ml ? 
 

opened every time and pumping(sec)  Without 
opening 
every time 
but pumping  
(sec) 

5L Fill/top 
up  every 
time (sec) 

 

32.62 25.5 33.07 
 

41.46 29.77 35.41 
 

43.99 26.6 31.42 
 

37.17 24.3   
 

30.27 22.66   
 

 

Diffuse spray  , 5 pump  , No nozzle  turn (A&B) , how much time needed to produce 150ml? 

5L fill @ start(sec) everytime 5L 
fill(sec) 

  

23.89 24.17 
  

24.51 23.97 
  

25.63 25.59 
  

26.79 28.4 
  

25.04 22.56 
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Diffuse spray  , 7 pump  , No nozzle  turn (A&B) , how much time needed to produce 150ml? 

5L fill @ start (sec) everytime 5L 
fill(sec) 

  

19.61 20.6 
  

20.63 19.88 
  

21.34 19.91 
  

22.24 19.58 
  

22.84 19.41 
  

    

Diffuse spray , how long to deliver  5L and how many sets of 7 pumps needed? (5 L fill to spray bottle) 

set1 Time (min. 
sec) 

Volume (L)   

1st 7pump  05.36.59 1.17   

2nd 7pump  12.54.47 1.2   

3rd 7pump  21.01.78 1.2   

4th 7pump  30.08.14 1.23   

5th 7pump  32.17.61 0.16   

    0.04 left over in 
bottle 

set2 Time (min. 
sec) 

Volume (L)   

1st 7pump  04.51.16 0.95   

2nd 7pump  11.07.58 1.08   

3rd 7pump  18.01.22 1.15   

4th 7pump  25.20.43 1.04   

5th 7pump  29.24.46 0.75   

    0.03 left over in 
bottle 

set3 Time (min. 
sec) 

Volume (L)   

1st 7pump  05.23.70 1.1   

2nd 7pump  11.29.80 1.07   

3rd 7pump  18.44.75 1.15   

4th 7pump  25.53.10 1.12   

5th 7pump  29.25.07 0.53   

    0.03 left over in 
bottle 

 
 
 

Point spray, Nozzle A clockwise turned 7 times , How long to deliver 5L 
 

set1  Time (min. 
sec) 

Volume (L)   

1st 7pump  02.24.33 1.02   
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2nd 7pump  04.42.69 1.08   

3rd 7pump  07.55.10 1.1   

4th 7pump  11.37.56 1.08   

5th 7pump  13.27.22 0.66   

    0.06 left over in 
bottle 

Did not continue set 2 because it was leaking therefore 
Nozzle A turned 6  times ,to see  how long to deliver 5L ? 
That was also leaking therefore Nozzle A turned 5times 
and the time to deliver 5L was recorded 

   

    

Point spray , Nozzle A clockwise turned 5 times , How long to deliver 5L 
 

set1  Time (min. 
sec) 

Volume (L)   

1st 7pump  02.37.50 1.04   

2nd 7pump  05.57.24 1.02   

3rd 7pump  09.44.36 1.03   

4th 7pump  13.36.61 0.94   

5th 7pump  17.08.70 0.9   

    0.07 left over in 
bottle 

set2 Time (min. 
sec) 

Volume (L)   

1st 7pump  02.32.34 1.06   

2nd 7pump  05.56.99 1.02   

3rd 7pump  10.05.06 1.18   

4th 7pump  14.03.71 0.98   

5th 7pump  16.16.12 0.72   

    0.04 left over in 
bottle 

set3 Time (min. 
sec) 

Volume (L)   

1st 7pump  02.37.77 1.09   

2nd 7pump  05.51.35 1.06   

3rd 7pump  10.08.37 1.12   

4th 7pump  15.02.81 1.16   

5th 7pump  16.44.27 0.52   

    0.05 left over in 
bottle 

 
 
 
 

Diffuse spray, Nozzle B turned 10 times  
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set1  Time (min. 
sec) 

Volume (L)   

1st 7pump  04.46.08 1.04   

2nd 7pump  10.54.99 1.11   

3rd 7pump  17.34.12 1.08   

4th 7pump  25.24.73 1.13   

5th 7pump  29.22.15 0.58   

    0.06 left over in 
bottle 

set2 Time (min. 
sec) 

Volume (L)   

1st 7pump  04.58.11 1.1   

2nd 7pump  11.32.69 1.06   

3rd 7pump  17.44.87 1.02   

4th 7pump  26.39.34 1.11   

5th 7pump  30.02.18 0.67   

    0.04 left over in 
bottle 

Diffuse spray, Nozzle B turned 20 times 
  

set1  Time (min. 
sec) 

Volume (L)   

1st 7pump  05.28.42 1.1   

2nd 7pump  11.56.28 1.08   

3rd 7pump  18.45.80 1.08   

4th 7pump  25.50.33 1.1   

5th 7pump  28.57.03 0.58   

    0.06 left over in 
bottle 

set2 Time (min. 
sec) 

Volume (L)   

1st 7pump  05.14.89 1.08   

2nd 7pump  12.01.08 1.06   

3rd 7pump  18.59.21 1.1   

4th 7pump  26.04.14 1.08   

5th 7pump  29.03.67 0.61   

    0.07 left over in 
bottle 

set3 Time (min. 
sec) 

Volume (L)   

1st 7pump  05.53.28 1.12   

2nd 7pump  11.59.03 1.08   

3rd 7pump  18.34.49 1.04   

4th 7pump  26.04.14 1.1   

5th 7pump  29.03.67 0.61   
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    0.05 left over in 
bottle 

Diffuse spray, Nozzle B turned 30 times 
  

set1  Time (min. 
sec) 

Volume (L)   

1st 7pump  04.27.33 0.84   

2nd 7pump  10.40.18 1.1   

3rd 7pump  17.25.00 1.07   

4th 7pump  25.24.05 1.08   

5th 7pump  32.04.25 0.86   

    0.05 left over in 
bottle 

set2 Time (min. 
sec) 

Volume (L)   

1st 7pump  05.36.12 1.18   

2nd 7pump  12.20.38 1.09   

3rd 7pump  20.00.82 1.1   

4th 7pump  28.03.32 1.1   

5th 7pump  30.35.60 0.48   

    0.05 left over in 
bottle 

set3 Time (min. 
sec) 

Volume (L)   

1st 7pump  05.07.48 0.96   

2nd 7pump  11.58.39 1.06   

3rd 7pump  19.43.76 1.03   

4th 7pump  27.22.60 1.01   

5th 7pump  31.29.22 0.9   

    0.04 left over in 
bottle 

Spray bottle at sink height and collecting bucket on the floor  (Diffuse spray , Nozzle B turned 30 times) 

set1  Time (min. 
sec) 

Volume (L)   

1st 7pump  04.39.64 0.91   

2nd 7pump  10.33.46 1.02   

3rd 7pump  17.48.80 1.17   

4th 7pump  25.09.97 1.05   

5th 7pump  29.25.49 0.78   

    0.07 left over in 
bottle 
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set2 Time (min. 
sec) 

Volume (L)   

1st 7pump  04.47.53 1.01   

2nd 7pump  11.07.22 1.14   

3rd 7pump  18.45.31 1.15   

4th 7pump  27.00.52 1.24   

5th 7pump  28.40.30 0.41   

    0.05 left over in 
bottle 

set3 Time (min. 
sec) 

Volume (L)   

1st 7pump  04.56.72 1.1   

2nd 7pump  10.58.45 1.07   

3rd 7pump  18.04.37 1.01   

4th 7pump  26.89.30 1.02   

5th 7pump  29.55.86 0.76   

    0.04 left over in 
bottle 
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Table 108: Saturation experiment of treatment chamber 

 

