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Abstract
Humanity faces many challenges today that will increase in severity in the future. The urgent
need to increase food production levels to meet the needs of an ever-increasing global
population is also creating an ever-growing amount of food waste and directly influences food
security. The disposal of large and ever increasing amounts of food waste is not only a
significant financial loss, but it also creates a serious environment problem. Food waste
problems are a major factor preventing sustainable economic growth, acceptable
environmental safe guards and sustainable development of food resources. Food waste arises
from a variety of sources, starting on the farm, and continuing through post-harvest handling,
distribution, wholesale, retail and finally ending with the consumer. However, concerns about
hunger, conservation, environmental degradation and the socioeconomic impact of food waste
has accelerated research into developing strategies that can reduce food waste levels and
promote effective waste utilisation strategies. Because of these concerns, global research
interest has focused on developing sustainable eco-friendly practices and innovative strategies
that can valorise food waste. Importantly, food waste is a renewable resource that is composed
of a wide variety of useful organic materials. Waste valorisation strategies are designed to
convert food waste into different value-added products such as bioactive compounds, biofuels
and pharmaceuticals. However, to fully exploit this largely under-utilized renewable resource,
validated information is needed to clearly elucidate the levels of waste produced within the
food supply chain. Currently, there is very little validated information available that specifies
the amounts of waste being produced by the various stages within the food supply chain
between farm and fork. Also, to fully develop this largely under-utilized renewable resource
new manufacturing processes are needed, and conversional manufacturing facilities need to be
re-engineered to handle food waste.
The present work examines food waste using a holistic and multi-disciplinary approach to first
gain a better understanding of the extent of the problem both globally and locally in Western
Australia. And secondly, develop a unique waste valorisation strategy that uses a green
chemistry-based process to produce high-value Ag nanoparticles using food waste. From the
global perspective, the first part of the thesis examines various articles currently reported in the
literature and quantifies waste levels and examines the trends in wastage for various food
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sectors such as fruit and vegetable, fisheries, meat and poultry, grain, milk and dairy. Also
investigated were issues such as factors contributing to food waste, effective cost/benefit food
waste utilisation methods, sustainability and environment considerations and public
acceptance. All of these factors were identified as hurdles that prevent large scale food waste
processing. From an Australian perspective, food waste is estimated to cost around AUS$8
billion annually. This large and unacceptable amount of waste results in significant economic
losses for Australia, inefficient use of local resources and has a serious impact on the
environment. However, prior to this work there were very few studies reporting the amount
and types of wastes being generated. The present work, for the first time, carried out two
extensive surveys and assessments in Western Australia Horticultural sector that were designed
to identify the types of fruit and vegetable wastes, and their respective waste levels. The first
collected data regarding fruit and vegetable wastage produced by Western Australian farmers
(growers), and second looked a wastes generated by wholesalers operating at Market City
Canning Vale, Perth. Data from both assessments identified the types and amounts of waste
generated within Western Australia.

Waste valorisation is an appealing concept for promoting and developing manufacturing
processes that converts renewable food wastes into valuable marketable products. The present
work developed a new and innovative waste valorisation strategy that produced high-value
silver (Ag) nanoparticles form a significant food waste (Carrot, Daucus carota) generated in
Western Australia. The economic importance of Ag nanoparticles stems from their
incorporation in new pharmaceuticals and antibiotic medications. The results of this work have
clearly demonstrated “proof of concept” for this waste valorisation strategy. The Ag
nanoparticles produced by this low-cost and one-pot green synthesis approach were found to
have positive antimicrobial properties towards two human pathogens, namely, Escherichia coli
and Staphylococcus epidermidis. Thus, demonstrating food waste can be used to produce highvalue Ag nanoparticles with antimicrobial properties that have the potential to be used in
antibiotic pharmaceuticals.
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Chapter 1 Introduction

1.1. Background
Food security and sustainable food production are strategic priorities for all nations.
Several studies have identified food security and sustainable agricultural practices as
major challenges facing humanity in future years. [1, 2]. Many international policy
makers believe that integrating food security and sustainability with food production,
managing production costs and reducing the environmental impact of food production is
a daunting challenge that needs to be addressed. In terms of agricultural food production
there are three governing factors that include: 1) the amount of food that can be grown in
a particular climate; 2) the amount of food required by a growing economically changing
population, and 3) the impact of food production on the environment [3]. However, as
pointed out by Sasson, current agricultural practices are largely unsustainable, produce a
negative environmental impact and have a negative influence on global food security [4].
Ultimately, the current trend in expanding global agriculture will have a major impact on
the environment [2, 5]. For example, current agricultural practices rely heavily on natural
resources and ecosystems, which are already under stress or in several cases are in rapid
decline. Furthermore, factors such as global warming, growing energy usage and
pollution are all expected to have a significant impact on the environment in the future.
Consequently, there is a need for new eco-friendly agricultural practices to ensure the
world’s food security [6, 7]. For instance Gerland et al. has explained the need for
developing sustainable food production strategies, utilising intelligent resource
management procedures and promoting effective food distribution strategies. Since these
strategies can deliver effective food security and deliver food production levels capable
of feeding the estimated 12.3 billion people in 2100 [8].
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The food supply chain incorporates agricultural production, food processing and
packaging, distribution, retail, and ultimately consumption. To maintain an efficient and
sustainable food supply chain also requires managing the acquisition of land, water and
energy. But at the same time the food supply chain also produces harmful outputs to the
environment that include: greenhouse gases, contaminated waste water, discarded
packaging and food waste. In terms of food waste, around one third (1.3 billion tons) of
all food produced globally is lost or wasted every year [9]. Importantly, food waste is
already a serious economic problem and is also a major contributor to environmental
degradation. This large and ever-increasing problem is expected to intensify in future
decades as the global population increases. Thus, food security policy not only needs to
consider sustainable food production practices, but it also needs to tackle reducing the
amount of food waste currently being generated and the potential waste produced in the
future food supply chain [10].

Food waste actually begins at the farm and continues throughout the food supply chain
[11]. By definition, food waste results from food not being utilised during the later stages
in the supply chain, i.e. retail and consumption. While food loss is defined as food
damaged or spoiled in the earlier stages of the food value chain, i.e. in the field, packing
houses, storage facilities or in wholesale markets [12]. In both definitions, the edible food
products produced for human consumption did not reach their final destination due to
unfavourable circumstances that occurred within the food supply chains [13, 14].
However, in the present work both food loss and waste are considered “waste”. This
waste is considered a major challenge, since it is an under-utilised natural and renewable
resource for waste valorisation strategies. In recent years, waste valorization has become
an appealing concept for converting renewable food waste sources into economically
valuable and marketable products [15]. Currently, food waste worldwide has a significant
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impact on food security, sustainable food production practices and the environment [16].
Alarmingly, a large proportion of food sources produced (around 30 to 40%) fails to be
consumed [17, 18], but instead ends up going to landfill [19-21]. Furthermore, the
economic loss resulting from food waste is also compounded by the economic losses
associated with the energy and the resources used to grow, harvest, produce, pack and
transport the food [22]. For example, a recent study by Cuellar et al. in the United States
of America (USA) found that around one third of all edible food was wasted and this
equated to two percent of the country’s annual energy consumption [23]. Thus, solving
food waste and its associated problems is not only an immediate priority, but is also a
major issue preventing future food security and sustainability. Waste valorisation
strategies offer unique alternatives for dealing with food waste instead of the normal
landfill option. Current low level waste valorisation strategies include animal feed,
composting and combustion (burning for energy). At present there is considerable interest
in converting renewable food waste into a wide variety of value-added products that can
replace existing materials and petrochemical-derived products as seen in Figure 1[24].

3

Figure 1. Waste valorisation strategies for producing value-added products from various
sources of agricultural and horticultural food waste

Food wastes are predominantly composed of organic materials, which have the potential
to be converted into a wide variety of different value-added products. In recent years there
has been considerable interest in developing waste valorisation strategies with the aim of
sustainably managing food wastes. Several case studies have shown feedstock’s
composed of food waste can be used to produce value-added products like chemicals,
biomaterials, biofuels and pharmaceuticals [25-29]. However, the diversity and
variability of food waste creates a number of practical challenges that must be overcome
before waste valorisation can become a commonly accepted manufacturing process.
These challenges include: 1) determining the most effective type of conversion process;
2) optimisation and efficiency of the respective process (i.e. the degree of waste
valorisation); 3) its financial viability as a commercial operation, and 4) educating people
to adopt new procedures and or products. At present, there is no detailed information
regarding the diversity and variability of food waste globally. However, several countries
have reported the wastage levels of selected fruits and vegetables. In particular, these
fruits and vegetables are delicate, vulnerable to temperature and moisture, and are prone
to pest damage. And as a result of these issues, approximately 40% of all fruits and
vegetables end up as waste [14]. Factors that contribute to this large amount of waste
include: 1) inadequate logistics and quality control activities [30]; 2) poor demand
forecasting and inefficient inventory control systems [31], and 3) overall lack of supply
chain coordination [14]. Furthermore, food waste also varies because of other factors
including: 1) differences between countries; 2) types of food commodities; 3) climatic
conditions; 4) level of infrastructure & technology, and 5) marketing system effectiveness
[32-34]. Overall, detailed information of fruits and vegetables being wasted is scarce and
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current information is not based on formal quantitative studies. This is also true for
Australia, where there is very little food waste/food loss information available. Recent
studies have only focused on consumer waste and have not directly examined particular
wastes resulting from the production and processing of fruits and vegetables [35-37]. The
present work, for the first time addresses the lack of food waste information for fruit and
vegetable waste generated in Western Australia by carrying out two major surveys. The
first survey investigated the levels of food waste generated by Western Australian fruit
and vegetable producers (growers), and the second survey examined food waste levels
generated by wholesalers at Market City Canning Vale, Perth, Western Australia. Market
City is the main marketing and distribution centre for fresh produce in the State of
Western Australia with an operational trading value of around AUS$638 million. The
importance of these two studies in estimating the levels of waste available for waste
valorisation strategies are discussed in the following sections.

In recent years, a number of opportunities for developing industrial biological-based
products such as enzymes, solvents and surfactants has emerged [38]. And countries like
the European Union, USA, Canada, Japan and Malaysia are keen to develop and promote
a bio-based market for products derived from biological sources. Currently, the USA is
planning a 25% replacement of its chemical feedstock with biological derived sources by
2030 [39]. In spite of being a valuable source of organic compounds, fruit and vegetable
waste valorisation is still in its infancy [40]. Importantly, waste fruits and vegetables are
a good feedstock for bioenergy production (bioethanol, biodiesel, and biogas) [41]. At
present, bioethanol is predominantly produced from corn and sugarcane [42, 43].
Significantly, crops grown for biofuels have higher production costs and are also
competing for the limited arable land against crops grown for food production [44].
Therefore, researchers have investigated advanced or 2nd generation biofuel production
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technologies that can increase biofuel production using fruit and vegetable wastes.
However, major barriers preventing commercialisation is the high costs associated with
pre-treatment (preventing bacterial spoilage) and subsequent conversion of fruit and
vegetable sugars to ethanol [45-47].

Recently, nanotechnology was identified as an enabling technology for agriculture and
the food industry by the United States Department of Agriculture (USDA) [48].
Nanotechnology based-solutions are relatively new approaches for solving problems
related to farm production, food processing & packaging, pathogen detection, waste
treatment and environmental protection [49]. An interesting waste valorisation strategy
with the potential to deliver value-added products using nanotechnology is green
chemistry-based techniques to produce high-value nanometre scale materials in the form
of metallic nanoparticles is one example. Through nanotechnology based principles it is
possible to gain an understanding of how to manipulate biological (plants and animals)
materials at the atomic, molecular, and macromolecular scales [50]. Nanoparticles range
in size from 1 to 100 nanometre, and have been synthesized from numerous organic,
inorganic and various elemental combinations [51]. Organic nanoparticles are carbonbased materials, which include fullerenes, carbon-quantum dots and nanotubes. There are
mainly three types of inorganic nanoparticles. The first type of inorganic nanoparticles
are called metallic, and typical examples include gold (Au), silver (Ag), copper (Cu) and
aluminium (Al). The second type consists of semiconductor materials, which include zinc
oxide (ZnO), zinc sulphide (ZnS) and cadmium sulphide (CdS). The final type consist of
magnetic nanoparticles that include cobalt (Co), iron (Fe), and nickel (Ni). Due to their
unique size, nanoparticles have several size dependent properties such as large surface
area to volume ratios, greater surface reactivity, greater penetrability and quantum effect
related properties [52]. These unique properties have allowed manufacturers to use
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nanometre scale materials in a variety of structural materials, electronic devices, opticalelectronic devices and systems [53, 54]. In particular, both gold (Au) and silver (Ag)
nanoparticles have been extensively used in medical diagnostics, imaging, antimicrobial
pharmaceuticals and biomedical applications [55, 56].

Conventional methods of synthesizing nanoparticles fall into two approaches. The two
approaches are chemical and physical. Both approaches have been used to manufacture a
wide variety of nanoparticles. However, both approaches often use toxic solvents, nonbiodegradable stabilizing agents and processes that are not eco-friendly and present many
occupational and environmental hazards [57, 58]. Moreover, the presence of surface
contaminants deposited during conventional chemical and physical approaches make
these nanoparticles unsuitable for clinical and biomedical applications [59, 60]. However,
in recent years, several alternative biological methods have been investigated for
synthesizing a wide variety of nanoparticles. Biological methods offer a green chemistrybased route that is eco-friendly and avoids the use of harmful chemicals and solvents.
Green chemistry-based methods using biological entities such as plants, bacteria, fungus
and similar organisms are an attractive and eco-friendly alternative to conventional
manufacturing processes [61- 64]. This green method also aims at reducing energy usage
during nanoparticle manufacture, prevent or significantly reduce waste (atom economy),
and reduce the environmental impact of producing nanoparticles and similar nanometre
scale materials [65].

In recent years a wide variety of plant species and plant parts (i.e. leaves, flowers, stem,
bark and roots) have been studied to determine their ability to synthesize nanoparticles.
The synthesis process is relatively straightforward and involves mixing an aqueous plant
extract with a suitable metal salt. During synthesis, metal ions are reduced to form
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nucleation seeds that subsequently attract smaller neighbouring particles. These smaller
particles attach to low energy faces of the forming crystal to create larger
thermodynamically stable nanoparticles. During particle growth biomolecules present in
the plant extract also act as natural surfactants (capping agents) and attach to specific
facets of the forming crystal [66]. The surfactants reduce interfacial energy and lower
surface tension of the crystal facets allowing growth to occur [67]. This type of growth
only occurs on specific crystal facets, thus generating particular orientations that
ultimately produce definite morphologies. This directed growth process explains the
various morphologies produced by biologically synthesized nanoparticles [68]. Typical
morphologies produced include cubes, hexagons, pentagons, rods, spheres, triangles, and
wires [62, 69].

Today, the disposal of large amounts of food waste incurs a significant economic cost and
creates a detrimental impact on the environment. Conventional waste management
strategies for handling food waste have included animal feed, composting, incineration
and landfill. However, problems associated with these disposal strategies has increased
interest in finding alternative strategies. The availability of such large and diverse sources
of food waste materials has created unique opportunities for developing new alternative
value-adding strategies. Generally, food waste management strategies are aimed at
reducing, recycling and recovery [70]. Thus, from the recovery perspective, food wastes
produced by horticulture and food industries are predominantly composed of organic
materials that offer an attractive renewable source of biomolecules and bioactive
compounds. Waste valorisation strategies are designed to convert food waste into
different value-added products such as chemicals, bioactive compounds, biofuels and
pharmaceuticals. An innovative alternative waste valorisation strategy is to use food
wastes for manufacturing high-value nanoparticles [71]. As mentioned above, plant-
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based materials have been used to synthesize a variety of nanoparticles. The same
procedure can also be used to manufacture of high-value nanoparticles using plant-based
food waste as feedstock as schematically presented in Figure 2.

Figure 2. Schematic representation of a waste valorisation strategy designed to
manufacture high-value nanoparticles form food waste [71]

In terms of agricultural and horticultural produce, several studies have shown metal
nanoparticles can accumulate in the edible tissues of several crops such as leafy or stem
vegetables (i.e. carrot, lettuce and spinach), fruits (i.e. tomato, grapes, and watermelon),
and grains (i.e. barley, rice, maize) [72-74]. In spite of the ability of several plant species
to generate metal nanoparticles, there has been very little research into investigating the
use of food wastes. This new waste valorisation strategy is of particular importance, since
it provides an alternative and complimentary method for handling food wastes. In recent
years, finding alternative waste valorisation strategies has become critical, since around
one third (1.3 billion tons) of all food produced globally (from farm to consumer) ends
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up as waste [75]. Like many other countries, the Australian food supply chain is a major
part of the country’s economy and generates around A$230 billion dollars annually [76].
The supply chain, which includes farm production, food processing & retail food sales,
contributes around 3% to Australia’s Gross Domestic Product (GDP) [76]. The third
largest agricultural sector in Australia is fruits and vegetables, and between 2010 and
2011 the sector generated approximately AUS $9.0 billion dollars of revenue. However,
this high production level has also produced a large volume of waste. The present work
has identified one particular crop, carrot (Daucus carota) that produces consistently high
levels of waste materials. However, it should be pointed out that other fruits and
vegetables also have large levels of waste [77, 78]. Carrot is a major vegetable crop in
Australia and in 2013 around 270,600 tonnes were produced. While the local production
of carrots in Western Australia was estimated to be around 89,600 tonnes or 33% of the
national production [79]. Thus, Western Australia is the largest producer of carrots in
Australia. Importantly, carrots are one of the world’s most nutritious and edible crops that
contain many important nutrients and phytochemicals [80]. For instance, it is often
reported that carrots provide a rich source of antioxidants, which can reduce heart disease
and stroke, and also protect against cancer and maintain oral health. In spite of being
highly nutritious and edible, other factors come into play that contribute to the high levels
of waste. For example, around ten percent of crops fail to leave the farm due to
unappealing cosmetic marks. In the case of carrots, the rejected produce usually ends up
as animal feed, which is only valued at around AUS $50 a tonne. Furthermore, a recent
article concerning vegetable waste in the Australian state of Tasmania, found that between
30 and 40% of all vegetables grown in the state ended up as waste. The article also
reported that more than 150 tonnes of carrots, worth many thousands of dollars, were
ploughed back into the fields because the carrots were too large to sell in the market [81].
Thus, highlighting factors such as not meeting visual and quality guidelines specified by
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retailers and consumer acceptance resulted in high levels of waste despite the carrots
being edible. At the end of the day, this level of wastage adds a significant financial
burden to producers, which is ultimately pasted onto consumers.

The present work developed a waste valorisation strategy the used carrot waste to produce
high-value noble gold (Au) and silver (Ag) metal nanoparticles. Au and Ag were selected
as nanoparticle candidates because both noble metals have unique biological, electrical
and optical properties that are derived from their composition, size and shape, and surface
properties [82, 83]. Interestingly, studies have shown that both Au and Ag nanoparticles
have interesting antimicrobial properties, which were found to be effective against several
bacteria, including some bacterial strains that have become resistant to modern antibiotics
[84, 85]. In particular, silver nanoparticles are extensively used in pharmaceuticals, food
storage, textile coatings and a number of environmental applications [86-89].
Importantly, in recent years bacterial resistance against current antibiotics has increased.
Thus, delaying recovery or causing treatment failure and even loss of life. Therefore,
developing new antibiotic medications is a serious challenge for medicine today [90]. The
present work not only demonstrates a unique waste valorisation strategy, but also
examines the antimicrobial properties of Ag nanoparticles produced by carrot extracts.
Thus, demonstrating that high-value Ag nanoparticles with unique properties can be
produced from a major horticultural waste.

1.2. Scope of thesis
Food production, security and sustainability are serious concerns facing the world today.
However, intensifying food production levels to feed an increasing global population has
also generated large and ever-growing amount of food waste. Conventional strategies for
handling food waste have a major economic cost and a detrimental effect on the
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environment. Therefore, new and innovative waste valorisation strategies are needed to
convert large amounts of renewable food wastes into value-added products. Thus,
ensuring greater food security by developing a more sustainable food supply chain that
reduces its waste disposal costs and its harmful impact on the environment is a global
challenge. To this end, the scope of this thesis has three parts. The first part presents an
overview of food loss and waste and its global impact. This was done because in spite of
there being numerous studies carried out around the world to identify sources of food
waste in supply chains, the data is far from exhaustive. Many countries have well
documented databases regarding food wastes being produced along their food supply
chains, while other countries have very limited information. With many countries just
focusing on specific stages in the supply chain such as retail and consumers. Because of
this knowledge gap, it was necessary to determine the progress so far towards the
sustainable utilisation and management of food wastes globally. During this explorative
stage of the thesis it was found that there was very little information available reporting
food waste levels in Australia. Thus, the second part of the thesis was aimed at
determining the levels of food waste produced locally in Western Australian. To achieve
this goal two major survey studies were undertaken. A few Australian studies had
identified consumer food waste levels, but there were no reported studies of farm-based
or wholesale-based food waste levels. Thus, the present work, for the first time, identified
and investigated both farm-based and wholesale-based produce loss, its magnitude,
causes, and current management strategies for handling produce. Survey participants
were also asked their views on possible future waste valorisation strategies. The first
survey (Case Study 1) conducted was from the grower’s perspective and investigated
farm level wastage levels. The structured survey asked questions focusing on types and
produce levels of crops, wastage levels and current waste management strategies. The
survey also gathered information regarding causes behind waste generation and its effect
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on market prices. The second survey (Case Study 2) conducted examined the levels of
food waste at the wholesaler stage in the local Western Australian food supply chain. The
study collected primary data via a structured questionnaire that was specifically aimed at
businesses operating at Market City Canning Vale, Perth, Western Australia. The survey
collected information relating to produce volumes, amounts handled, reasons for food
loss, and current waste management strategies in place. The third part of the thesis
investigates an innovative waste valorisation strategy designed to manufacture high-value
Ag nanoparticles from one particular food waste, carrot (Daucus carota), which is
generated at high levels as mentioned above. Waste valorization is an appealing strategy
for boosting the development of novel manufacturing processes that can convert food
wastes into valuable marketable products. Waste valorization is of particular importance
today, since there is high demand for pharmaceuticals, fine chemicals, solvents and
biofuels. This high demand has encouraged many researchers to investigate new ecofriendly and green-chemistry based processes as an alternative to conversional
manufacturing processes. Hence, this part of the thesis presents and demonstrates an
alternative waste valorization strategy. The strategy not only produced high value Ag
nanoparticles, but also studies these nanoparticles antimicrobial properties against a
number of bacterial strains. Thus, demonstrating their potential use in new
pharmaceuticals and antibiotic medications.

1.3. Aims of thesis
Food security and sustainable food production are key priorities for the global community
today. However, current agricultural practices and food industry practices are
unsustainable. These practices produce large amounts of food waste, which has a negative
influence on global food security and has a harmful impact on the environment. The thesis
presents an overview of food loss and waste and its global impact. Before investigating,
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for the first time, Western Australian farm-based and wholesale-based food waste
generation. The results of these studies identified the sources and types of food waste
being produced by growers and wholesalers. Having identified a major food waste source
produced by both growers and wholesalers (carrot - Daucus carota), a new and innovative
waste valorisation strategy was developed as a proof of concept.

The thesis is constructed around three aims:

1)

Develop an overview of global food loss, and examine emerging sustainable
utilisation and management strategies for food waste in the global economy.

2)

Make qualitative and quantitative assessments of fruit and vegetable wastage
produced by Western Australian growers and Wholesalers operating at Market
City Canning Vale, Perth. And also identify factors contributing to food waste and
examine current waste management strategies.

3)

Develop a new and innovative waste valorisation strategy that produces highvalue Ag nanoparticles, which have the potential to be used in new
pharmaceuticals and antibiotic medications.

Each aim is addressed by either review articles or individual case studies that allow for a
more detailed investigation into the various aspects of the research. Chapter 2 contains
two review articles. The first article presents an overview of global food Loss and waste,
and why it matters. The second article discusses the current progress towards the
sustainable utilisation and management of food wastes in the global economy. Chapter 3
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presents a review article that discusses a waste valorisation strategy that involves
producing high-value nanoparticles via biogenic processes using aquaculture &
horticultural food wastes. Chapter 4 contain two case studies. Case study 1 presents the
results of a structured questionnaire investigating the food waste generated by Western
Australian fruit and vegetable Producers (Growers). While case study 2 presents the
results of a structured survey investigating horticultural food waste generated by
wholesaler businesses operating at Market City Canning Vale fruit and vegetable markets
in Western Australia. Chapter 5 presents case study 3, which presents a waste valorisation
strategy for producing high-value Ag nanoparticles from a major food waste (carrot Daucus carota). The study also discusses the physiochemical properties of the
nanoparticles and the nanoparticle/carrot antibacterial properties towards various
bacterial strains. Chapter 6 summarises the research work carried out, discusses the
research results, and implications of the findings. The chapter concludes with suggestions
for future research and avenues for developing the waste valorisation strategy further.
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Chapter 2 – Literature Reviews: Defining Food Loss and Waste
2.1. Overview and author contributions
Today, developing sustainable long-term food production and security strategies presents
many challenges that must be addressed if we expect to feed current and future global
populations. One major challenge arising from increasing food production is the evergrowing amount of food waste being generated. Conventional strategies for coping with
food waste management have major economic costs and create serious detrimental effects
on the global environment. Therefore, the objective of Aim 1 was to conduct an overview
of global food waste in the context of food security, resource management and
environment health. The aim also looked at emerging, sustainable utilisation and
management strategies for handling food waste in the global context. Aim 1 was achieved
by the two peer-reviewed and published literature reviews that looked at different aspects
of global food waste. The first review provides an overview of the different approaches
taken by various governments, community groups, civil societies and private sector
organisations to reduce food waste in both developed and developing countries. The
review also highlights the need for global initiatives to enhance awareness of food value
and for countries to develop policies that motivate communities and businesses to reduce
their levels of food waste. Another important strategy identified was the need to assistance
developing countries improve their markets, transport and storage infrastructure to
minimise food waste throughout the food value chain. In some developed countries,
particularly in Europe, initiatives to promote food waste management strategies have
started to gain momentum.
Importantly, food waste is identified as a global problem that needs urgent attention and
global solutions are needed to solve this problem for present and future generations. The
second review discusses several international reports currently in the literature and
quantifies various food waste levels, and examines the trends in wastage for various food
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sectors such as fruit and vegetable, fisheries, meat and poultry, grain, milk, and dairy. The
article also examines various factors contributing to food waste and progress made to
develop effective food waste utilisation strategies.

2.2. Publications:

Review Article 1
Purabi Ghosh, Derek Fawcett, Shashi Sharma, Gerrard Eddy Jai Poinern. Progress
Towards Sustainable Utilisation and Management of Food Wastes in the Global
Economy. International Journal of Food Science. 2016; Article ID 3563478; 1-22.
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Review Article 2
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In recent years, the problem of food waste has attracted considerable interest from food producers, processors, retailers, and
consumers alike. Food waste is considered not only a sustainability problem related to food security, but also an economic problem
since it directly impacts the profitability of the whole food supply chain. In developed countries, consumers are one of the main
contributors to food waste and ultimately pay for all wastes produced throughout the food supply chain. To secure food and reduce
food waste, it is essential to have a comprehensive understanding of the various sources of food wastes throughout the food supply
chain. The present review examines various reports currently in the literature and quantifies waste levels and examines the trends in
wastage for various food sectors such as fruit and vegetable, fisheries, meat and poultry, grain, milk, and dairy. Factors contributing
to food waste, effective cost/benefit food waste utilisation methods, sustainability and environment considerations, and public
acceptance are identified as hurdles in preventing large-scale food waste processing. Thus, we highlight the need for further research
to identify and report food waste so that government regulators and food supply chain stakeholders can actively develop effective
waste utilisation practices.