Day 1     

     
1st wetting of materials in the tank  experiment with tap water (bottom reservoir (water 
collected below the connector pipe)of the  in equlibrium )   

     
how much time for the 1st flow to enter collection chamber 
1:09.59.34hr ,  13.460L water needed (during the 3rd batch of 
5L water delivery)  

     
how much time to enter collection bucket 
1:20.24.13 hr , 15.540L of water needed 
(during the 4th batch of 5L delivery)   

    

Total volume collected when 24.800L of water delivered during 1st wetting expeiment  

8.47L     

     

Total volume of water needed to 1st drp of water to reach collection bucket 

15.540L     

     

  

time taken 
for each 
delivery  total time taken  

1st batch 4.960L 22.49.61   

2nd batch 4.960L 27.37.64   

3rd batch 4.960L 29.33.13   

4th batch 4.960L 27.56.21   

5th batch 4.960L 32.19.27 2.19.57.01  

     

   Vol collected(L) Total vol collected(L) 

time taken to enter collection 
bucket  1:20.24.13   

1st 5 min  1:25.24.13 0.24  
next 5 min 
(10 min)  1.30.24.13 0.24 0.48 

next 10 min (20 min) 1.40.24.13 0.48 0.96 

next 10 min (30 min) 1.50.24.13 0.61 1.57 

next 20 min (50 min) 2.10.24.13 2.32 3.89 

next 10 min (60 min) 2.20.24.14 1.49 5.38 

     

volume collected till next day 3.09   
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Total 
volume 
collected   8.47L   

     

     

     
Day 2 
(next day)     

     
1L water 
pumped  waited for 22min  No collection in the collection bucket 

Next 2L 
pumped 
(total 3L)  waited   

water started dripping into collection bucket @ 40.05.90 
min  

7pumps at 
every 4 
min  water collected @ 44min  200ml 

 1:40.48.61 water stopped dripping   total vol collected 1.15L 

 ( almost 1 hr from 1st dripping)   

 (1.15 L /3L )✕100 = 33%   

     
Next 2L 
pumped 
(total 5L)  dripping started again @ 1:52.34.89  

 flow stopped @ 2:59.58.31 with 1.07L collected , total vol collected 2.420L 

 Total next day collection 2.690L   

 (2.69L/5L)✕100 = 53.8%   

     

     

     

Day 3 (after a week)    

     

1st 5L pumped ( 1st batch)      

 delivery time 35.40.99min   

 no discharge / flow during the delivery  

 

when the spraying/delivery  stopped the treated water started getting 
discharged / flowing into the  bucket(continuous flow) @ 35.41.23min 

  1.20.07.41hr continuous flow started to drip   

 Volume collected 2.880L    

 (2.880 L /5L )✕100 = 57.6%   

     

Next 5L pumped at 1.20.50.18 (2nd batch)   

 continuous flow started at 1.34.17.51  

 dripping started @ 2.35.16.07   
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 volume collected 4.510L (4.51L/5L)✕100 = 90.2% 

 Total vol collected 7.390L out of 10L  

 dripping reduced @ 2.50.48.08   

     

Next 5L pumped @ 2.50.49.25 (3rd batch)   

 continuous flow started at 3.03.15.68  

 dripping started @ 3.53.39.86   

 volume collected 4.630L  (4.63L/5L)✕100 = 92.6% 

 Total vol collected 12.020L out of 15L  
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Appendix 4: Learning and method development for analysing organic compounds 
using Ultra-Fast Liquid Chromatography (UFLC) and LC-MS-MS(Orbitrap) 
 

 

Linear alkyl benzene sulfonate (LAS) products consist of a mixture of homologues with alkyl 

lengths from C10 to C14, where C11 - C13 are the dominant homologues. Many isomers are 

present for each homologue, and LAS is therefore a very complex mixture. But liquid 

chromatography (High performance liquid chromatography (HPLC)) has great potential for 

completely separating and quantifying the different isomers and homologues of LAS. This is 

done by the use of applying a long C18 column with small particles and optimizing the elution 

gradient. Detectors should be used together with liquid chromatography and for LAS 

determination, the relevant detectors are Ultraviolet, fluorescence and mass spectrometric 

detectors (Fremmersvik et al 2003, Schouten 2009). Homologues of NP also can be 

determined using liquid chromatography method (Xie et al 2017, Fremmersvik et al 2003). 

The appropriate detector for NPE is a florescence detector or ultraviolet detector. 

 

Things to consider when analysing using HPLC are types of solvents to be used and in what 

percentage, Injection volume, Type of column, Type of programme, timing used (gradient / 

isocratic), pump flow, detector types, required wavelength, oven temperature. 

 

A UFLC instrument, (Shimadzu LC – 20AD model) with UV-VIS detector, was used for an initial 

attempt at analysing LAS and NPE. This was the only liquid chromatographic method available 

during that period. C18 column (100mm × 3mm) 2.7𝜇𝑚 partcle size) with C18 guard column 

was used. 

 

Preparing standard solutions 

NPE: NPE standard was made using 0.1g of 4-nonyl phenol (branched) (from sigma Aldrich, 

CAS number: 84852-15-3) standard, standard was weighed and mixed with acetonitrile 

(mobile phase) in a 100ml volumetric flask, to make 1000ppm standard solution. Using the 

1000ppm standard, required standards were made using the equation 𝐶1𝑉1 = 𝐶2𝑉2. 

 

LAS: LAS standard was made using 0.1g of Linear alkyl benzenesulfonic acid ,97% (from Alfa 

Aesar, CAS number68584-22-5) and mixed with methanol (mobile phase) in a100ml 



 

 

373 | P a g e  

 

volumetric flask to make 1000ppmstandard solution. Using the 1000ppm standard, required 

standards were made using the equation 𝐶1𝑉1 = 𝐶2𝑉2. 

 

Required standards were prepared using 1000ppm standard solutions (LAS and NPE, (to 

determine the retention time) in 25ml volumetric flask and toped up to the mark with mobile 

phase. 

 

Table 109: Concentration of standards solution for UFLC analysis 

 Std 1 Std 2 Std 3 Std 4 

NPE 0 10 50 100 

LAS 0 5 10 15 

 

Sample preparation 

For NPE and LAS  

Different methods (gradient and isocratic with different timing and wavelength) were used 

to establish a proper method. Most of the methods used in the previous studies did not work.  

The samples were filtered using a 0.45𝜇𝑚 filter and syringe and placed into vials. 

 

Many methods were tried for LAS and none of them worked.  

 

Different methods were tried and only the method specified below worked for NPE. When 

few samples were analysed for NPE, the produced peak were not clear.  Further sample 

analysis were not able to be done due to unavailability of consumables (due to end of year), 

then when the author’s registration/location was transferred to CAWR, improving the 

method development(improving the peak)  were not able to be done 

Column: C18  

Florescence detector𝜆𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛= 233nm , 𝜆𝑒𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛= 302nm 

Isocratic mode, 20minutes  

Solvent A: Water: 70% 

Solvent B: Acetonitrile : 30% 

Injection volume: 20𝜇l 
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After the transfer to CAWR, an LC-MS-MS (orbitrap) system became available and great hope 

was placed on it being available to produce data to support the study. However, as mentioned 

previously, the instrument was still in the process of “work up” by the technician and it took 

some time to get underway. 

 

The LC-MS used was the ultra-performance Liquid chromatography-high resolution Mass 

spectrometer with ultra-high-performance liquid chromatography coupled to an Orbitrap 

mass spectrometer, Q-exactive (Thermo fisher Scientific LC-MS-MS/ LC-𝑀𝑆2). The liquid 

chromatography system consisted of quantery pump, auto-sampler and a column 

compartment. Chromatographic separation was achieved by a C18 column (100×2.1) mm, 

2.6𝜇𝑚 with C18 guard column. The mass spectrometer is an Orbitrap (works as a mass 

analyser and detector) based mass spectrometer with electrospray ionisation unit (ESI) and 

this system operate in very high vacuum. The analysis and identification of the compound is 

using the mass number of parent ion and daughter ion. For each parent ion there could be 

more than one daughter ions and the more intense once are used in the identification. This 

equipment identifies, quantifies and confirms more compounds /pollutants more quickly.  