1. Introduction
Food is a basic human need, while food waste has been identified as a major challenge facing humanity today [1]. Currently,
around 21,000 people die every day due to hunger related
causes [2] and globally one in nine people go to bed each night
hungry [3]. Nevertheless, approximately one-third of all food
produced today goes to landfill [4]. The vast amount of food
ending up as waste is not only a humanitarian problem, but
also a serious economic and environmental problem [5–7].
The world has limited natural resources and environmental
benign cost-effective solutions must be found to increase food
production, improve distribution networks, and promote
effective food supply chain management practices [8]. To
alleviate the increasing demand for food production, it is
necessary to significantly reduce food waste. Reducing food
waste is an important factor that can significantly improve the
overall efficiency of the food supply chain [6]. Researchers

in the field maintain that sustainable food production, intelligent management, and proper food distribution are the
key factors that must be addressed if we expect to feed the
predicted 12.3 billion people in 2100 [7, 9]. So, reducing food
waste becomes a priority, since waste will continue to be
generated throughout the food supply chain if no action is
taken. Companies involved in the food supply chain and the
population at large will continue to waste food as long as
they can afford to waste. Importantly, food waste results in
loss of time, effort, and the other resources that went into
producing that food. Other resources lost include fertilizers,
pesticides, and the soil and water. From an environmental
perspective, food lost or discarded each year accounts for
3.3 billion tonnes of carbon dioxide emissions globally. The
scale of food waste globally can be quite staggering and
several significant examples are presented in Table 1 so that
the reader can appreciate the magnitude of the problem.
Thus, governments, industry, and communities must work
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Table 1: Representative global examples of food loss (waste) [11].

Food loss (waste)
In the USA alone, annual food production consumes about 120 cubic kilometres of irrigation water. People throw away 30
percent of this food, which corresponds to 40 billion litres of water.
United Kingdom households waste an estimated 6.7 million MT of food every year, around one-third of the 21.7 million MT
purchased. This means that approximately 32 percent of all food purchased per year is not eaten. Most of this (5.9 million
tonnes or 88 percent) is currently collected by local authorities. Most of the food waste (4.1 million MT or 61 percent) is
avoidable and could have been eaten if it had been better managed.
The amount of food lost or wasted every year is equivalent to more than half of the world’s annual cereals crop (2.3 billion MT
in 2009/2010). Only an estimated 43 percent of the cereal produced is available for human consumption, as a result of harvest
and postharvest distribution losses and use of cereal for animal feed.
The water applied globally for irrigation to grow food that is wasted would meet the domestic needs of 9 billion people.
Annual food losses and waste are estimated at about 30 percent for cereals, 40 to 50 percent for root crops, 30 percent for fish,
and 20 percent for oilseeds and meat.
On a global scale, just 43 percent of the fruits and vegetables produced are consumed and the remaining 57 percent are wasted.
Food waste accounts for roughly US$ 680 billion in industrialised countries and US$ 310 billion in developing countries.
Consumers in rich countries waste about 222 million MT of food every year, which is nearly equivalent to the entire net food
production of 230 million MT of sub-Saharan Africa.
Roughly one-third of food is lost or wasted. That translates into 1.3 billion MT each year, worth nearly one trillion US dollars,
and is the equivalent of 6 to 10 percent of human-generated greenhouse gas emissions.
Food spoilage and waste account for annual losses of US$ 310 billion in developing countries, where nearly 65 percent of loss
occurs at the production, processing, and postharvest stages.
In sub-Saharan Africa, up to 150 kg of the food produced per person is lost each year; depending on the crop, 15–35 percent of
food harvested may be lost before it leaves the field.

collaboratively to achieve policy and cultural change towards
prevention of food waste at all levels [10, 11]. Therefore, to keep
pace with the ever increasing demand for food, it is essential
to adopt a policy that says “no” to food waste.
Defining food waste is not always straightforward since
distinguishing between edible and nonedible parts of food is
subjective. In some parts of the world, a food judged edible
may be considered nonedible in other parts. Naturally, not
every part of an agricultural or livestock product is entirely
edible and there will always be unavoidable nonedible parts
such as citrus fruit zest, fruit stones, bones, and eggshells
[12, 13]. In many cases, the difference between edible and
nonedible is not clearly defined and depends on dietary habits
(consumption of bread crusts, apple or potato peel, fat on
meat, etc.), food culture, and geographic location. In the
present study, food that is not consumed by the end user,
which includes the nonedible parts of the food, is considered
to be “food waste.” All food products go through a life cycle,
starting from the farm and progressing through processing,
distribution, retail, and finally consumption and/or dumping
as presented in Table 2. Inspecting Table 2 reveals that
food waste occurs throughout the entire food supply chain.
The degree of food waste depends on factors such as (1)
developed and developing country [6, 14]; (2) prevailing
weather conditions and pest management protocols [15]; (3)
storage, transport facilities, and processing efficiency [16–
18]; (4) market demand and visual appearance of produce
[14]; (5) consumer acceptance of produce [19] and consumer
affordability to waste [4].
Even a couple of decades ago, food waste was not
considered to be a significant economic cost or a waste of

Reference
[184]

[185]

[186]
[187]
[188]
[189]
[190]
[185, 191]
[192]
[192]
[192]

natural resources [20]. However, growing public concerns
about hunger, conserving the environment, and the effect of
socioeconomic factors have accelerated research into food
waste. Food waste research is aimed at finding better ways of
using this natural and renewable resource [17]. Unfortunately,
there will always be a certain amount of waste produced
in the food supply chain. However, current levels of waste
occurring in the food supply chain are much greater than
other industries and arise from the lack of willingness or
inability to coordinate the various activities along the chain
[21–23]. Therefore, to make the food supply chain more
sustainable and effectively manage food waste, a much deeper
understanding of the current state of affairs is needed [24].
This not only means food waste itself, but also means taking
into account associated factors like greenhouse gas emissions
(GHG) and the use of other resources such as water, land,
labour, money, and energy. After taking all these factors
into consideration, it is also very important to make the
various stages in the food supply chain such as production,
distribution, and marketing more efficient and sustainable
[25].
Generally speaking, the literature in the field often reports
the importance of effective food waste management to reduce
problems such as large waste volumes going to landfill, landfill
gas emissions, landfill leakage contaminating waterways,
and costs associated with transport and handling of wastes.
Alternatively, many food wastes can be considered as a
valuable source of nutrients with the potential to be processed
into products to feed the world’s increasing population [14,
26]. Recently, Mirabella et al. reported a range of nutrients
available from fruit, vegetable, dairy, and meat and fish wastes
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Table 2: Food wastes produced in the food supply chain as reported in the literature.
Food supply chain
stage

Production and
harvest

Storage

Processing and
handling
Transport and
distribution

Retail

Consumer

Cause of food waste

Reference

Crops left in ground; not meeting quality standard
Overproduction to maintain supply
No demand right at that time of harvest
Wrong forecast/withdrawal of demand from retailers
Fall of crops and livestock prices
Failure to meet quality standards
Lack of coordination within the supply chain
Pests/diseases attacking/destroying crops
Lack of storage facilities
Livestock death and unsuitability for slaughter
Lack of suitable refrigeration
Shortened shelf-life promoting more food waste
Trimming (shape, size) for attractive visual appearance
Crops nonedible or unsuitable for canning, livestock trimming during slaughtering or fish
during canning/smoking, filleting
Dairy products during pasteurization and processing to milk based products
Excessive transportation
Longer periods of inactivity and complex and expensive movements resulting in product
damage
Products sorting to meet supermarket quality standard
Products not donated due to safety standard
Expiry of products such as meat and milk before being purchased
Maintaining high standard and consumer attraction
Packaging size not suitable for buyers
Product/packaging damage and being not attractive to consumers
Excessive awareness of “due date,” “use by” date, “expiry date”
Buying behaviour and purchasing pattern
Family size, income, age, job pattern
Excessive buying without need
Misunderstanding/lack of knowledge about labelling
Product purchased but not processed/cooked
Surviving more on takeaway food while fridge is still full/no time to cook
Cooked product not tasty enough to eat
Product expired and produce that is wilted/bruised/moulded and is thrown away

[16, 17, 193]
[17]
[194]
[195]
[194]
[4]
[6]
[173]
[6, 17]
[87]
[194]
[196]
[6, 35]

that could be used in food products (gelling agent in confectionary, fat replacement in meat products, supplementary
food products, and seafood flavours for soups) and beverage
preservatives [1]. Food wastes have also been considered as a
source of renewable energy with the potential to significantly
reduce the current dependency on energy derived from fossil
fuels [27, 28]. Using food waste as an alternative energy source
has the advantage of reducing the amount of waste going
to landfill and diminishing the associated problems of gas
emissions and groundwater contamination [29, 30]. The use
of food waste also alleviates the problem of land competition
between food crops and crops for liquid biofuels [31].
The present review provides an overview of current
research into terrestrial and aquatic food waste and progress
towards utilising the waste. The review examines the various
causes that result in food waste and also presents information
regarding waste levels throughout the different stages in
food supply chains operating in several regions around the
world. Also discussed are the socioeconomic aspects of food

[6, 17]
[87]
[197]
[197–199]
[6]
[194]
[200]
[201]
[87]
[202]
[194, 203]
[15, 200]
[19, 204]
[58, 197, 201, 203]
[173, 197, 205]
[36]
[200]
[206, 207]
[36, 197]

waste, the willingness to implement food waste initiatives that
promote efficient and sustainable food chain management
practices. In addition, probable future trends and initiatives
for the implementation of effective ecofriendly and sustainable approaches for managing food wastes are outlined.

2. Terrestrial Food Waste in the Food Supply
Chain and Current Waste Utilisation
2.1. Crop Waste in the Food Supply Chain and Current Waste
Utilisation. Crop waste begins at the farm and continues
throughout the food supply chain. Between farm and fork,
food waste is produced by each of the six stages of the
food chain as detailed in Table 2. In developed countries,
food waste can be quite significant even at the agricultural
or harvest stage. Food waste can result from factors such
as produce sizing and aesthetic standards, produce quality
regulations, production surpluses, and economic factors. For
example, in 2009, Italian agricultural produce estimated to
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Table 3: Amount/percent/value of fruit and vegetable waste in the world food supply chains.

World zone
UK

Switzerland

Germany
UK
14 European countries∗
Sweden
China
China
Australia
Africa

Sub-Saharan African
South America
Brazil
North America
USA
Waterloo, Ontario, Canada

Loss amount
36%
47%
(veg. only)
11%
(veg. only)
40%
(veg. only)
43%
8%
5–30%

Stage of waste
Household
Production, postharvest
handling, processing

Calculation method

Retail

Share of losses calculated and estimated
in percentage

Household
Food processing industries
Food processing industries

4.3%

Retail

15%
10%
25–35%
US$ 810
53% (incl.
root and
tuber)
10%

Reference
[36]

[8]

Household
[208]
[36, 93]
[94]

Storage
Distribution
Storage
Consumer waste

Share of total footprint created
Percentage
Percentage of total share
Percentage share of total delivered
products in the retail stores
Average loss in China calculated from
data published by several researchers
Percentage loss in 2011
Average annual waste value per person

Total supply chain

Percentage of total share

[62]

[209]
[210]
[211]
[19]

Production

9%
25%
17%
5%
6.28%
8.76%
48.7% (fresh
and
processed)
18%
33%

Postharvest handling and storage
Processing and packaging
Distribution
Consumption
Wholesale
Retail

16%

Percentage (by mass)

[6]

[212]

Supply chain

Total weight in lb. (pound) (data
collected by USDA in 1995)

[59]

Retail
Consumer

Estimated total value of food loss in 2008

[13]

Household

Average of reported food wastage
percentages for online survey participants

[213]

∗

14 European countries: Portugal, Spain, France, Netherlands, Belgium, United Kingdom, Sweden, Finland, Denmark, Germany, Italy, Poland, Hungary, and
Greece.

be 17.7 million tonnes was left in the ground and equated to
around 3.25% of total produce production [32]. Surprisingly,
some studies have indicated that the agrofood sector waste
could be as large as 40% of the total production value [33],
while studies in the Netherlands have revealed that annual
food wastage costs are around € 4.4 billion (US$ 4.9 billion).
End-consumers waste around €2.4 billion (US$ 2.7 billion) or
about 10% of all food purchased and the remaining €2 billion
(US$ 2.21 billion) was wasted through the various stages of
the food supply chain [33, 34].
In a Swedish study, 16 different horticultural products
including typical fruits and vegetables sold by retailers were
responsible for wastes ranging from 0.4% to 6.3% of produce
[35]. Similar studies have also found that fruits and vegetables
are the main source of household food waste and equate to
around one-third of purchased food products [36].
For instance, in the United Kingdom (UK), potatoes came
first in a ranking of 100 fruits and vegetables and accounted
for around 0.4 million tonnes (10%) of total waste produced
annually [37]. Australians, for example, throw away around

AU$ 1.1 billion (US$ 0.84 billion) worth of fruits and vegetables each year making them the largest food waste category
[19]. Studies have shown that fruits and vegetables are the
most wasted food category among all terrestrial and aquatic
food products in both developed and developing countries
as seen in Table 3. Moisture content, temperature sensitivity,
and delicate surface membranes make fruits and vegetables
susceptible to spoilage during production, transportation,
and storage. This susceptibility often leads to large amounts
of waste throughout the food supply chain. For example,
in Switzerland, around 47% of all vegetables produced are
wasted in the food supply chain. And in Germany fruits and
vegetables account for 43% of all household waste as seen in
Table 3.
In many cases, the results of these studies are not comparable, since they did not assess the whole food supply chain
(only looked at specific stages and waste types) and were
carried out by different researchers worldwide using different
assessment protocols. For example, a number studies on
fruit and vegetable waste fail to take into account grains
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Table 4: Analysis of retail and consumer waste increase/decrease in the USA based on USDA data from [17, 58, 60].
Supply/population (S/P)∗

Commodity
Grains
Fruits
Vegetables
Dairy products
Meat/poultry
Fish
Eggs
Nut products

R
C
R
C
R
C
R
C
R
C
R
C
R
C
R
C

Supply/waste (S/W)