 

Initially the samples are pumped together with the solvent into the chromatographic column 

where the chromatographic column is filled with an adsorbent (such as silica). It would then 

pass into the ionisation chamber (electro spray ionisation) where it gets ionised depending 

on the analyte. Then it will pass into the mass analyser, into the quadrupole where only the 

ion with same mass (required/ specified) will pass into the quadrupole. According to electric 

charge and voltage of the mass. 

Two process takes place in quadrupole, droplet formation and solvent removal. The main 

process that occurs in quadrupole is mass filtration. Using the correct radio frequency and DC 

voltage only a specific mass or mass range are able to pass through the rod (into the 

quadrupole) and they are the once detected.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

 

In quadrupole as shown in Figure 92, through the C-trap ions travel into the orbitrap, (orbit 

trap which is the heart of the equipment is made up of two electrodes, the inner electrode 
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Mass of the parent and daughter ions (fragment of the parent ion) are used to accurately 

identify the compounds of interest as shown in Table . 

 

Table 110: Summary of step for LC analysis 

1. Set up solvent: Fill / change capillary tubes to required solvent 

2. Calibrate positive and negative mode in ESI Unit using ready-made positive/negative 

calibration solutions  (To obtain optimum mass transmission and mass accuracy) and run 

the calibration for each mode separately.  

3. Lock mass calibration using positive/ negative calibration solution (In order to improve 

mass accuracy) , If the lock mass is 0.5ppm of m/z  it will be acceptable otherwise different 

steps will be taken 

4. Instrument set up in XCalibur 

5. Method setup  

In add in task list database/compound library  is used if its available / created using m/z 

cloud or chemspider. Using mass spectra data (m/z cloud) mass of parent ion and mass 

daughter ions are added to compound library and added to task list. 

6. Setting sequence for quantitative analysis , placing calibration standard  

 
MS parameter for the experiment  
 
Calibrating the equipment  

Positive /negative calibration  

Calibration solution for positive mode would contain caffeine, MRFA, n-butylamine and 

Ultramark 1621 and the calibration solution for negative mode would contain SDS, Sodium 

Taurocholate, Ultramark 1621. These solutions  

are readily available.  
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Table 111: Chromatographic Condition 

Ingredient / Pollutant Chromatographic condition   

Linear Alkyl Benzene 
Sulphonate 

Column – C18 

Temperature: 30℃ 

Flow rate :  200𝜇𝑙/min 

Injection volume  = 10𝜇l 

Solvent A: Water 

Solvent B: Methanol  

Gradient mode  

 

 Solvent 

A 

Solvent 

B 

0 

10min 

20 

min 

25min 

70% 

20% 

5% 

5% 

30% 

80% 

95% 

95% 

 

 

 

In order to identify the compounds a mixed sample was prepared in a 1.5ml vial, 

concentration was 0.1𝜇𝑔/𝑚𝑙 . Using the signals and mass number of parent and daughter 

ions were identified and they are given in table. The ionisation mode and the retention time 

are also given in table. 

 

Table 112: LC- MS parameters for micro pollutants 

Ingredient / Pollutant Parent ion  Daughter 
ion 

Ionisation 
mode 

Retention 
time  

Sodium Lauryl Sulphate 265.477 96.9537 
95.9509 

Negative 6.24 

Linear Alkyl Benzene 
Sulphonate 

297.1527 
 
 
 
 
 
311.1685 
 
325.1841 

216.0074 
197.0271 
183.0111 
230.0251 
201.9738 
 
183.0113 
 
183.0113 
 
 

 6.21, 6.23 
 
 
 
 
 
6.73,6.54 
 
6.95,9.11 

Benzalkonium Chloride     

Nonylphenol 
ethoxylate  

219.1751 147.0804 
133.0650 
70.0972 
158.8385 

Negative  
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154.9466 
145.5396 

Triclosan 286.9442 89.0033, 
141.9828, 
124.9799, 
160.9566 

Negative  

 

 

 

It was intended to pursue the sample analysis using LC-MS-MS (Orbitrap) but were stopped 

by software problems, Covid and then by the departure of the specialist technician. The 

method development is included here to assist future students.
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Appendix 5: Range, Median and Mean of results  
 
Table 113: Concentration of elements in grey water and flow-through treatment system: Meso-flow adsorption experiment 

 

adsorbent 
Material  

  Grey water Delivery 1    GW Delivery 2   GW Delivery 3   
Concentration 
in synthetic 
grey water  

    Median Mean Range  SD Median Mean Range  SD Median Mean Range  SD Range  

GGBS fine  

Na  138.3 157.06 121.10 - 227.11 49.5 134.41 150.89 132.04 - 183.85 0.43 128.81 142.02 126.69 - 168.43 18.76 
122.89 - 
131.17 

Mg  12.88 11.77 9.79 - 11.17 0.6 11.31 10.44 8.69 - 11.86 2.07 10.3 9.62 8.24 - 10.42 0.98 7.71 - 8.25 

B  0 0 0 - 0.043 0.05 -0.04 -0.03 0 0.01 -0.04 -0.03 0 0.02 0 

P  0.1 0.04 0.02 - 0.11 0.04 0.47 0.35 0.10- 0.51 13.82 0.44 0.34 0.13 - 0.49 0.15 1.14 - 1.41 

K  6.03 6.2 10.52 - 14.67  1.8 11.18 12.24 10..84 - 14.34 0.34 10.96 12.21 10.70 - 14.70 1.78 6.77 - 7.44 

Ca  105.83 100.42 83.48 - 89.34 2.5 72.26 70.18 64.08 - 80.44 8.18 69.5 66.56 60.66 - 70.99 4.34 45.10 - 52.79 

BPD fine  

Na  1202.74 1105.43 910.79 - 1271.54 148.65 544.13 562.96 541.15 - 600.62 26.74 292.84 307.09 269.8 - 335.5 27.52 122.8 - 131.1 

Mg  -1.53 -1.58 0 0.14 -1.64 -1.33 0 0.44 0.43 2.04 0 - 5.25 2.82 7.71 - 8.25 

B  -0.05 -0.04 0 0.01 -0.02 -0.04 0 0.02 -0.06 -0.06 0 0.00 0 

P  -0.45 -0.43 0 0.04 -0.34 -0.34 0 0.03 -0.11 -0.06 0 - 0.16 0.22 1.14 - 1.41 

K  15829.73 14326.53 11320.1 - 17687.9 2611.71 7347.17 7186.26 6864. 4 - 7388.08 230.00 3452.25 3359.95 2836.83 - 4067.67 519.17 6.77 - 7.44 

Ca  798.43 723.58 573. 89 - 901.51 135.23 344.47 348.85 328.64 - 360.30 14.33 104.15 107.01 54.69 - 153.62  40.59 45.10 - 52.79 

BOS fine  

Na  131.68 131.31 130.55 - 132.19 0.67 137.02 137.77 136.79 - 139.25 1.07 130.63 131.54 128.04 - 133.35 2.47 
122.89 - 
131.17 

Mg  7.18 7.07 6.75 - 7.61 0.38 7.88 7.71 7.37 - 8.07 0.29 8.68 8.64 8.46 - 8.89 0.18 7.71 - 8.25 

B  -0.02 -0.02 0 0.00 -0.02 -0.02 0 0.01 0.03 0.06 0.02 - 0.11  0.04 0 

P  0.36 0.36 0.29 - 0.42 0.05 0.66 0.62 0.52 - 0.68 0.07 0.8 0.76 0.69 - 0.79 0.05 1.14 - 1.41 

K  9.35 9.99 8.74 - 11.26 1.03 10.32 10.7 9.91 - 11.45 0.63 9.71 9.84  9.59 - 10.10 0.21 6.77 - 7.44 

Ca  79.26 74.65 65.42 - 81.69 6.82 67.66 66.8 65.09 - 68.48 1.39 59.62 59.4 58.91 - 60.33 0.66 45.10 - 52.79 