1995

2008

2010

1995

2008

2010

17.13

19.55

19.50

18.15

22.01

20.76

23.69

36.96

27.09

28.64

27.48

26.80

17.82

27.13

17.31

1.50

1.59

1.55

2.97

2.89

3.16

0.71

1.04

1.13

0.02
0.30
0.02
0.22
0.02
0.24
0.02
0.30
0.01
0.15
0.01
0.15
0.02
0.29
0.01
0.15

0.12
0.18
0.09
0.14
0.06
0.15
0.11
0.17
0.03
0.23
0.08
0.25
0.1
0.15
0.06
0.09

0.12
0.19
0.09
0.19
0.08
0.22
0.11
0.19
0.04
0.21
0.08
0.31
0.07
0.21
0.06
0.09

Production%
increase/decrease
1995
2008
2
30
2
23
2
24
2
30
1
15
1
15
2
29
1
15

+10
−12
+7
−9
+4
−9
+9
−13
+3
+8
+7
+10
+8
−14
+5
−6

2010
+10
−11
+7
−4
+6
−2
+9
−10
+3
+6
+7
+16
+5
−8
+5
−6

R: retail waste; C: consumer waste.
∗
Population in 1995 = 266.3 million; in 2008 = 304.06 million; in 2010 = 309.75 million (source: ERS).

and root/tuber wastes. And others have taken into account
wastes generated from grains and root/tubers in an attempt
to minimise and simplify data collection. Many consumer
and retail waste assessments contain very little information
about farm practices, processing waste, and wastes resulting
from storage and transportation. In spite of their importance,
consumers and retailers cannot be considered as the only
contributors to waste in the food supply chain. Nevertheless,
it is extremely difficult to obtain detailed information from
all stakeholders involved in the food supply chain because
of business confidentiality considerations. Another limitation
arises from the types of measurement procedures used to
record and analyse food waste data around the world. In
addition, making comparisons is difficult because waste levels
can be presented in terms of percentage waste, local currency,
and even weight loss. Furthermore, variations can occur
between different regions within a country where economic,
social, and behavioural reasons may promote specific types of
food wastage.
Determining waste levels in a food supply chain often
reveals that they are high and costly. For example, in 2008, the
United States of America (USA) produced three large waste
streams consisting of grain (US$ 34,791 million), vegetables
(US$ 103,417 million), and fruits (US$ 62,146 million) at
considerable economic cost [13]. Furthermore, each year, the
USA produces more than 2.7 million tonnes of fruit and
vegetables that are not harvested or remain unsold due to
poor crop aesthetics and low market prices [37]. Moreover,
most studies only measure or estimate a particular food waste
and fail to address any trends in the levels of wastage. To
remedy this situation, the United states Department of Agriculture (USDA) carried out a detailed analysis to understand

the variation in food waste levels between 1995 and 2010.
This data is presented in Table 4 and shows a downward
drift in consumer waste compared to retailers waste, although
consumers are often blamed for high waste levels. Also, over
this period, retail waste has increased for most commodities
especially grain products, while consumer waste levels have
significantly decreased for some food products such as grain
products and fruits. In particular, vegetable waste produced
by consumers in 2008 and 2010 was significantly lower than
waste levels recorded in 1995.
For developing countries, around 15 to 50% of all fruit
and vegetable waste occurs in the postharvest stage [38–40].
For example, in Africa, cassava wastes can be as large as
45% [41] and yam waste levels can reach 50% [42]. In the
Philippines, fruit wastes from crops such as papaya can range
between 30 and 60% of the total crop [12]. Similarly, around
18 to 40% of all fresh fruits and vegetables go to waste in
India every year due to the lack of refrigerated transport and
high quality cold storage facilities. This equates to an annual
cost to food manufacturers and sellers of around US$ 71,481
million [43]. Unfortunately, much of this data comes from
studies carried out almost 40 years ago and because no recent
studies have been carried out there is no current assessment
of crop waste levels. Thus, there is a critical need for followup studies that take into account factors such as technological
innovation, population growth, and consumer and marketing
trends. It is critical for researchers to document current food
waste levels so that stakeholders such as growers, processors,
transporters, retailers, and consumers can take steps to
address this growing global problem.
The second major food group after fruit and vegetables
is grain. Among the grains, rice is recognised as the world’s
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Figure 1: Percentage grain waste in selected developing and less
developed countries.
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second staple food and on average has a waste level equivalent
to 15% of total global production [44, 45]. However, this
waste level is not the same for all countries due to variations in climatic zones and various production practices
in each respective country. In particular, storage practices
in both developing and less developed countries have been
extensively studied and reveal significant differences between
countries. For example, grain storage waste levels range from
less than 1% in Malawi [46, 47] to 12 to 13% in Bangladesh
and 3 to 6% in Malaysia [48] as seen in Figure 1. Studies
have also shown that grain waste in the Chinese supply
chain is 19.0% ± 5.8%, with consumers accounting for the
single largest portion of the waste (7.3% ± 4.8%) [49]. And
postharvest and preprocessing cereal waste in sub-Saharan
Africa was estimated to be around US$ 4 billion. This
extremely large cost equates to 13.5% of the total cereal
production produced by countries in this region [50].
Inadequate storage capacity, poorly distributed warehouses, lack of adequately designed storage facilities, and
inefficient transport and handling management lead to waste
levels of around 20 to 30% of India’s total grain production
[51]. This level of grain waste is estimated to cost around
US$ 14 billion each year and is the highest in the region
as seen in Figure 1. Amazingly, this level of waste has the
potential to provide the minimum annual food requirements
of at least 48 million people in India [52]. In Pakistan, grain
waste accounts for around 16% of total production, or 3.2
million tonnes annually, and results from inadequate storage
infrastructure that permits widespread rodent infestation
[53]. Current data indicates that global postharvest crop
wastes have direct consequences in terms of food security,
malnutrition, and poverty. Except for Malawi, an African
country reporting low grain waste levels, other eastern and
southern regional African countries have reported waste
levels equivalent to around US$ 11 billion or 13.5% of total
grain production. Unfortunately, there is very little information available reporting grain wastes in central or West
African regions [54]. Most grain waste reports do record
total percentage waste for each country but do not give
individual crop wastes such as maize, rice, wheat, and barley.
Because these reports do not provide individual information
on specific grain crops, it is difficult to determine which are
more prone to waste. In spite of this, it is evident that policy,

Figure 2: Comparison between food waste quantities (%, by mass)
and the cost of food waste (%, by value) in each stage of the food
supply chain in South Africa [62].

political management, natural calamities, storage, infrastructure facilities, and transportation are the main drivers for
producing grain waste in developing countries [55].
Food waste not only costs money, but also consumes
other resources such as land, water, energy, and labour.
When it comes to water usage, South Africa’s (SA) food
waste costs become significant since it is one of the world’
driest countries. For example, approximately 30% of SA’s
crop production depends directly on irrigated water, while
fruit and vegetable production consumes around 90% of all
irrigated water used [56]. The total cost of food waste in
SA each year is estimated to be around US$ 5.27 billion
and equates to 2.1% of the country’s gross domestic product
(GDP). Furthermore, agricultural production is more prone
to waste than processing, packaging, and consumers. Figure 2
presents a comparison between food waste quantities and
the food waste costs for each stage in the SA food supply
chain. Interestingly, packaging and processing have similar
waste levels and production costs. This suggests that both
stages are not cost-effective and rather prone to wastage.
While consumer waste levels are relatively low, distribution
and infrastructure waste levels are relatively high. The results
of this study clearly indicate the severity of waste levels within
the SA food supply chain [57].
Grain waste studies have mainly focused on developing
countries, with very few studies reporting grain waste in
developed countries. A small number of studies conducted
in the USA have only investigated grain waste in the retail
and consumer stages of the food supply chain as presented
in Table 5 [13, 58–60]. It should be noted that in most
developed countries grains are considered as livestock feed
rather than human food [61]. Thus, there is a crucial need
to undertake grain waste studies in developed countries and
determine the alternative utilisation of grain and grain wastes
as livestock feed. Thus, the lack of reliable food waste data
from around the world and the increasing importance of food
security mean that significant efforts are needed to fill in the
knowledge gaps.
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Table 5: Amount/percent/value of grain waste in selected world food supply chains.
World zone

China
China
Australia

Switzerland

Africa

Loss amount

Stage of waste

4–6%
5.7–8.6%
2.2–3.3%
1–1.5%
7–10%
US$ 435
(grain
products)
62% (grain
products)
4% (grain
products)
32% (grain
products)
26%
6%

Postharvest handling
Storage
Processing
Distribution
Storage
Consumer

Calculation method

Reference

Average loss in China calculated from data published
by several researchers

[211]

Percentage loss in 2011

[211]

Average annual waste value per person

[19]

Share of losses calculated and estimated in percentage

[8]

Percentage of total share

[62]

Percentage (by mass)

[6]

Production, postharvest
handling, processing
Retail
Household

3.5%
2%
1%

Total supply chain
Production
Postharvest handling and
storage
Processing and packaging
Distribution
Consumption

North America

32%

Supply chain

Total weight in lb. (pound)
(data collected by USDA in 1995)

[59]

USA

12%
18%

Retail
Consumer

Estimated total value of food loss in 2008

[13]

Sub-Saharan Africa

8%

Some studies have just recorded food waste levels, while
others have also highlighted methods for managing wastes.
There are numerous reports in the literature discussing
various recycling and utilisation methods available for processing fruit, vegetable, and grain wastes. The aim of food
waste utilisation is to extract the maximum practical benefits
and reduce the amount of waste going to landfill [63].
Although there has been extensive information discussing
various waste recycling strategies for dealing with agricultural
waste, there is very little information assessing the economic
benefits of the various waste utilisation methods. At present,
there are very few reports available discussing the utilisation of agrowastes on a commercial scale and methods to
overcome barriers that currently prevent effective food waste
management strategies. All food wastes are a rich source of
natural biomolecules and compounds. Fruit and vegetable
wastes including peels, stones, and fibres contain a wide
range of natural compounds, while grain wastes derived
from straw, bagasse, cobs, cotton husk, groundnut husks,
and fibrous remnants of forage grasses are mainly composed
of useful materials such as cellulose, hemicelluloses, and
lignin [64]. Arguably, grain wastes are the most abundant
agricultural wastes and the most underutilised [65]. On the
whole crop wastes are a valuable source of useful compounds,
chemicals, and pharmaceuticals [66]. And currently there
is a high demand for pharmaceutical ingredients such as
enzymes, solvents, and surfactants all of which can be derived

from crop wastes [67]. Because of the rich source of natural
compounds found in crop wastes, the European Union, USA,
Canada, Japan, and Malaysia are ambitiously developing
and promoting an ecofriendly biologically based market.
For example, in 2010, the USA placed a replacement target
of 12% on all of its chemical feedstock and by 2030 it is
expected that bio-based products will have a market share
of around 25% [68]. At present, only a small number of
bio-based compounds derived from crop sources have made
it into commercial products. Typical examples include (1)
succinic acid from crops like sugarcane, maize, rice, barley,
and potato [68]; (2) starch based plastic production from
cassava, maize, and wheat [69]; (3) surfactants from tropical
oil producing grains [70]; (4) fatty acids from coconut and
oil palm [71]; (5) polymers, lubricants, adhesives, solvents,
and surfactants from rapeseed and sunflower [72]; and
(6) lactic acid from carbohydrate containing crops such as
cereals, potato, and sugar beet [67]. However, to date, very
few products containing compounds and chemicals derived
from crop wastes have made it into the commercial marketplace. Estimates of market size, market price, potential biobased share, potential bio-based production size, potential
impact for local producers, potential local employment, and
prospects for development are very low and rather poor
[73]. Therefore, before large-scale development of bio-based
renewable products can take place, more detailed feasibility
studies and practical business models are needed. Thus,
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long-term collaborations between producers, manufacturers,
and business are needed to undertake further translational
research to bring these new and novel products to the
marketplace.
Present research has also shown that grain wastes can be
used as a source of bioenergy in the forms of bioethanol,
biodiesel, and biogas [74]. For example, bioethanol is currently produced from corn in the USA, European Union,
and China [75]. In tropical regions such as in Brazil and
Columbia, bioethanol is mainly produced from sugarcane
[76]. Unfortunately, because of the constraints imposed by
available arable land, there is competition between crops
specifically grown for biofuel and those grown for food
and feed production [77]. Because of this competition, it
is not feasible to increase biofuel production using currently available land and technologies. Consequently, current
research has focused on developing more advanced or 2ndgeneration biofuel production technologies that use wastes
derived from grains, fruits, and vegetables. In the last decade,
significant progress has been made in developing chemical
processes that can convert agrowastes into ethanol. However,
major barriers such as the high cost of pretreatments and
inefficient conversion processes have prevented the commercialization of large-scale bioethanol processing facilities
[78–80]. Further economic analysis has also identified costs
barriers such as feedstock chemicals and capital investment
that includes pretreatment facilities, fermenters, and steam
generation systems as the main factors restricting largescale processing facilities [81]. Therefore, to overcome many
of these barriers, further research is needed to improve
efficiencies in current plant and equipment and to explore and
develop new agrowaste conversion technologies.
Research into the generation of biogas from fruit and
vegetable wastes has also been carried out. But large-scale
commercially viable biogas production is still in its infancy.
Currently, municipal wastes are recycled through anaerobic
digesters to produce biogas, but agrowastes are yet to be
converted using this type of processing facility. The main
reasons for this are (1) providing a continuous supply of
agrowastes to the facility and (2) developing cost-effective
transportation between waste sources and facilities. Thus,
without a continuous supply of feedstock, the facility is
unable to efficiently deliver a steady flow of biogas. Therefore,
the continuous supply of agrowaste essentially becomes a
Vehicle Routing Problem (VRP) [82]. VRP is one of the
most comprehensively studied problems in transportation
literature. However, VRP has not been specifically applied to
transporting food wastes produced by a food supply chain.
Instead, some studies have considered transporting large
amounts of food wastes directly between supply points and
processing facilities [83–86]. In the case of crop wastes, they
are produced at farms, processing facilities, wholesalers, and
retailers and are typically spread over fairly large regional
areas including both urban and rural ones. Therefore, there is
a need to collect wastes from various dispersed locations and
transport them to processing facilities. Thus, collecting and
transporting food wastes are fundamentally different from
harvesting and shipping agriculture crops to market. The
difference arises from waste delivery trucks not receiving a
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full load at any one of the locations. For example, a business
may only produce a small amount of food waste that does not
make a full load. This necessitates the truck to make multiple
pickups from other locations before making its delivery to the
processing facility. This type of truck routing is a major cost to
food waste collection that has not been fully investigated and
could limit large-scale crop waste utilisation. Importantly,
while the impact of large-scale biogas operations using firstor second-generation biofuels is being debated, there is
also considerable interest in developing small-scale biomass
processing to produce biofuels. The advantage of small-scale
biofuel production plant is that it enables local communities
to access a renewable energy source. Small-scale biofuel
plants can utilise locally produced food waste and reduce the
dependence on fossil fuels and wood resources.
2.2. Livestock, Poultry Meat, and Egg Waste in the Food
Supply Chain and Level of Utilisation. Livestock and poultry
waste occurs in the early stages of production with animal
deaths and animals unsuitable for slaughtering [87]. In the
meat industry, the majority of the waste is produced during
slaughtering and consists of various nonedible parts that are
categorised as byproducts [87, 88]. Meat byproducts consist
of bones, tendons, skin, and contents of the gastrointestinal
tract, blood, and internal organs. However, these waste parts
can vary between each type of animal [89]. Generally, meat
products have a relatively short shelf-life ranging between
7 and 26 days [18]. It is for this reason that meat products
immediately go to waste if not sold within the labelled expiry
date and this is the main reason for wastage at the retail stage.
Other reasons for meat product waste include packaging size
and date confusion among consumers as detailed in Table 6.
Buzby and Hyman in 2012 [13] estimated the total value of
meat product waste in the USA at US$ 83,127 million. Their
study found that consumers and retailers were responsible for
around 35% and 5%, respectively, of the total waste produced,
while the total value of poultry waste was estimated at US$
69,100 million, with consumers being responsible for 37%
of the total waste [18]. Studies have also revealed a positive
growth trend in meat and poultry waste as presented in
Table 4. Overall, there has been an increasing trend in meat
consumption around the world with the USA recording the
largest increase [90]. The increased consumption is around
three times as large as the global average; however, at the
same time, trends in retail and consumer waste levels are
not clearly understood as seen in Table 4 [91]. Furthermore,
a study carried out in Canada analysing food waste data
between 1961 and 2009 found that red meat accounted for
39.73% of the total waste and poultry waste was estimated
to be around 40.74% [92]. However, this analysis did not
include bone waste in the slaughterhouse since no data
exists. Moreover, it is crucial to note that these percentage
wastes only reflect wastage at the consumption stage in the
food supply chain and do not take into account farming,
processing, and distribution waste data. Similarly, Australian
consumers waste around AUS$ 872.5 million (US$ 637.5
million) worth of meat and fish every year [19]. Unfortunately,
meat and poultry waste has not been studied to the same
extent as fruit and vegetable wastes. However, a limited
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Table 6: Amount/percent/value of meat and poultry waste in the world food supply chains.
World zone
UK
UK
14 European countries