GGBS gran 

Na  138.3 130.81 115.83 - 139.52 10.64 140.12 137.41 131.98 - 142.28 4.22 128.66 129.54 127.02 - 131.32 1.83 
127.02 - 
145.60 

Mg  12.88 11.77 9.57 - 13.01 1.56 13.47 12.27 9.88 - 13.66 1.70 12.61 11.73 9.97 - 12.76 1.25 10.00 - 10.80 

B  -0.02 -0.01 0 - 0.012 0.02 0.08 0.12 0.062 - 0.19 0.06 -0.01 0 0 - 0.030 0.02 0 

P  0.1 0.04 0 - 0.15 0.10 0.22 0.13 0 - 0.21 0.12 0.39 0.26 0 - 0.43 0.19 0.99 - 1.26 

K  6.03 6.2 5.78 - 6.54 0.31 6.38 6.5 6.01 - 6.75 0.35 5.17 5.5 4.12 - 6.21 0.97 3.23  - 4.21 

Ca  105.83 100.42 89.59 - 112.87 9.57 86.44 82.44 74.45 - 90.29 6.46 77.6 74.09 67.08 - 81.03 5.70 48.18 - 53.17 

Biochar 

Na  169.17 168.71 166.09 - 172.24 2.59 158.44 158.41 158.14 - 158.74 0.25 147.73 147.57 144.62 - 150.84 2.55 
127.02 - 
145.60 

Mg  14.21 13.93 13.38 - 14.24 0.39 13.66 13.46 13.04 - 14.04 0.43 12.8 12.64 12.31 - 12.92 0.25 10.00 - 10.80 

B  -0.02 -0.02 0 0.00 0.04 0.04 0.032 - 0.057 0.01 -0.01 -0.01 0 0.00 0 

P  0.75 0.78 0.57 - 0.92 0.15 0.99 1.19 0.81 - 1.56 0.32 1.17 1.38 1.12 - 1.78 0.29 0.99 - 1.26 

This item has 
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K  485.29 426.03 307.49 - 545.42 97.14 398.97 381.2 345.64 - 419.31 30.13 359.15 342.17 308.20 - 366.30 24.72 3.23  - 4.21 

Ca  74.56 70.61 62.71 - 77.21 5.99 59.28 54.73 45.69 - 61.75  6.75 58.49 53.87 44.63 - 62.68 8.12 48.18 - 53.17 

BOS 
granules  

Na  141.41 141.46 139.82 - 143.00 1.30 142.09 142.39 141.59 - 142. 98 0.58 133.19 133.28 130.75 - 135.62 1.99 
127.02 - 
145.60 

Mg  -0.71 -0.8 0 0.23 0.01 1.63 0 - 4.85 2.33 7.15 7.53 6.66 - 8.30 0.63 10.00 - 10.80 

B  0.01 0.01 0 - 0.016  0.01 0.03 0.03 0.018 - 0.038 0.01 0 -0.01 0 0.00 0 

P  -0.2 -0.21 0 0.00 -0.13 -0.1 0 0.06 0.03 0.02 0 - 0.37 0.04 0.99 - 1.26 

K  6.82 6.97 6.47 - 7.28 0.36 5.48 5.7 5.23 -  6.11 0.37 6.11 6.3 5.99 - 6.67 0.28 3.23  - 4.21 

Ca  156 152.96 146.86 - 158.77 4.86 59.28 58.18 45.76 - 72.78 11.14 78.04 76.06 72.08 - 78.59 2.85 48.18 - 53.17 

Bark 

Na  88.35 82.8 70.34 - 88.35 8.83 99.92 97.34 88.16 - 103.92 6.69 98.04 97.58 95.53 - 99.18 1.52 
110.86 - 
120.19 

Mg  15.32 13.62 9.97 - 15.32 2.58 14.27 13.66 11.66 - 15.04 1.45 12.54 12.59 12.43 - 12.79 0.15 3.94 - 6.37 

B  0.06 0.06 0.055 - 0.062 0.00 0.11 0.11 0.10 - 0.13 0.02 0.08 0.08 0.066 - 0.095  0.01 0 - 0.008  

P  4.37 3.56 1.45 - 4.86 1.51 4.17 3.95 2.55 - 5.12 1.06 3.81 3.75 3.26 - 4.17 0.37 0.93 - 1.26 

K  38.05 31.97 17.76 - 40.09 10.08 35.7 34.32 25.50 - 41.77 6.71 32.2 33.71 31.03 - 37.89 3.00 4.07 - 5.11 

Ca  82.65 78.08 66.01 - 85.55 8.83 60 59.43 54.74 - 63.54 3.62 54.49 53.74 49.42 - 57.31 3.26 27.38 - 36.74 

Tyre gran 

Na  107.99 106.67 102.55 - 109.47 2.98 122.34 122.4 120.05 - 124.79 1.93 117.2 116.93 114.16 - 119.43 2.16 
110.86 - 
120.19 

Mg  7.7 7.95 7.29 - 8.86 0.67 6.44 6.43 5.97 - 6.88 0.37 5.32 5.19 4.79 - 5.44 0.28 3.94 - 6.37 

B  0.02 0.02 0.020 - 0.024 0.00 0.02 0.02 0.023 - 0.026 0.00 0.01 0.01 0.009 - 0.016 0.00 0 - 0.008  

P  0.26 0.24 0.19 - 0.27 0.03 0.34 0.33 0.17 - 0.47 0.13 0.55 0.51 0.41 - 0.55 0.06 0.93 - 1.26 

K  46.14 55.06 29.18 - 89.87  25.57 28.3 33.44 19.07 - 52.93 14.29 21.12 24.86 14.42 - 39.02 10.38 4.07 - 5.11 

Ca  80.27 84.6 77.78 - 95.76 7.96 56.07 55.44 49.57 - 60.67 4.55 44.86 45.14 40.05 - 50.52 4.28 27.38 - 36.74 

Glass waste  

Na  248.35 242.87 231.13 - 249.12 8.30 157.59 156.88 152.93 - 160.11 2.97 132.34 132.52 131.32 - 133.91 1.06 
110.86 - 
120.19 

Mg  11.37 11.37 11.18 - 11.53 0.14 7.29 7.43 7.20 - 7.79 0.26 6.32 6.23 5.94 - 6.42 0.21 3.94 - 6.37 

B  0.19 0.19 0.190 - 0.197 0.00 0.12 0.12 0.117 - 0.128 0.01 0.08 0.08 0.078 - 0.087  0.00 0 - 0.008  

P  -0.25 -0.23 0 0.03 -0.14 -0.18 0 0.12 0 -0.01 0 - 0.049 0.05 0.93 - 1.26 

K  12.91 12.79 12.23 - 13.23 0.42 9.17 8.8 7.89 - 9.34 0.65 7.26 7.25 6.56 - 7.91 0.55 4.07 - 5.11 

Ca  84.09 83.27 80.74 - 84.97 1.82 66.76 66.65 62.72 - 70.45 3.16 55.92 55.93 54.95 - 56.92 0.80 27.38 - 36.74 

Lytag 

Na  123.45 113.5 86.52 - 130.52 19.29 115.39 114.64 112.31 - 116.21 4.22 118.1 111.43 95.98 - 120.22 10.96 
115.19- 
132.34 

Mg  12.76 12.02 10.21 - 13.09 1.29 12.16 8.24 12.16 - 12.81 1.70 9.51 9.68 9.44 - 10.07 0.28 5.99 - 8.71 

B  0.26 0.25 0.22 - 0.28 0.03 0.31 0.32 0.29 - 0.34 0.06 0.24 0.23 0.22 - 0.24 0.01 0 - 0.007 

P  0.49 0.41 0.08 - 0.66 0.24 0.3 0.15 0 - 0.31 0.12 0.45 0.34 0.05 - 0.45 0.21 1.13- 1.21 

K  9.21 10.31 7.99 - 13.73 2.47 9.04 10.61 8.11 - 14.68 0.35 7.99 7.6 6.69 - 8.11 0.64 4.57 - 5.49 

Ca  72.05 72.64 71.46 - 74.41 1.28 60.74 85.57 59.12 - 60.74 6.46 51 54.76 48.48 - 64.80 7.17 33.74 - 44.87 

PFA 

Na  129.81 130.57 129.79 - 132.12 1.09 122.5 122.54 119.83 - 125.29 2.23 127.98 128 127.60 - 128.41 0.33 
115.19- 
132.34 

Mg  9.09 9.06 8.99 - 9.10 0.05 11.84 11.62 10.97 - 12.04 0.46 8.65 8.48 7.78 - 8.98 0.50 5.99 - 8.71 

B  0.09 0.09 0.07 -0.11 0.02 0.4 0.41 0.353 - 0.476 0.05 0.55 0.5 0.41 - 0.56 0.07 0 - 0.007 
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P  0.95 0.93 0.86 - 0.95 0.03 0.6 0.59 0.56 - 0.61 0.02 0.75 0.76 0.73 - 0.78 0.02 1.13- 1.21 

K  10.29 10.98 9.16 - 13.48 1.83 14.14 13.24 9.06 - 16.52 3.12 12.55 12.26 9.54 - 14.69 2.11 4.57 - 5.49 

Ca  61.03 60.44 57.53 - 62.74 2.17 68.43 70.6 67.26 - 76.10 3.92 69.04 65.57 58.56 - 69.10 4.96 33.74 - 44.87 

China clay 

Na  115.83 119.7 115.00 - 128.26 6.07 113.56 113.99 111.69 - 116.71 2.07 119.44 119.5 118.39 - 120.68 0.93 
115.19- 
132.34 

Mg  10.64 10.64 10.03 - 11. 26 0.50 9.38 9.38 9.32 - 9.44 0.05 7.4 7.38 7.26 - 7.49 0.10 5.99 - 8.71 

B  0.03 0.03 0.026 - 0.035 0.00 0.02 0.02 0.015 - 0.019 0.00 0.01 0.01 0.013 - 0.016 0.00 0 - 0.007 

P  0.29 0.35 0.23 - 0.53 0.13 0.53 0.51 0.48 - 0.53 0.02 0.64 0.64 0.62 - 0.67 0.02 1.13- 1.21 

K  8.08 8.24 8.06 - 8.58 0.24 7 6.99 6.91 - 7.06 0.06 5.05 5.31 4.94 - 5.92 0.44 4.57 - 5.49 

Ca  86.55 82.58 69.78 - 91.39 9.26 54.04 54.77 53.68 - 56.58 1.29 46.78 45.92 43.98 - 46.98 1.37 33.74 - 44.87 

Zeolite  

Na  112.32 113.24 111.23 - 116 . 18 2.12 112.89 113.01 111.80 - 114.32 0.72 109.23 109.23 107.99 - 130.73 1.00 
115.11 - 
122.37 

Mg  8.89 10.55 8.77 - 13.99 2.43 10.45 11.17 10.24 - 12.80  0.09 12.15 12.27 11.75 - 12.91 0.48 7.03 -  11.06  

B  0.01 0.03 0.002 - 0.075 0.03 0.03 0.04 0.004 - 0.073 0.01 0.01 0.01 0 - 0.070 0.02 0 

P  0.54 0.48 0.35 - 0.56  0.09 0.75 0.65 0.38 - 0.82 0.04 0.76 0.7 0.47 - 0.85 0.16 0.98 - 1.42 

K  19.76 20.31 19.25 - 21.95  1.19 20.49 21.22 20.09 - 23.07 0.20 19.92 20.48 19.42 - 22.10  1.16 14.41 - 15.88 

Ca  52.82 59.01 50.33 - 73.87 10.56 62.49 64.98 59.14 - 73.32 1.68 69.58 69.28 67.02. - 71.25  1.74 36.78- 50.53 

lime  

Na  126.3 126.28 123.57 - 128.95 2.20 138.66 136.4 130.73 - 139.82 4.04 133.27 134.28   2.01 
115.11 - 
122.37 

Mg  -1.61 -1.58 0 0.06 -0.32 -0.06 0 - 0.8  0.64 1.4 0.9 0 - 1.43 0.73 7.03 -  11.06  

B  0.06 0.05 0.018 - 0.06  0.02 0.03 0.03 0.017 - 0.066 0.01 0 0 0 - 0.002 0.01 0 

P  -0.27 -0.27 0 0.02 -0.17 -0.14 0 0.06 -0.11 -0.15 0 0.06 0.98 - 1.42 

K  23.09 24.18 22.82 - 26.63 1.73 21.56 21.7 21.43 - 22.12 0.30 20.32 20.5 19.88 - 21.29 0.59 14.41 - 15.88 

Ca  481.08 488.03 467. 19 - 481.08 20.45 237.14 223.57 170.02 - 263.54 39.37 131.13 130.29 106.72 - 153.03 18.91 36.78- 50.53 

gypsum  

Na  127.45 126.63 120.30  - 132.14 4.87 134.97 135.61 133.49 - 138.35 2.04 133.08 89.21 127.63 - 133.08 64.89 
115.11 - 
122.37 

Mg  13.39 12.74 10.52 - 14.32 1.62 17.94 17.99 17.55 - 18.49 0.38 18.31 12.07 18.31 - 19.54 9.72 7.03 -  11.06  

B  0.01 0.02 0 - 0.061 0.03 0.09 0.1 0.087 - 0.127 0.02 0.08 0.03 0 - 0.665 0.08 0 

P  0.36 0.31 0.18 - 0.36 0.08 0.65 0.66 0.62 - 0.68 0.02 0.67 0.35 0- 0.68 0.46 0.98 - 1.42 

K  19.01 18.72 17.92 - 19.20 0.57 19.68 19.7 19.49 - 19.91 0.17 19.52 17.13 12.15 - 19.73 3.53 14.41 - 15.88 

Ca  313.29 313.66 285.05 - 342.65 23.52 286.98 299.14 269.72 -  340.72 30.23 264 196.39 263.99 - 326.33 141.99 36.78- 50.53 
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Table 114: Meso-flow adsorption experiment pH in grey water and treated water in flow-through adsorption system experiment : Range, median and mean 

pH Adsorbent 
Material Minimum Maximum Median Mean 

GW 
delivery 1 

SGW      

GGBS F 8.093 8.21 8.13 8.14 

BPD F 11.97 12.23 12.05 12.08 

BOS F 10.14 10.49 10.29 10.31 

SGW 9.71 10.09 10.01 9.94 

GGBS G 7.54 7.748 7.62 7.63 

Biochar 9.209 9.389 9.22 9.27 

BOS G  12.252 12.268 12.26 12.25 

SGW 9.123 10.002 9.78 9.63 

Bark 9.659 9.698 9.67 9.675 

Tyre G 9.751 9.942 9.883 9.858 

Glass waste  9.888 10.067 9.999 9.984 

SGW 9.83 10.04 9.905 9.926 

Lytag 9.854 10.152 10.012 10.006 

PFA  9.638 9.944 9.729 9.770 

China clay 9.742 9.837 9.789 9.789 

SGW 7.29 7.83 7.47 7.53 

Zeolite 6.96 7.18 7.03 7.056 

Lime 12.95 13.18 13.12 13.083 

Gypsum 6.97 7.09 7 7.02 

SGW 9.128 9.648 9.236 9.337 

Tea leaves  7.28 7.59 7.54 7.47 
 

GW 
delivery 2 

GW 8.99 9.01 9.002 9.002 

GGBS F 8.676 9.081 8.722 8.826 

BPD F 11.954 12.313 12.113 12.126 

BOS F 9.486 9.823 9.732 9.680 

GW 9.14 9.82 9.27 9.41 

GGBS G 7.414 7.537 7.434 7.461 

Biochar 9.031 9.087 9.081 9.066 

BOS G  11.113 11.716 11.543 11.457 

GW 9.096 9.238 9.122 9.152 

Bark 9.562 9.625 9.603 9.596 

Tyre G 9.548 9.914 9.75566667 9.755 

Glass waste  9.806 9.99 9.973 9.923 

GW 9.34 10.01 9.47 9.609 

Lytag 10.523 10.852 10.6875 10.687 

PFA  9.721 9.907 9.829 9.819 

China clay 9.713 10.187 9.891 9.930 
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GW 8.96 9.15 9.03 9.04 