China

Australia
Africa

∗

Loss amount
7% (meat &
fish)
56% (meat &
fish)
35–42%
1.4–2.1%
2.5–3.7%
1.1%
3%
US$ 626
(meat & fish)
7%
15%
0.7%

Sub-Saharan Africa

5%
7%
2%
16%
North America
(including
fish)
5%
USA
35%
6%
(including
Waterloo, Ontario, Canada
seafood and
eggs)

Stage of waste

Calculation method

Reference
[36]

Household
Processing industries

Percentage

[36, 93]

Processing industries
Postharvest handling
Storage
Processing
Distribution

Percentage of total share

[94]

Average loss in China calculated from data published
by several researchers

[210]

Consumer

Average annual waste value per person

[19]

Total supply chain
Production
Postharvest handling and
storage
Processing and packaging
Distribution
Consumption

Percentage of total share

[62]

Percentage (by mass)

[6]

Supply chain

Total weight in lb. (pound) (data collected by USDA in
1995)

[59]

Retail
Consumer

Estimated total value of food loss in 2008

[13]

Household

Average of reported food wastage percentages for
online survey participants

[213]

∗

14 European countries: Portugal, Spain, France, Netherlands, Belgium, United Kingdom, Sweden, Finland, Denmark, Germany, Italy, Poland, Hungary, and
Greece.

number of studies presented in Table 6 do indicate that most
of the waste is produced in the processing of livestock and
poultry and the trend is steadily increasing as indicated in
Table 4. Inspection of Table 6 reveals that meat processing
in the UK accounts for 56% of all wastes [36, 93] and in the
grouping of 14 European countries processing wastes vary
between 35 and 42% [94]. Unfortunately, there is no data
available recording the amount of waste generated during the
preslaughtering stage of meat and poultry production.
Like fruit and vegetable wastes, meat and poultry byproducts are also rich in nutritional, medicinal, and pharmaceutical materials [95]. The broad diversity of products has the
potential to be used in human food products, animal feeds,
fertilizers, and biofuels [96]. Currently, both academic and
industry researchers are investigating various methods of
adding value to meat and poultry products and make better
use of their byproducts. Current research, using the most upto-date analysis techniques, has been aimed at determining
nutritional properties, bioactive molecules, and other useful
chemical compounds commonly found in these byproducts.
Many of these bioactive molecules and chemical compounds
have the potential to be used in fields such as cosmetics
and pharmaceuticals [97]. In many countries, slaughterhouse

wastes have already been used to produce cattle and poultry
feed, since these wastes are an excellent source of many
different types of proteins [95]. Two animal byproducts that
have been used without further processing by the fast food
industry are tallow and lard. Unfortunately, consumer anxiety
in recent years has restricted the use of these byproducts in
the fast food industry [98]. In many cases, meat, poultry,
and dairy processing wastes have the potential to be recycled
and processed into higher value and useful products. But
inappropriate use of recycled meat byproducts can create
major aesthetic and even health problems. Therefore, most
countries have regulatory requirements that limit the use
of meat and poultry wastes in the interests of food safety
and quality. Also, economic factors have limited the viable
use of meat and poultry wastes. For example, at one time,
Japanese meat and poultry wastes were extensively used
in animal feed until a relatively low priced imported feed
concentrate entered the marketplace. And as a result waste
usage declined and out of the 20 million tonnes of wastes
being produced each year only 3% was used as fertilizer
and 5% as animal feed [99]. The remaining large amounts
of waste were incinerated or ended up in landfills. In an
attempt to reduce the number of enormous landfill sites,
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Table 7: Amount/percent/value of eggs, milk, and dairy waste in the world food supply chains.

World zone

Loss
amount

UK

7% (incl.
dairy)

Stage of waste

Calculation method

Reference

Eggs
[36]

Household

Switzerland

9%
64%

Production, postharvest
handling, processing
Retail
Household

North America

31.4%

Supply chain

Total weight in lb. (pound) (data collected by USDA in
1995)

[59]

9%
14%

Retail
Consumer

Estimated total value of food loss in 2008

[13]

18%

USA

Share of losses calculated and estimated in percentage

[8]

Milk and dairy
UK
12%
Food processing industries
Percentage
14 European countries∗ 43%–48%
Food processing industries
Percentage of total share
Australia
US$ 405
Consumer
Average annual waste value per person
Africa
8%
Total supply chain
Percentage of total share
6
Production
11
Postharvest handling and storage
0.1
Processing and packaging
Percentage (by mass)
Sub-Saharan Africa
10
Distribution
0.1
Consumption
Total weight in lb. (pound) (data collected by USDA in
North America
32.0%
Supply chain
1995)
USA
9%
Retail
Estimated total value of food loss in 2008

[36]
[94]
[19]
[62]

[6]
[59]
[13]

∗

14 European countries: Portugal, Spain, France, Netherlands, Belgium, United Kingdom, Sweden, Finland, Denmark, Germany, Italy, Poland, Hungary, and
Greece.

reduce the environmental burden, and prevent gas emissions,
the Japanese government introduced a new food-recycling
law in May 2001. Unfortunately, just after its introduction,
an outbreak of Bovine Spongiform Encephalopathy was
reported and created a very negative public response to food
recycling. Consequently, public concerns and safety issues
have prevented food recycling for human and ruminant
consumption [99]. The only other way of processing meat and
poultry waste in Japan is via compost production, but to date
there has been limited acceptance of this product by farmers.
Eggs are an important food and are extensively used
in cooking for the production of a diverse range of food
products. In Korea, the annual consumption of eggs was
estimated to be around 540,542 tonnes and is expected to
increase every year [100]. Because of the extremely large
amounts of eggs used worldwide, there are also large amounts
of egg wastes produced. For instance, in Switzerland, 18% of
all egg wastes occur during production, around 9% occurs in
the retail sector, and a massive 64% is produced by consumers
as seen in Table 7 [8]. In the North American supply chain,
31.4% of all eggs produced end up as waste [59]. And in the
USA around 9% of all egg wastes are produced in the retail
sector and consumers produce 14% as seen in Table 7 [13].
Importantly, waste products from both poultry processing
and egg production industries must be efficiently dealt with,
since growth in both industries largely depends on effective
waste management [88]. In the case of egg production, eggs
are vulnerable to bacterial attack if the outer shells are not
properly and quickly cleaned to remove faecal particles which

contain various microorganisms [101, 102]. In addition, egg
waste can also occur during transportation, distribution, and
storage if appropriate supportive environment is not supplied.
Furthermore, because of the extremely large numbers of eggs
used worldwide, approximately 50,000 tonnes of eggshells
is produced each year [102]. These eggshells contain high
levels of calcium carbonate (CaCO3 ) that could be used as an
alkaline compound to immobilise heavy metals. Therefore,
recycling eggshells for the immobilization of heavy metals
in wastewater has the potential to significantly reduce environmental pollution [103]. Accordingly, there have been a
number studies evaluating eggshells as immobilising agents
for heavy metals such as chromium(III) and lead [104–106].
However, to date, the practical use of waste eggshells as
immobilising agents is still largely unknown [95].
2.3. Dairy Waste in the Food Supply Chain. The dairy industry, because of its worldwide importance, has been extensively
studied to determine its environmental impact. The most
important product produced by the dairy industry is raw
milk. Raw milk is processed into products such as consumer
milk, butter, cheese, yogurt, condensed milk, dried milk (milk
powder), and ice cream [107]. In spite of being extensively
studied, what is lacking is a comprehensive understanding of
waste levels produced throughout the whole dairy industry.
The agricultural stage is often reported as the main source
of wastes in the life cycle of milk and dairy products [108–
110]. However, studies in the UK and Spain have identified the
main causes of milk waste coming from poor product quality
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during the summer period, poor forecasting, packaging
mistakes, and breakages occurring at the retail stage [18]. The
study also found that poor sales forecasting, slow sales, and
cold storage problems during transportation also contributed
to the wastage of many dairy products. In addition, cleaning
and packaging processes associated with dairy products were
also found to significantly contribute to waste levels [111].
Furthermore, dairy product packaging has also been found to
significantly contribute to environmental degradation [112].
Generally, waste levels in the dairy industry are quite high.
For example, the Mexican milk industry generates between
3.74 and 11.22 million m3 of waste products each year, which
equates to around one to three times the volume of milk
produced annually [113]. And, in the case of Denmark, milk
and dairy products contribute around 71,000 tonnes of food
waste annually [87], while in the grouping of 14 European
countries around 43 to 48% of milk and dairy wastes were
produced in the processing stage [94]. In North America
supply chain wastage was found to be around 32% [59] and
USA retailers were found to waste around 9% of all dairy
products as seen in Table 7 [13].
Other sources of milk and dairy produce waste result
from frequent product changes, but this can be reduced
through appropriate product sequencing and more efficient
product scheduling [114]. Other methods of reducing milk
wastes include capture of fat, protein, and sugars from
wastewater produced during milk processing using processes
such as evaporation, centrifugation, ultrafiltration, reverse
osmosis, and bioconversion. These recapture processes can
significantly reduce the amount of milk and dairy wastes
being discharged into the environment [5]. Waste reduction
can also have a significant impact on product processing efficiency and improved financial returns. For instance, cheese is
derived from milk and is widely used as a standalone product
and component of many food products around the world.
During cheese manufacture, acidified milk is mixed with an
enzyme to form solid cheese or casein and the remaining
liquid is called whey [115]. The waste whey can have a
negative impact if dumped directly into the environment
[5]. Today, around 50% of the world’s whey production is
treated and transformed into various food products. This
cost-effective solution adds value to the whey and reduces
wastes [116]. Currently, there is a large body of research
in the literature that stresses the importance of reducing
milk processing waste and wastewater discharge into the
environment. However, the amount of milk and dairy wastes
being generated throughout the global food supply chain
is still largely unknown. Therefore, there is a current need
to undertake studies that can identify and document the
magnitude of milk and dairy waste occurring throughout the
global food supply chain so that proper waste remediation
and management steps can be implemented.