Zeolite 7.09 7.12 7.11 7.10 

Lime 12.52 12.82 12.69 12.67 

Gypsum 6.99 7.17 7.11 7.09 

GW 9.43 9.99 9.712 9.71 

Tea leaves  6.75 6.93 6.927 6.754 

 

GW 
delivery 3 

GW 9.21 9.59 9.378 9.396666667 

GGBS F 8.859 9.28 8.984 9.041 

BPD F 11.051 12.356 11.596 11.66 

BOS F 9.211 9.507 9.363 9.36 

GW 9.34 9.58 9.342 9.39 

GGBS G 7.314 8.466 7.622 7.80066667 

Biochar 8.781 8.927 8.918 8.87533333 

BOS G  10.031 10.32 10.291 10.214 

GW 9.54 9.76 9.691 9.66666667 

Bark 9.406 9.567 9.52 9.49766667 

Tyre G 9.719 9.964 9.883 9.85533333 

Glass waste  9.887 10.119 9.932 9.97933333 

GW 9.22 10.02 9.948 9.731 

Lytag 10.187 10.75 10.488 10.475 

PFA  9.912 9.956 9.948 9.93866667 

China clay 9.887 10.013 9.927 9.94233333 

GW 8.72 9.18 9.12 9.00666667 

Zeolite  7.2 7.37 7.22 7.26333333 

Lime 12.22 12.51 12.41 12.38 

Gypsum 7.13 7.33 7.22 7.22666667 

GW 9.12 9.663 9.347 9.377 

Tea leaves  7.349 7.898 7.349 7.507666667 

 

 

 

 

 

 

Conductivity  Adsorbent 
Material Minimum Maximum Median Mean 

GW delivery 
1 

SGW  726.9 727.9 727.5 727.4333333 

GGBS F 878.8 1351 938.9 1056.23333 

BPD F 34.14. 58.21 44.26 45.5366667 

BOS F 816.3 833.2 816.6 822.033333 

SGW 802.3 872.9 835.2 836.8 

GGBS G 826.9 986.4 980.7 931.333333 
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Biochar 1892 2623 2297 2270.66667 

BOS G  1966 2072 2048 2028.66667 

SGW 623.9 702.5 687.2 671.2 

Bark 659.3 825.7 818.9 767.966667 

Tyre G 810.3 1151 879.5 946.933333 

Glass waste  1328 1403 1400 1377 

SGW 745.3 839.6 755.8 780.2333333 

Lytag 784.3 912.4 904.8 855.166667 

PFA  840.4 870.2 863.9 858.166667 

China clay 723.6 751.9 742.1 739.2 

SGW 602.3 645.8 645.8 633 

Zeolite 747.5 879.5 769.1 798.7 

Lime 5637 6361 5687 5895 

Gypsum 1632 1906 1790 1776 

SGW 623.7 654.6 648.9 642.4 

Tea leaves  1456 1782 1734 1657.33333 

GW delivery 
2 

SGW 754.6 789.2 776.3 773.3666667 

GGBS F 842.2 1045 936.3 941.166667 

BPD F 20.25 21.07 20.69 20.67 

BOS F 828.1 884.8 847.1 847.1 

SGW 823.5 867.1 842.90 844.50 

GGBS G 875.2 970.9 875.2 900.433333 

Biochar 1824 2075 2047 1982 

BOS G  853.2 1207 958.4 1006.2 

SGW 658.1 678.2 672.4 669.5666667 

Bark 730.3 841.5 808.5 793.433333 

Tyre G 779.1 962.2 821.2 854.166667 

Glass waste  855.3 896.3 868.1 873.233333 

SGW 698.5 708.3 702.6 703.1333333 

Lytag 815.4 818.4 817.05 817.05 

PFA  855.8 915.7 905.9 892.466667 

China clay 735.5 761.3 737.3 744.7 

SGW 729.2 734.8 729.2 730.8 

Zeolite 801.8 874.1 839.8 838.566667 

Lime 2161 3227 2982 2790 

Gypsum 1777 2004 1794 1858.33333 

SGW 627.5 706.8 666.9 667.066667 

Tea leaves  1538 1793 1604 1645 

GW delivery 
3 

SGW 726.1 743.9 734.2 734.7333333 

GGBS F 810.9 962.9 832.6 868.8 

BPD F 8.163 11.95 9.11 9.741 

BOS F 788.3 868.9 792.9 816.7 
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SGW 790.4 798.5 795.7 794.866667 

GGBS G 857.8 949.7 911.5 912.3 

Biochar 1730 2065 1966 1920.33333 

BOS G  838.5 849.6 844.1 844.066667 

SGW 605.2 610.4 609.2 608.2666667 

Bark 757.3 795.9 777.3 777.033333 

Tyre G 718.3 809.9 734.1 754.1 

Glass waste  740.2 764.1 760.4 754.9 

SGW 651.7 656.4 653.2 653.7666667 

Lytag 716.6 771.7 758.1 748.8 

PFA  820.7 881.3 874.1 858.7 

China clay 714 726.8 717.1 719.3 

SGW 779.7 786.3 785.3 783.7666667 

Zeolite 816.4 864.1 859.4 846.633333 

Lime 1505 1820 1820 1787.33333 

Gypsum 1769 1989 1989 7567.66667 

SGW 762.6 783.8 768.932 771.809 

Tea leaves  1765.4 1765.4 1884.000 1878.287 
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Appendix 6: Cost of Materials  
 

The cost of all the materials used in the projects are shown in table 98 except for BPD and 
BOS.  
 
Table 115: Cost of materials used in this project 

Material  Weight of material / Supplier Cost  

Tyre granules  25Kg of tyre granules / Tread-X-tyres (2021) £34.99 

1 Kg of tyre granules / Long long rubber recycling 

(2021) 

£0.13 - £0.26 

1 Ton / Guanghou Green tower sports facility 

(2021) 

£154.50 - £ 168.65  

GGBS Fine  1 Ton GGBS F / Quanzhou Winitoor Industry (2021) £31.90 - £35.44 

1 Ton GGBS F / Phenix Enterprise (2021) £7.09 - £28.35 

1 Ton GGBS F / Continental Star Impex General 

Trading LLC (2021) 

£31.90 - £34.02 

PFA  20 Kg PFA / Cornish Lime (2021) £9.52 

1 Ton PFA / Phenix Enterprise (2021) £19.14 - £24.81 

25Kg PFA / Cemex (2021) £16.74 

25Kg PFA / Tarmac (2021) £ 15.54 

Hydrated lime  25KG Hydrated lime /Easy chemical trade (2021) £8.25 

25Kg Hydrated lime / Tarmac (2021) £10.80 

25Kg Hydrated lime / Mistral Industrial chemicals 

(2021) 

£29.99 

BPD  Not sold  - 

Activated 

carbon 

25Kg of activated carbon / Finest-Filters (2021) £99.99 

2kg of activated carbon (-20+40mesh)/ Alfa Aesar 

(2021) 

£83.60 

1 Ton of activated carbon / Zhengzhou Zhong 

water purification company (2021) 