3. Aquatic Food Waste in the Food Supply
Chain and Level of Waste Utilisation
3.1. Fish Waste in the Food Supply Chain. Historically, fish
has always been an import food source and even today
it is one of the most traded commodities in international
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markets. It was estimated in 2010 that globally around 54.8
million people were engaged in aquaculture and the wider
fishing industry [117, 118]. Currently, fish contributes around
16.6% to the total animal protein supply and 6.5% of all
proteins consumed by humans worldwide [118]. Fish is highly
regarded for its carbohydrates, cholesterol, and low saturated
fats. Fish also provides high-value protein and a wide range
of essential micronutrients such as vitamins, minerals, and
polyunsaturated omega-3 fatty acids. Because of the nutritional and health benefits of fish and other seafoods, the
demand is always high and annual consumption is increasing
globally. For example, the demand for seafood in Australia
has steadily increased over the last three decades [119]. In
2009, Australians on average consumed 25 kg of seafood,
compared with 18.8 kg in 1995, 17.3 kg in 1985, and 13.6 kg
in 1975. The data indicates that overall seafood consumption
in Australia has almost tripled over three decades [118].
In parallel with the increasing global demand for seafood,
there are growing concerns about the sustainability and
management of the fishing industry. Recent studies have only
discussed wastage in general terms and suggest that waste
could be as large as US$ 50 billion each year due to poor
management of seafood resources [120, 121]. A recent article
by Costello et al. illustrated how fish waste could be reduced
in a sustainable way if appropriate management changes
were undertaken. The study highlighted that the less studied
fisheries have not been closely monitored or assessed, so there
is no data recording the amount of waste being produced
[122].
Different types and quantities of fish waste are produced
throughout the food supply chain, commencing with capture
and ending with consumption [123]. Worldwide, around 130
million tonnes of fish waste is produced each year by fisheries
and aquaculture. Wastes are produced through by-catch, onboard processing, transport, storage, retailers, and consumers
[124]. Fish waste generation begins during wild catching, with
by-catch or unintentional catching of marine species being
discarded. This problem has been extensively studied and in
spite of environmental and business guidelines there is still no
effective solution to by-catch waste [125, 126]. It is estimated
that globally around 17.9 to 39.5 million tonnes of whole fish is
discarded each year by commercial fishing operations [123].
Following capture, processing is the main stage in the food
supply chain where most waste occurs. During processing,
only the fillets are preserved and the remainder of the fish
(up to 66%) is thrown away as seen in Figure 3 [127, 128]. A
study by Gavine et al. found that the southeastern Australian
seafood industry produced fish waste estimated to be around
20,000 tonnes per year and cost around US$ 150 per tonne to
dispose of in landfill sites [129]. In reality, not only does the
waste disposal have a significant cost, but also it has a major
environmental impact [130].
Interestingly, in the UK, each tonne of cod purchased
by a processor costs about m2,000 (US$ 3,129) and around
50% of the cod ends up as processing waste. Regrettably,
the waste only generates an income of m40 (US$ 63) as a
byproduct and in the worst-case scenario its disposal costs
around m60 (US$ 94). Similarly, only around 43% of shellfish
and other fish species are suitable for human consumption

36

12

International Journal of Food Science
20.00%

5.00% 2.00%

73.00%

Year 2010
36.00%

10.00%

50.00%

4.00%

48.00%

2.00%

Year 1980
50.00%
Year 1960
0

10

20

30

40

50

60

70

80

90

100

(%)
Swine
Aquaculture

Figure 3: During processing, the fillets are considered usable and
the remainder is waste.

Waste disposal method

Poultry
Other

Figure 5: Global usage of fishmeal (adapted from World Bank data)
[120].

Method usage (%)
0

20

40

60

Landfill
Recycle (and some reuse)

(18)

Incineration (with energy recovery)

(18)

Incineration (without energy recovery)

(3)

Other

(2)

(59)

Figure 4: Scottish salmon farming waste disposal routes [131].

and the remaining are classified as waste [123]. It has been
estimated that in the UK both meat and fish processing
were responsible for about 56% of all wastes produced in
the food supply chain as shown in Table 6 [36, 93]. A study
of a grouping of 14 European countries revealed that fish
processing waste could range between 40 and 70% [94]. Thus,
it is apparent from these studies that the processing stage is
the main contributor to overall waste levels. Research into
retail and consumer waste has shown that consumers in the
USA are the major contributor to fish waste. Interestingly, the
trend in waste by consumers has steadily increased from 16%
in 1995 to 31% in 2010 despite having efficient transport and
storage facilities [13, 17, 58]. The reasons for the high levels
of waste by USA consumers are unknown and need further
investigation.
The disposal route for seafood waste is not as straightforward as grains and other crop products. This is because
the disposal of seafood wastes involves stricter hygiene,
safety, and management of environmental hazards during its
disposal and in many cases its disposal is regulated by government organisations. For example, in the UK, landfill costs
are much higher for seafood waste disposal because the waste
is not categorised as “inactive/inert” waste. Furthermore,
regulations regarding the burial or burning of seafood waste
are restrictive if there are any alternative utilisation pathways
available [123]. However, some fish farming businesses are
paying higher landfill costs to dispose of fish wastes compared
to other methods of disposal. Currently, around 59% of all
fish wastes go to landfill and only around 39% are reused or
incinerated as seen in Figure 4 [131].

To reduce the large amount of fish waste produced
worldwide, a number of alternative strategies have been
developed to add economic value to the wastes. For instance,
two different methods, mass transformation and sorting,
have been developed to improve the economic value of fish
wastes [124]. Mass transformation involves the conversion
of fish waste into a single product. Typical examples of
transformed fish waste include fishmeal, fish oil, fertilisers,
and hydrolysates such as protein hydrolysate. Alternatively,
sorting involves utilising various fish body parts such as
bones, guts, and fins separately to enhance their economic
value. For example, sorting enables the production of specialised products such as liver oil, gelatine, omega-3, protein
containing sports food and drinks, calcium, cosmetics, and
pharmaceuticals [132]. Wider acceptance and adoption of
both methods could lead to significant reductions in wastes
going to landfill and reduce the damaging impact of fish
wastes on the environment. For example, converting fish
wastes into fishmeal has been steadily increasing in recent
years with many countries converting their fish wastes using
cost-effective reprocessing technologies [118, 133]. In spite of
the reprocessing costs associated with converting fish waste
into fishmeal, fishmeal’s value as a feedstock for aquaculture
has offset the reprocessing costs. For example, in Japan, 90%
of the ingredients used in fishmeal are derived from fish
wastes [134]. Currently, there are only around ten major
countries converting fish waste into fishmeal products, that
is, Canada, Chile, Denmark, Iceland, Japan, Mexico, Norway,
Russian Federation, Thailand, and the USA. However, these
countries on average are only using around 25% of their
fish wastes to produce fishmeal products [133]. Importantly,
fishmeal contains essential amino acids and as a result it
is currently the most widely used protein ingredient in
aquaculture feeds [135]. Thus, fishmeal usage over a 50-year
period (1960 to 2010) reveals its increased use in aquaculture,
while its use in both swine and poultry feeds has declined
as seen in Figure 5 [136]. One of the contributing factors for
this trend was the ban imposed by the European Economic
Commission on the use of animal byproducts being used in
animal feeds. And similar regulations in the USA have also
contributed to the increased usage of fishmeal in aquaculture
[137].
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In spite of fishmeal being used globally, there has only
been limited use of other fish waste byproducts. Fish wastes
can also be processed to produce oil, silage, fertiliser, composting matter, and fish protein concentrates [138]. Furthermore, fish wastes are also a rich source of chitin, chitosan,
carotenoid pigments, and enzymes that can be used in
cosmetics and pharmaceuticals [139]. But, to date, very little
has been done to fully develop and commercialise these
types of products [123]. However, it should be noted that
fish waste processing can be a difficult business in many
countries due to problematic issues such as hygiene, safety,
and environmental hazards. In addition, the most important
factor that any business needs to consider is the economic
viability of fish waste processing [140, 141]. For example,
large volumes of both solid and liquid wastes are produced
after processing Nile perch from Lake Victoria in East
Africa. Annually, around 36,000 tonnes of solid waste and
approximately 1,838,000 m3 of produced wastewater containing valuable nutrients are discharged [142]. An investigation
of the wastewater revealed that it contained 6,160 mg/L of
lipids and 2,000 mg/L of protein [143]. This rich source of
lipids and proteins has the potential to produce value-added
products through bioconversion. However, current fish waste
management in East Africa was found to be inefficient and
nonprofitable and was unable to take advantage of the rich
source of lipids and proteins present in the wastewater, thus
highlighting the need for efficient waste utilisation and waste
reduction strategies that can provide viable and profitable
options for fish waste processing [142].
A number of aquaculture based industrial studies have
examined various types of methods for dealing with seafood
waste and its utilisation in Australia [136, 144, 145]. For example, fish wastes are a rich source of essential fatty acids and
fish skin-and-bone parts are suitable mineral supplements
in fish diets [146]. However, further studies are needed to
fully investigate large-scale profitable fish waste processing.
On the whole, fish waste processing and utilisation have
steadily increased over the years, but several issues restrict
its full-scale operation. In particular, environmental issues
are major factors preventing large-scale development since
fish processing plants can be significant polluters. Obviously, there are good economic and environmental reasons
to process fish waste and produce value-added products.
But further work is needed to develop effective and efficient methods of processing fish wastes at an economically
viable industrial scale with as little environmental impact as
possible.
3.2. Aquatic Plant Based Wastes in the Food Supply Chain.
It is interesting to note that the literature in the field often
overlooks aquatic plant food wastes. Aquatic plant foods such
as algae have been used for both human and animal nutrition
for thousands of years. The earliest writings of the ancient
Greeks recorded in the Bellum africanum, written around
45 B.C., describe the Greeks collecting seaweed from local
shorelines and feeding it to their cattle [147]. Many aquatic
plants are very rich in protein and are a highly nutritional
food that can offer many beneficial advantages as a food
supplement as well as having significant medicinal properties
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[148–150]. In the search for sources of natural antioxidants,
algae and microalgae have been suggested as potentially
rich sources. Both algae and microalgae are widely known
and consumed in many countries for their advantageous
health benefits. In particular, many algae and microalgae
are rich sources of polyunsaturated fatty acids that have the
potential to reduce the incidence of cardiovascular diseases
[151, 152]. In Asian countries like China, Japan, and Korea,
the production and consumption of edible aquatic plants had
a long tradition. This long-standing tradition has resulted in
the widespread incorporation of aquatic plants into the global
food supply [153–155]. Rather than just relying on marine
capture, currently over 95.5% of the total global production of
aquatic plants is supplied by aquaculture [156]. This equates
to around 0.44 million tonnes of marine capture and about 12
million tonnes being produced by aquaculture in 2010 as seen
in Figure 6.
Studies have shown that the majority of aquaculture
production, around 9 million tonnes, was destined for human
consumption. Phycocolloids were extracted from the remaining aquatic plants to be used as nutritional supplements
in various forms of farm animal and aquaculture feedstock
[156, 157]. To date, there has been very little data reported
in the literature and wastes levels produced by aquatic plant
food industries remain relatively unknown. Likewise, the
management of wastes produced during processing remains
largely unknown. Therefore, there is a current need to
undertake research into aquatic plant food supply chain to
determine the current amount of waste, level of utilisation,
and management protocols in use.
However, in recent years, research has focused on using
microalgae in the production of biodiesel. Microalgae have
two major advantages over land based crops. The first is
the high growth rate and the second is the high oil content. For example, microalga typically doubles its biomass
every 24 hours under normal growing conditions, while
the oil content of microalgae can range from 15 to 75%
(dry weight) and annually can produce oil from 58,700 up
to around 136,900 litres per hectare [158, 159]. Currently,
biodiesel production depends on crops such as soybean,
rapeseed, canola, sunflower, corn, palm kernels, animal fat,
and oils [160]. The biggest hurdle preventing the full-scale
production of biodiesel from these crops is land availability
[161]. Since the land area needed by microalgae is small
compared to oil producing crops, there has been considerable
interest in exploring the use of microalgae as an alternative
feedstock for the production of biodiesel. The disadvantage
of using microalgae for producing biodiesel is the high
cost of production and separation that is needed to remove
microalgal biomass from the growing media [159, 162].
Another challenge associated with microalgae production in
open ponds is contamination from a wide range of naturally
occurring algae and bacteria [160]. Similarly, microalgae have
also been considered for producing bioethanol. But similar
issues encountered for biodiesel production are also prevalent
for bioethanol production such as algal biomass separation
and contamination [163, 164]. Interestingly, if aquatic plant
food wastes proved suitable, they could also be evaluated as
a possible feedstock for the production bioenergy products.
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Figure 6: Captured and farmed aquatic plant food species in 2010 (data in tonnes) [118, 156].

But this possible application of aquatic plant food wastes
needs to be investigated.

4. Discussion
At present, there is very little information in the literature
discussing the industrial scale utilisation of food wastes
at the local, national, or international level. For example,
fruit and vegetable wastes have been extensively studied and
reported in the literature. However, food wastes produced
and their utilisation in aquaculture, livestock, poultry, and
dairy industries are rarely reported and need further research.
Much of the currently available food waste data lacks sufficient details and there is even less information discussing
waste utilisation in the respective food supply chains. This
information is needed before any economic modelling can be
done to determine the feasibility of new products and waste
transforming facilities needed to produce a commercially
successful business outcome. The first step in developing a
successful waste utilisation strategy is to assess the type and
magnitude of waste [165, 166]. Once waste levels and their
location in the food supply chain are known, it is now possible
to start developing an effective waste management plan. In
developing an effective plan, several important factors need
to be considered before successful waste utilisation can be
achieved as seen in Figure 7. Ultimately, the main barrier to
developing any waste management plan that produces a new
product from food waste needs to take into account several
strategic factors, for example, new market opportunities,
market trends, current market developments, and producing
a product that is competitive in the marketplace [167].
Furthermore, each stage of product development needs to
be carefully considered. In the case of manufacturing, a

company will need to consider commercial opportunities
based on a well-thought-out growth strategy, especially if
innovation is a key factor of the product. For packaging
and distribution, the product range and associated services
will also need to be carefully considered with the view of
preventing competitor copying and safeguards to maintain
market share. From a governmental perspective, policies may
need to be formulated that promote sustainable patterns of
consumption and sustainable community lifestyles, foster
new job creation strategies, and enhance the economy.
For consumers, the combination of diversity, choice, and
expectation of high quality produce is a very important issue
in their selection process. In summary, any new product
produced from a food waste utilisation process that enters
the marketplace will need to be both economically and
ecologically sustainable. However, at the end of the day, it is
consumer acceptance of the new product that is the deciding
factor [168].
A recent study by Kummu et al. found that the preferred
option for food waste utilisation was to use wastes generated
from agriculture and consumers. From a global perspective,
their study suggested that 47% of agricultural food wastes and
over 86% of consumer wastes could be effectively utilised. The
study also found that the biggest improvements in food waste
management would occur where the demand for additional
food was the least [169]. Therefore, to effectively manage
food waste, there needs to be awareness of the benefits of
postharvest waste utilisation by farmers, food processors,
and government agencies. This awareness is needed so
that food waste management capacity can be built up and
ultimately lead to improvements in converting wastes into
value-added products [54]. Importantly, it is also necessary
to fully understand the size of the problem so that there are
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Figure 7: Important factors that need to be considered for successful utilisation of a food waste based product.

opportunities to improve food security and reduce poverty
using effective waste utilisation strategies. In addition, the
reduction of food wastes by effective waste management also
reduces environmental degradation and improves economic
sustainability of the food supply chain. However, the most
important factors that will contribute to the success of any
food waste utilisation strategy are its acceptance by the
community at large.
Whenever food waste utilisation is debated, it is generally discussed in terms of processing methods, but actual
food supply chain losses and their true impacts are often
undervalued and underreported [170]. Undervaluing and
underreporting are commonly referred to as the “hidden
costs” of food waste management. Exploring these “hidden
costs” usually acts as a catalyst for determining the scale of
the waste problem, since businesses will only become aware
of the problem when it impacts their bottom line. Generally,
food related businesses often resolve their waste management
problems by keeping their profitability levels high. They
usually achieve this goal by reducing energy consumption,
reducing raw material usage, and improving recycling activities [171]. Furthermore, businesses will investigate the merits
of managing wastes in terms of recovery and value adding
as opposed to the cost of disposal [172]. In fact, the disposal
cost will have a direct impact on whether a business will
go down the recovery and value-adding option or take the
waste disposal route [18]. Therefore, food waste management
options will often involve a cost versus benefit analysis
that ultimately determines businesses profitability. However,
because of business confidentiality reasons, food waste management costs are normally not reported. This often leads
to partial and unproven estimates of the impact of food
waste and makes assessments of waste management strategies
difficult [173]. For instance, in many developed countries, the
main driver for waste management strategies is government
legislation relating to safety, handling of hazardous waste
materials, and the environmental impact of the businesses

operational practices. In developing countries, factors such
as food type, processing facilities, storage facilities, transport,
and even climatic conditions are the principal drivers in food
waste management strategies [174]. For example, the drivers
for fish, meat, and poultry waste utilisation are health safety
and hygiene risks associated with processing the wastes,
whereas the economic drivers for fruit and vegetable waste
management include microbial spoilage, costs of drying,
storage, and shipment of byproducts [175]. Furthermore,
these drivers become even more demanding if the food
wastes are to be converted into high quality functional
compounds [176]. Therefore, waste processing strategies must
be optimised to promote production efficiency and costeffectiveness so that the final products are competitive in the
marketplace [177]. Consequently, a cost-and-benefit analysis
is of paramount importance before any business adopts a food
waste utilisation and management strategy.
The most important factor that needs to be carefully
considered when planning to adopt a food waste utilisation
strategy that aims to produce value-added products is the
consumer. Experience has shown that consumers are often
reluctant to accept new products, even when they can see
its benefits. Many studies have shown that consumers do not
compromise on product quality or performance. This is why
consumer behaviour or habit needs to be fully understood
when developing and marketing any new product. For example, surveys have consistently shown that consumers are very
concerned about the environment and whether new products are ecofriendly [178–180], with consumer queries often
focusing on whether environmental guidelines were followed
during product manufacture. In Australia, around 62% of all
consumer queries involve issues concerning environmental
impact [181]. A similar study in Sweden found that customers
ranked product taste first, while environmental impact was
ranked second [182]. The results of both studies clearly indicate the importance of environmental issues to consumers
and how this translates into their purchasing behaviour.
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These results also emphasise the importance of educating
consumers on the ecofriendly nature of products processed
from food wastes and their positive impact on reducing
environmental degradation. Education is particularly important since most consumers are only aware of industrial
pollution and wildlife conservation [183]. In fact, consumer
knowledge relating to the production and distribution of food
they purchase and its environmental impact is poor. Thus,
consumers need product information so that they can make
informed decisions and make ecofriendly based choices when
selecting products [24]. Providing information in the form of
fact sheets at the point of sale or by environmental indicator
labelling on product packaging would assist consumers in
making informed decisions. In recent years, consumers have
become more aware of increasing costs of gas, electricity, and
petrol prices. Accordingly, consumers have been encouraged
to reduce their home energy consumption using a number
of strategies aimed at improving domestic energy efficiency.
Unfortunately, no similar strategies have been aimed at
raising the awareness of food waste utilisation. In fact, very
few strategies have highlighted the negative environmental
impact of dumping food wastes in landfill sites and subsequent greenhouse gas emissions. Thus, consumer education
and acceptance of value-added products derived from food
wastes will ultimately determine the success of any food waste
utilisation and management strategy. Through education,
consumers will see the value of these waste derived products
and their positive environmental impact. This will ultimately
influence consumer behaviour and promote purchasing patterns towards food waste derived value-added products.

5. Conclusion
Today, there is a general absence of detailed information
and understanding of the extent of food wastage at different
stages of the food value chain from farm to fork. The scale
of food waste throughout the food supply chain is complex
and can have a significant impact on a number of different
fields such as agriculture, food security, economics, waste
utilisation and management, environmental conservation,
and human health. To resolve food waste problems and
promote food waste utilisation strategies in any country will
require effective communication and cooperation between
all stakeholders. There are a number of hurdles preventing
the conversion of food waste to value-added products. These
hurdles include developing effective cost/benefit food waste
utilisation strategies, developing efficient ecofriendly reprocessing technologies, reducing environmental degradation,
and public acceptance. Globally, a number of countries are
tackling the problems associated with increasing food waste
and food waste utilisation and management. For example,
several European countries are promoting utilisation and
management strategies such as bioenergy production and
regulating landfill costs to discourage waste generation. The
key to successful food waste utilisation and management is
to develop appropriate ecofriendly reprocessing technologies
that can convert all the valuable components present in the
waste into valuable products and reduce the amount of waste
going to landfill. However, there are many challenges that
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must be overcome to achieve this goal. Consumer awareness
and education is one such challenge. Without consumer
acceptance of food waste reduction approaches, no sustainable ecofriendly food waste utilisation and management
strategy can succeed. The present work has also identified the
need for more detailed studies identifying where, why, and
how much food waste is produced between farm and fork.
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M. Herrero, E. Ibáñez, J. Señoráns, and A. Cifuentes, “Pressurized liquid extracts from Spirulina platensis microalga:
determination of their antioxidant activity and preliminary
analysis by micellar electrokinetic chromatography,” Journal of
Chromatography A, vol. 1047, no. 2, pp. 195–203, 2004.
Z. Cohen and A. Vonshak, “Fatty acid composition of Spirulina
and spirulina-like cyanobacteria in relation to their chemotaxonomy,” Phytochemistry, vol. 30, no. 1, pp. 205–206, 1991.
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This paper provides an overview of food waste in the context of food security, resources management and environment health. It compares approaches taken by various governments, community groups, civil societies and private sector organisations to reduce food waste in the
developed and developing countries. What constitutes `food waste' is not as simple as it may
appear due to diverse food waste measurement protocols and di®erent data documentation
methods used worldwide. There is a need to improve food waste data collection methods and
implementation of e®ective strategies, policies and actions to reduce food waste. Global initiatives
are urgently needed to: enhance awareness of the value of food; encourage countries to develop
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policies that motivate community and businesses to reduce food waste; encourage and provide
assistance to needy countries for improving markets, transport and storage infrastructure to
minimise food waste across the value chain; and, develop incentives that encourage businesses to
donate food. In some countries, particularly in Europe, initiatives on food waste management
have started to gain momentum. Food waste is a global problem and it needs urgent attention and
integrated actions of stakeholders across the food value chain to develop global solutions for the
present and future generations.
Keywords: Food loss; food waste; food value chain.
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1. Introduction
The world population is likely to hit 12.3 billion
by 2100.1 Feeding an additional ¯ve billion people
will be di±cult. Already about two billion people
are su®ering from hunger and under-nutrition with
about 21,000 people dying every day due to hungerrelated causes — almost 15 people die every minute, which include 10 children.2 While producing
and making available an adequate quantity and
quality of food for these people will continue to be
the foremost challenge in the coming years, reports
from the Food and Agriculture Organization
(FAO) estimate that about one-third of the food
produced for human consumption (1.3 billion
tonnes per year), which could feed about 2 billion
people is lost or wasted globally.3 A recent United
Nations (UN) report indicates that 95 percent of
global research investments during the past 30
years have focused on increasing crop productivity
and only 5 percent have been directed towards reducing crop losses.4 It appears that a third of any
productivity gains have ended up in land¯lls as
wasted food.5
This paper reviews the current status of global
food waste and approaches taken by governments,
community groups, civil societies and private sector
organisations to reduce food waste in developed and
developing countries. It provides an overview and
analysis of the signi¯cance of food waste in the
context of food security, resources management and
environment health and, ¯nally, recommends steps
to reduce food waste.

2. Background Information
Available information on waste in food supply chain
and related subjects published mainly in the last
10 years was reviewed. This included information on

the internet and grey literature on food waste. The
journey of food from \farm to fork" is often long
and resource intensive and requires time, energy,
nutrients, ecological biodiversity, water, soil, etc.
In addition, some foods require further processing,
and re¯ning. If food is wasted, the entire e®orts
and resources invested to produce food are wasted;
this means soil is eroded, water sources depleted,
and air possibly polluted for food that is never
consumed.6
It appears a standard de¯nition of `Food Waste'
is still emerging. According to a recent FAO report
`Food Losses' are the damages that occur mainly
during the early stages of the food supply chain
such as harvesting, processing, and primary agricultural transformation stages.7 These losses are
due to accidental causes such as climatic and environmental factors and also due to the limitations of
agricultural technology and infrastructure used for
food production. The term `Food Waste' refers to
the loss that occurs during distribution, industrial
processing, and consumption often due to negligent
consumer behaviour of throwing away food. There
is currently no clear protocol on how food loss or
waste data should be collected and calculated.7 It
however appears logical to include production costs,
market price, and any adverse externalities produced.8 Thus waste value becomes even bigger
when the price of the environmental impact such as
greenhouse gas emission and land¯ll impacts are
added.
In this paper, `Food Loss' is de¯ned as food produced or being produced for human consumption is
not, or cannot be consumed by humans. `Food
Waste' is a type of food loss. It is `food ¯t for human
consumption is discarded and not eaten' in the food
value chain. Food waste (FW) occurs along the entire value chain from farm to harvest and consumption stages (Fig. 1). The pattern of FW is
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Fig. 1.

Schematic stages of food supply chain.

di®erent in developed countries from that in developing countries.3,9,10

3. FW in the Value Chain
Around 30 percent cereals, 40–50 percent root crops,
fruits and vegetables, 20 percent oil seeds, 30 percent
meat, dairy and ¯sh products are wasted every
year worldwide.3,7,9 Developing countries are more
vulnerable to post-harvest or pre-consumer waste.3,9
Usually small and medium scale ¯sheries and agricultural production and processing are the main
concerns because of market access related problems
for their products.11 Developed countries in North
America, European Union and industrialized Asia
(China, Japan, and South Korea) are responsible for
56 percent of total FW.7 The economic value of FW
is estimated at US$680 billion in developed countries and US$310 billion in developing countries.11
About 24 percent of global FW occurs at production, another 24 percent during handling and storage, and 35 percent at consumption; these three
stages together account for more than 80 percent
of global FW.3,7 These stage-based losses in the
value chain vary in developed and developing
low-income countries3 — generally during agricultural production, post-harvest and processing stages

3

in low-income countries and during retail and consumption stages (about 40 percent) in medium- and
high-income countries.10
Although waste arises at every stage of the food
value chain, some stages have received relatively
greater attention12–14 because of their propensity to
generate waste.14–16 Inappropriate packaging, poor
handling, delayed transportation, poor storage and
cosmetic quality standards are some of the key
contributors (Fig. 2).5,17,18
It is apparent that FW prevention e®orts are
needed close to the farm level in developing countries and close to fork level in developed countries
(Fig. 2). Urban areas, in developed as well as developing countries tend to generate more waste;
cities in developing countries are prone to causing
waste due to a lack of infrastructure.7 Also, preharvest losses in some countries are generated
periodically due to extreme weather conditions i.e.
droughts and/or pest infestations.19 Accurate
estimations of the magnitude of FW are still
unreliable; particularly in developing countries
though there is no doubt that the level remains
unacceptably high.
Signi¯cant FW occurs after farm gate in the food
retailing system. Blemished, poorly labelled or
packaged, inappropriately stored or transported and
over-ripe products that are not suitable for retail,
but completely safe to eat and fully nutritious are
often discardeds.19 In the retail sector, food stock
labelling (Fig. 3) is a key contributor to FW.18,20
There is wide misunderstanding among buyers regarding precise de¯nitions of `due date', `sell date',
and `use by date'.10,18,19,21 Freshly produced products, dairy products, meat and other perishable
items make up the major portion of retail
FW. There is a scarcity of retail stage FW data. The
retail sector is responsible for 3 percent of the
wastage in Germany22 and 3.8 percent in Sweden
(excluding agriculture).23 Fruits and vegetables
waste accounts for 10 percent for the European retail distribution sector,24 about 9 percent of retail
waste in Brazilian supermarkets,25 11–12 percent
fresh fruits and 9-10 percent fresh vegetables waste
in the United States (US) retail sector26,27 and over
3 percent in shops with perishable food in Norway.23
In the Swedish retail sector about 39,000 tonnes of
food products are wasted, and in the whole European Union, the estimated retail food wastage is 4.4
million tonnes per annum.28
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Fig. 2.

Food waste at various stages of value chain in di®erent regions of the world (percent kcal).3

FW occurs on an ostentatious scale at the consumer level. Consumer choices, as well as rising
levels of disposable income spent on food have
the tendency to increase wasteful behaviour of

Fig. 3.