£910.15 - £ 964.74 

Moringa seed  1Kg moringa powder(organic)/ Golden greens 

(2021) 

£35.99  
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1Kg moringa seed(organic) / Hatton hill organic 

(2021) 

£16.99  

1Kg moringa seed(organic) / Manor springs organic 

(2021) 

£17.99 

Bentonite  10Kg bentonite/ hkifafrica (2021) £16.52 

50Kg bentonite/ Messy supplies (2021) £199.99 

100Kg bentonite / Guangzhou billion peak 

chemical technology company (2021) 

£10.63 

Tea leaves  1.5Kg tealeaves / PG tips, Amazon (2021) £10.75 

500g of tealeaves / Knightsbridge, Lidl (2021) £1.19 

1Kg of tealeaves /Hangzhou linan oriental tea 

applied technology research institute (2021) 

£0.71 

BOS F/ BOS G Not sold  - 

Calcined gypsum 1 Ton calcined gypsum / Lingshou Jiaqi Mineral 

processing factory (2021) 

£106.29 

2.5 Kg of calcined gypsum / Hobby craft (2021) £6 

25 Kg of calcined gypsum/ APC pure (2021) £69.95 

China clay  25Kg china clay/ Pot clays Ltd (2021) £17.20 

25Kg china clay / Mistral Industrial chemicals 

(2021) 

£41.99  

25Kg china clay / Scarva (2021) £28.06 

Coffee beans  1Kg coffee beans / Lavazza (2021) £10.00 

1Kg coffee beans / Planet java (2021) £6.49 

1Kg coffee beans / Caffe Prima (2021) £8.49 

Rice Husk  200g rice husk / Briess (2017 – 2021) £0.99 

1Kg rice husk / The malt miller (2021) £2.30 

40L rice husk / Indoor Organics (2021) £50.00 

Terracotta clay  1 Kg terracotta clay / Das, hobby craft (2021) £3.00 

1 Kg terracotta clay / Das, hobby craft (2017) £3.49 

12.5Kg terracotta clay / Hope education (2021) £10.19 

Zeolite  5Kg Zeolite / Pond planet (2021) £15.95 
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25 Kg Zeolite / Dc Minerals (2021) £26.95 

25 Kg Zeolite / Dc Minerals (2017) £10.40 

5L Zeolite / SwellUK (2021) £14.99 

Fuller’s earth  1 Kg fuller’s earth / Jackson’s (2021) £6.95 

100g fuller’s earth / Ayumi (2017 - 2021) £1.50 

500g / Starwest Botanicals (2021) £7.30 

Brick  Pack 452 of bricks / Travis Perkins (2021) £303.74 

1 Brick / B and Q (2021) £0.48 

1 brick / Wickes (2021) £0.49 

Graphite  6 pure graphite (pencils) / WH smith (2017 - 2021) £6.99 

1 Kg graphite powder / Jungar Banner Xinrong 

Chemicals co ltd (2021) 

£0.35 

Mica  1 Ton mica / Hebei Ranyu Trade Co Ltd (2021) £283.54 

1 Ton mica / Changzhou Xingao Insulation Co ltd 

(2021) 

£1.63 - £3.54 

GGBS G 1 Ton / Reinforce resources and trade pvt ltd 

(2021) 

£10.63 

Glass waste  20Kg glass pieces bag / Pool tech (2021) £20.00 

20Kg glass pieces bag / Deco stones (2021) £25.75 

1Kg glass pieces / Hebei shun lei Import & Export 

co Ltd (2021) 

£2.86 

Bark  50L / Verve, B and Q (2021) £10.00 

100L /Westland (2021) £ 23.49 

Biochar  15 Kg Biochar / Oxford biochar (2021) £44.99 

10 Kg Biochar / Dad’s farm biochar (2021) £29.50 

Lytag 1 Ton / Special aggregate (2021) £207.60 
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Appendix 7: Concentration and volume of standard solution used for ICP analysis and 
Limit of detection of ICP-OES 
 
Table 116: Concentration and volumes of standard solutions for different element 

Element standards  

mg/l  Na Mg K Ca B 

Range  20 -160 10 – 60 80 - 400 20 -160 5-15 

Concentration      

Standard 1 20mg/l 10mg/l 80mg/l 20mg/l 5 mg/l 

Standard 2 80mg/l 30mg/l 200mg/l 80mg/l 10 mg/l 

Standard 3 160mg/l 60mg/l 400mg/l 160mg/l 15 mg/l 

      

Volume of standards used in 25ml volumetric flask C1V1=C2V2 

Standard 1 0.5ml 0.25ml 2ml 0.5ml 0.0125ml 

Standard 2 2ml 0.75ml 5ml 2ml 0.025ml 

Standard 3 4ml 1.5ml 10ml 4ml 0.0315ml 

 

Table 117: Low, Middle and upper concentration of expected concentration range  

Element   Low 

concentration 

from expected 

concentration  

Middle 

concentration 

from the 

expected 

concentration   

Upper 

concentration 

of expected 

concentration  

Sodium  60ppm 130ppm 230ppm 320ppm  

Magnesium   20ppm 60ppm 105ppm 

Potassium   50ppm 200ppm 550ppm 

Calcium   60ppm 280ppm 600ppm 

Boron  1ppm 2ppm 12ppm 18ppm 

Phosphorous  1ppm 2ppm 12ppm 16ppm 

Zinc 0.1ppm 0.2ppm 0.8ppm 1.2ppm 
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Copper   1ppm 2ppm 3ppm 

Sulphur  11ppm 18ppm 26ppm 

Iron  1ppm 2ppm 3ppm 

Manganese   1ppm 2ppm 3ppm 

Lead 0.05ppm 0.1ppm 0.5ppm 1.5ppm 

Aluminium 0.5ppm 1ppm 2ppm 4ppm 

 

Table 118: Measurement of lower, middle and upper range of expected concentration for sodium 

Sodium  Lower middle  Lower  Middle  Upper   
64.14 133.12 229.61 323.37  
64.12 133.22 228.94 323.80  
64.25 133.33 229.63 323.52  
64.20 133.40 228.82 322.67  
64.07 133.07 229.12 324.01  
64.05 133.33 229.70 323.17  
64.19 133.06 229.82 323.65  
64.08 133.09 229.63 324.07  
64.03 133.41 230.19 323.15  
64.40 133.59 229.38 323.02  
64.09 133.37 229.30 323.37 

SD 0.102 0.163  0.385  0.428  
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For Sodium, When x = 0, y = 0.017 

𝑆𝐷0= 0.017 

LOD of Sodium = 3𝑆𝐷0= 0.051 

 

Table 119: Measurement of lower, middle and upper range of expected concentration for Magnesium  

Magnesium  Lower Middle Upper   
22.79 63.47 104.03  
22.64 61.41 103.93  
22.07 62.11 104.76  
22.34 61.81 102.89  
21.90 63.26 104.28  
22.17 62.53 103.09  
22.08 62.45 103.12  
21.82 62.79 103.32  
22.22 61.79 104.25  
22.18 62.38 103.71 

SD 0.157  0.445  0.667  
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For Magnesium, When x = 0, y = 0.0548 

𝑆𝐷0= 0.0548 

LOD of Magnesium = 3𝑆𝐷0= 0.164 

 

Table 120: Measurement of lower, middle and upper range of expected concentration for Potassium 

Potassium  Lower Middle Upper  
46.18 200.29 548.97  
46.30 204.42 548.38  
46.40 207.34 548.34  
47.17 200.52 545.85  
45.94 200.55 547.22  
46.37 200.26 548.34  
46.56 203.69 548.93  
45.76 200.12 568.97  
47.78 201.28 565.62  
46.38 199.04 545.42  
46.35 210.80 544.42 

SD 0.578  3.734  8.619  
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For Potassium, When x = 0, y = 0.1221 

𝑆𝐷0= 0.1221 

LOD of Potassium = 3𝑆𝐷0= 0.3663 

 

Table 121: Measurement of lower, middle and upper range of expected concentration for Calcium 

Calcium Lower Middle Upper  
62.37 275.73 606.76  
62.20 275.31 607.70  
62.70 275.57 607.47  
62.85 275.12 606.73  
62.69 275.01 607.37  
62.49 274.91 607.74  
62.68 275.78 608.23  
62.54 274.93 606.98  
62.52 274.90 607.23  
62.16 275.73 607.06  
62.08 275.31 607.16 

SD 0.248  0.340  0.420  
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For Calcium, When x = 0, y = 0.243 

𝑆𝐷0= 0.243 

LOD of Calcium= 3𝑆𝐷0= 0.729 

 

Table 122:  Measurement of lower, middle and upper range of expected concentration for Boron 

Boron Lower middle Lower Middle Upper  
1.057 2.35 14.03 17.36  
1.067 2.44 14.23 16.57  
1.077 2.50 14.20 16.59  
1.067 2.48 14.36 16.20  
1.079 2.46 14.42 16.35  
1.077 2.45 14.77 16.52  
1.091 2.55 14.59 16.71  
1.077 2.44 14.97 16.34  
1.087 2.52 14.90 16.95  
1.083 2.49 14.64 15.98  
1.057 2.54 14.80 16.73 

SD 0.010 
 

0.039  0.261  0.267  
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For Boron, When x = 0, y = 0.005 

𝑆𝐷0= 0.005 

LOD of Boron = 3𝑆𝐷0= 0.015 

 

Table 123:  Measurement of lower, middle and upper range of expected concentration for Phosphorous  

Phosphorous Lower middle Lower Middle Upper  
0.066 2.44 12.08 17.47  
0.093 2.47 12.16 17.26  
0.071 2.41 12.15 17.24  
0.083 2.42 12.06 17.27  
0.063 2.32 12.40 17.13  
0.104 2.35 12.19 17.20  
0.072 2.49 12.17 17.02  
0.064 2.33 12.18 18.08  
0.079 2.57 12.00 17.04  
0.063 2.31 12.18 17.27  
0.075 2.37 11.94 17.16 

SD 0.012 
 

0.080  0.125  0.300  
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For Phosphorous, When x = 0, y = 0.016 

𝑆𝐷0= 0.016 

LOD of Phosphorous = 3𝑆𝐷0= 0.048 

 

Table 124: Measurement of lower, middle and upper range of expected concentration for Zinc 

Zinc Lower middle Lower Middle Upper  

0.128 0.355 1.202 2.309  

0.129 0.355 1.250 2.295  

0.135 0.357 1.209 2.348  

0.138 0.372 1.227 2.348  

0.136 0.362 1.202 2.371  

0.138 0.368 1.220 2.351  

0.140 0.360 1.217 2.325  

0.138 0.366 1.219 2.345  

0.137 0.373 1.216 2.347  

0.137 0.374 1.218 2.355  

0.141 0.352 1.212 2.370 

SD 0.0038 
 

                 0.0076 
 

0.0126  0.0225  
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For Zinc, When x = 0, y = 0.003 

𝑆𝐷0= 0.003 

LOD of Zinc = 3𝑆𝐷0= 0.009 

 

Table 125: Measurement of lower, middle and upper range of expected concentration for Copper 

Copper Lower Middle Upper  
1.58 2.50 3.69  
1.80 2.46 4.39  
1.26 2.97 3.73  
1.36 2.78 3.72  
1.41 2.88 3.59  
1.01 2.55 3.39  
1.57 2.70 2.91  
1.97 3.17 3.40  
1.35 3.20 4.15  
1.37 2.91 3.88  
1.34 3.57 3.72 

SD 0.251  0.324  0.374  
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For Copper, When x = 0, y = 0.193 

𝑆𝐷0= 0.193 

LOD of Copper = 3𝑆𝐷0= 0.579 

 

Table 126: Measurement of lower, middle and upper range of expected concentration for Sulfur 

Sulfur Lower Middle Upper 
 

10.26 17.15 24.47  
10.36 18.11 24.94  
10.51 17.48 24.85  
10.41 17.67 25.27  
10.57 17.66 25.00  
10.31 17.81 25.24  
10.64 17.52 25.47  
10.57 17.60 25.60  
10.39 17.62 25.45  
10.18 17.44 25.31  
10.56 17.48 25.34 

SD 0.141  0.228  0.314  
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For Sulfur, When x = 0, y = 0.016 

𝑆𝐷0= 0.016 

LOD of Sulfur = 3𝑆𝐷0= 0.048 

 

Table 127: Measurement of lower, middle and upper range of expected concentration for Iron 

Iron Lower Middle Upper 
 

1.71 2.66 3.00  

1.77 2.76 3.06  

1.77 2.73 3.04  

1.74 2.69 3.00  

1.81 2.68 3.03  

1.78 2.77 3.09  

1.76 2.69 3.10  

1.77 2.68 3.04  

1.82 2.73 3.07  

1.81 2.73 3.06  

1.78 2.66 3.07 

SD 0.0303  0.0313  0.0347  
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For Iron, When x = 0, y = 0.028 

𝑆𝐷0= 0.028 

LOD of Iron = 3𝑆𝐷0= 0.084 

 

Table 128: Measurement of lower, middle and upper range of expected concentration for Manganese 

Manganese Lower Middle Upper 
 

2.59 3.88 4.50  

2.69 3.85 4.68  

2.67 3.94 4.58  

2.69 3.87 4.48  

2.73 3.88 4.51  

2.70 3.76 4.55  

2.70 3.88 4.50  

2.68 3.92 4.56  

2.70 3.91 4.56  

2.69 3.88 4.47  

2.68 3.92 4.49 
SD 0.034  0.046  0.059  
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For Manganese, When x = 0, y = 0.022 

𝑆𝐷0= 0.022 

LOD of Manganese = 3𝑆𝐷0= 0.066 

 

Table 129: Measurement of lower, middle and upper range of expected concentration for lead 

Lead Lower Middle Upper 
 

0.106 0.936 1.460  
0.116 0.927 1.501  
0.114 0.922 1.494  
0.125 0.936 1.425  
0.119 0.958 1.491  
0.120 0.937 1.512  
0.127 0.968 1.527  
0.124 0.949 1.546  
0.128 0.980 1.409  
0.119 0.965 1.530  
0.107 0.936 1.520 

SD 0.007  0.018  0.042  
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For Lead, When x = 0, y = 0.005 

𝑆𝐷0= 0.005 

LOD of Lead = 3𝑆𝐷0= 0.013 

 

Table 130: Measurement of lower, middle and upper range of expected concentration for Aluminium 

Aluminium Lower middle Lower Middle Upper  

0.697 1.70 2.82 5.05  

0.749 1.66 2.84 5.36  

0.690 1.62 2.74 5.39  

0.714 1.72 2.77 5.44  

0.708 1.64 2.87 5.33  

0.705 1.69 2.88 5.37  

0.701 1.58 2.89 5.25  

0.696 1.57 2.99 5.44  

0.710 1.62 2.79 5.39  

0.708 1.56 2.85 5.16  

0.711 1.53 2.97 4.94 
SD 0.0146 

 
0.058 

 
0.074  0.159  
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For Aluminium, When x = 0, y = 0.004 

𝑆𝐷0= 0.004 

LOD of Aluminium = 3𝑆𝐷0= 0.0132 
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Table 131: LOD of the equipment for each element  

Element  LOD of each element of the equipment   

Sodium  0.051 

Magnesium  0.164 

Potassium  0.366 

Calcium  0.729 

Boron  0.015 

Phosphorous 0.048 

Zinc 0.009 

Copper  0.579 

Sulphur 0.048 

Iron 0.084 

Manganese  0.066 

Lead 0.013 

Aluminium 0.013 

 

 

 

 

 

 