Di®erent causes of food waste in the supply chain.

consumers.19 It is estimated that households in the
United Kingdom (UK) throw away roughly onethird of the food purchased for consumption.29 On
average, a family of four in the US and in the UK,
wastes food valued at about US$1600 and US$1000,
respectively30 every year. In China, about US$32
billion worth of food is thrown away30 and US$4
billion worth of post-harvest losses occur in SubSaharan Africa every year.31 This is perhaps symbolic of contemporary `throw away societies'.32–35
Growing FW at household level is a major concern in many western countries. In Norway, the
amount of household waste has increased by about
50 percent per person per annum over the last 10–15
years.37 In 2009, WRAP Institute (a non-pro¯t organization, Waste and Resources Action Program in
the UK) undertook a detailed study on UK household food and drink waste. The household waste was
categorised as avoidable, possibly avoidable and
unavoidable. About 4.2 million tonnes waste was
avoidable, 1.2 million tonnes was possibly avoidable
and about 1.6 million tonnes household waste was
unavoidable (Fig. 4). Australians throw away food
worth A$5.2 billion (US$4.5 billion) a year, which is
on an average A$616 worth of food a year per
household where fruits, vegetables, fresh meat and
¯sh constitute bulk of the wasted food.38 Household
income and average family size are signi¯cant
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Fig. 4. WRAP study food waste in three categories where
most waste was avoidable.30

contributors to household FW. Factors such as
consumer behaviour, income, purchasing pattern,
family size, and access to cheap food are the key
contributors to waste at the consumer end.36

4. Why FW is a Matter of Concern?
FW impacts are threefold: social, environmental and
economic8 or land¯ll, environmental emission and
food insecurity.39 The impact of FW on cumulative
energy loss or land use value has not received much
attention though signi¯cant energy losses occur
when food is discarded, including the energy used to
produce and distribute food, to process the wasted
food, as well as the energy captured in the food.13
FW may contain valuable functional molecules such
as °avonoids, waxes, biopolymers or fatty acids.40,41
Using FW as a feedstock for electricity generation
through anaerobic digestion, fuel generation by
conversion of cellulosic biomass to bioethanol or the
production of animal feed, those chemical functionalities are lost or at best underutilised.41 There is
paucity of information on valuable residues that
could be recovered from wasted food in the value
chain.
FW result in loss of valuable nutrients and environment and community health42 through destruction of biophysical environment, air pollution
from decaying food, water pollution from runo® or
leaching, and rapidly growing land¯lls.43,44 Land¯lls
are the least-preferred destinations for waste disposal, which are gradually intensifying the impact of
wasted food. Land¯ll is unfortunately the primary
pathway for waste disposal in many countries.
Over 97 percent of wasted food is currently buried in

5

land¯lls in the USA.45 In 2007, about 28.8 million
tonnes of FW was generated but only 2.6 percent
was utilised through composting and the rest was
land¯lled.46 Utilisation of FW often depends on the
stage of value chain where waste occurs, in Japan
amount of food recycled is much greater at food
manufacturer and wholesaler stages than at other
stages (Fig. 5).
The FW induced adverse environmental impacts
are broad and varied; agricultural sector alone
emits over 33 million tonnes of carbon dioxide
(CO2). Add to this, CO2 generated by food wasted
during processing, packaging and transportation,
and the impact of FW on environment takes another
dimension.
Elimination of FW from land¯lls in the UK would
reduce greenhouse gas emissions equivalent to removal of one ¯fth of the cars from the roads.48
Land¯lls taking FW have both greater environmental impact and management costs. The cost
for land¯lls in Australia ranges between A$42 and
A$102 per tonne of waste (between US$37 and US
$90) depending on the level of management controls
and prevailing climate. However, this cost is expected to escalate gradually.49 In the USA, land¯ll costs
between US$3 and US$15 per tonne.50 A 2014 study
by the Confederation of European Waste-to-Energy
Plants, Belgium, estimated that in European countries average land¯ll cost is around €80 (US$100)
per tonne51; about 65 percent of the costs relate to
opportunity cost of land. In 2007, the New Zealand
Ministry for the Environment commissioned a costbene¯t analysis of recycling52 and estimated the
external costs of land¯lling at NZ$10–60 (US$8–48)
per tonne of waste land¯lled. Due to increasingly

Fig. 5. Amount of food waste and recycled food waste from
2001–2007.47
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strict environmental policies, waste disposal methods are changing, thus it is time to develop sustainable systems including e±cient and proper
disposal methods for managing FW.
Carbon footprint, ecological footprint, and water
footprint are indicators of impact of FW.8 Segrè and
Falasconi53 assessed the impact of fruits and vegetables in Italy and showed that wasted fruits and
vegetables at point of sale consumed more than 73
million m3 of water, the use of environmental
resources equal to about 400 million m2 of land
surface area, and the emission into the atmosphere
of more than 8 million kg equivalent of CO2. Similar
information on the water footprint of mango,54 the
carbon and water footprint of fresh tomato55 and
beef cattle production56 further highlights the adverse impact of FW. Water scarcity and increased
carbon emission are closely related with increasing
FW.57 However, there are very limited data available on environmental impact of FW and even the
published reports are inconsistent as measurement
protocols vary.
FW has signi¯cant economic impact. In Australia, the cost of FW is estimated at A$8 billion (US
$7.0 billion) per annum.58 Economic cost of FW in
Italy is estimated at about €10 billion (US$12.5
billion).53 Farmers often abandon their crops in the
¯eld when selling prices are not remunerative and
such situations further increase FW and are not
included in the above €10 billion estimated loss.
Moreover, by combining farmers' losses with cost of
land property used for production of food, the
overall loss would far exceed €10 billion. The economic impact of FW in the USA was estimated to be
around US$198 billion with about 63 percent of loss
during consumption stage, costing for a family of
four people, about US$1600 per year.59
The social impact of FW is mainly the threat to
food security, which increases malnutrition and
hunger in the world.60 Increased price of food items
and reduced accessibility to food impact on the
ability of poor people to a®ord balanced food
for maintaining good health.61 The extent of food
(222 million tonnes) that ends up in the land¯lls
in industrialized countries is almost equal to the
available food production (230 million tonnes) in
Sub-Saharan Africa.3 Reducing FW is environmentally important as it keeps food out of land¯lls; it
makes economic sense as it lowers household food
bills and reduces disposal costs for restaurants,
processors and farmers.

5. FW Management
FW prevention or minimisation is the most important management option. It involves identi¯cation
of root causes of FW in di®erent food value chains
and implementation of appropriate strategies to
minimise FW. This section presents information on
di®erent stakeholder initiatives to minimise food
waste and includes key policy, strategy, research
and development and technology initiatives implemented for FW reduction by public, private and
civil society organisations. FW management is
everybody's business across government, industry
and community.

5.1.

Government and community
initiatives

The fundamental principle of any type of waste
management policy is to prevent or minimise waste
generation.62 This needs enhanced awareness of the
value of and appreciation for food through information campaigns, and tax and subsidy policies to
curb the motivation to engage in wasteful behaviour
towards food.11 In addition, government contributions are required to improve infrastructure for
roads, energy and markets to sustain food supply
chain that can contribute to minimise FW. Rutten11
pointed out that it may also require setting up
institutions and carrying out governing reform to
facilitate private sector investment in the agricultural sector and food industry. Therefore, it is important for government policies to take the whole
food supply chain into consideration.
As FW is a global problem, policy makers need to
be attentive to the links between national decisionmaking and international protocols in agriculture,
food security and trade practices. For domestic
policy considerations, FW is often seen as secondary
to economic expedience.63 The policy agenda plays a
signi¯cant role in ensuring key policy initiatives
are taken seriously at the decision making table. The
role of policy entrepreneurs is integral to this process
so as to push the imperative of FW onto the policy
agenda.64 For example, in the Australian context,
the National Food Waste Assessment: Final
Report65 clearly states that existing fragmentation
of FW data and guidelines to address the issue are
ine®ective. The report argues that a comprehensive
understanding of management systems, institutional capacity and appropriate policy settings are
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needed to e®ectively address the problem. In other
words, Australia, like many nations only tinkers
with policy settings to address food loss and waste.
The European Commission and many industrialised countries are targeting to reduce FW at
consumer level, which may further increase the
complexity in the supply chain to food distributors,
processors and farmers and retailers.7 Land¯ll
should be the option of last resort for most waste,
especially biodegradable and recyclable waste.66 A
current report by the UK's Government O±ce for
Science estimated that reduction of half of the total
food losses could subsidize the equivalent of 25
percent of today's global food production to the
total food supply.5 McKinsey Consulting report
speculated that FW reduction at the consumer level
by 30 percent could save roughly 100 million acres of
cropland by 2030.67 By taking these predictions into
account the European Parliament has approved a
coordinated policy to reduce FW by 50 percent by
2020. This policy employs European Union wide
measures to improve food supply and consumption
e±ciency. The European Parliament adopted a
resolution on 19 January 2012 on how to avoid food
wastage, which recommended that the European
Commission take practical measures towards halving FW by 2025.68 In 2011, the Commission
recommended in its Roadmap to a Resource E±cient Europe, that disposal of edible FW should be
halved by 2020 and reduce retail waste without
compromising food safety.66 To date, Europe is the
only geographic area that is attentive to preventing
FW. Almost all the countries in European Union are
working to reduce FW.69 Though government action to reduce waste in the European Union has been
developed at the broad policy level, currently no
evaluations have been undertaken. Hence there is no
data to review the success or otherwise of these
policy statements.
The World Resources Institute report recommended that there should be an aim of FW prevention that needs to be adopted across a range of
geographic scales such as from global- national sub-national level, which includes provinces and
cities.7 For example, New York City is presently
aiming to reduce FW by 50 percent by 203070
and Hong Kong is planning to reduce waste by 10
percent between 2013 and 2016.71 While many
nations are developing policies with the intention to
reduce FW, most however, have not set a speci¯c
target. In Germany, the Federal Ministry for Food,
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Agriculture and Consumer Protection implemented
the information campaign `Too good to trash!' to
provide consumer information and practical advice
on food management, from better shopping habits
to food preservation.72 The municipality of Turin
in Italy started the `Buon Samaritano' (Good
Samaritan), which has been collecting unused food
from school cafeterias for relief organizations since
2005.73 The project became fully operational in
all local schools, collecting unused bread and fruit
daily after the \Law of the Good Samaritan" came
into force.8
The European Commission included a range of
information on how to reduce waste, comprehensive
information of food date labelling and other useful
information on good practice of food products use.74
All these actions are taken to minimise FW and
to raise consumer awareness. The USA Environmental Protection Agency (EPA) has set the `Food
Recovery Challenge' project to support participants
to lessen their FW, assist them protect money,
expand local communities, and subsidize environmental protection. The EPA suggests tools and
information on its website (www.epa.gov) on programs to promote waste reduction and recycling.
The Massachusetts Department of Environmental
Protection and the Massachusetts Food Association
established a program to promote reduction, recycling, and reuse FW and other organic materials for
large-scale retailers.75,76
Other than promotional and information campaigns, government authorities have also passed
useful laws to reduce FW. One such law is the legal
donation of foods, which is now highly restricted in
many countries due to health risk, food safety and
quarantine procedures.77 `Good Samaritan' is such a
law, which limit the liability of donors in case
redistributed food unexpectedly turns out to be
somehow harmful to the consumer.78 In the USA,
Bill Emerson Good Samaritan Act was passed by
Congress and signed into law by President Clinton
in 1996.7,18 Thus donors can donate food that are
unsaleable but still ¯t for consumption to a charitable organization and are free from legal obligations.78 However, even after a decade of successful
FW management initiatives many people are still
food insecure in the USA.79
Instituting taxes and fees on waste treatment
provides an economic incentive to encourage
waste prevention as it intensi¯es the overall costs
of waste handling. This regulation can bene¯t the
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governments ¯nancially and increase chances to
avoid waste processing technique.80,81 Taxes are also
applied to send FW to land¯lls in 18 European
Member States including regions within member
states which can be labelled as `pay as you throw'.82
However, this scheme was quite unpopular and in
the Netherlands due to decreasing revenues this
tax has been eliminated from January 2012. In a
report of Member States' performance in the prevention and recycling of waste, the European
Commission has documented that some member
states are excellent in their performance as nearly all
of the waste disappeared. But on the other hand
some member states are still burying 90 percent of
their waste in the ground. Thus there are huge differences between member states waste management
actions. Despite better alternatives and available
structural funds for waste recycling, valuable waste
resources are still being buried and economic values
are being lost.82
Policies are also under change in EU countries to
revise market standards for fresh food products
such as fruits and vegetables. For instance, to increase product choices for the consumer and to reduce waste, by regulation (EC) No 1221/2008 of 5
December 2008 the number of speci¯c European
marketing standards for fresh fruits and vegetables
was cut back from 36 to 10.83,84 The reduction of
waste was also anticipated to have positive in°uence on food prices.8 Unfortunately, the retailers are
still not accepting this quality standard change to
apply in their product for the good brand name of
their business, which makes the waste reduction
complicated even after rule change applied.85 Another factor that needs to be addressed to reduce
FW at the local level is the method of waste collection in urban areas. In many nations, local
councils' FW ends up in land¯ll, which has signi¯cant implications for the environment. In this
instance, Lamb and Fountai86 argued that a
new method of garbage collection is necessary, but
also it is important to provide information on
recycling collection, inclusive education on how to
use the scheme and clear communications of the
reasons why it is signi¯cant.
In developing countries, FW reduction is disadvantaged by a general lack of storage and transport
infrastructure and of market access. Education
and ¯nancial services are lacking in particular
for smallholder farmers in rural areas.87 Evidence
of practical initiatives to reduce FW in developing

countries is scarce. However, use of plastic crates is
worth mentioning. Lipinski et al.7 documented the
use of `plastic crates' for fresh fruits and vegetables
in Afghanistan, Nigeria and Sri Lanka. About 19
percent of fruit and vegetable loss occurs in developing countries during handling and storage stages
of the food supply chain.3 Use of plastic crates reduced 25 percent weight loss and increased economic
value by 24 percent in Sri Lanka.88 Prolonged usability89 and comparatively lower cost made these
crates acceptable to farmers.90 Farmers in Afghanistan incurred 50 percent loss prior to using plastic
crates for storage and transportation. Introduction
of these plastic crates not only increased their pro¯ts
but also promoted better market for tomato sellers.7
Use of plastic crates appears to be a pragmatic option for farmers in the developing countries but their
adoption is still very limited. Farmers in some
countries like Nigeria still cannot use them due to
price and availability factors.90 However, campaign
to introduce crates (or similarly useful any other
products), raising awareness about their use and
information on economic value and overall food
quality enhancement value should be informed to
the farmers, and training is also essential on how to
use and clean them. Negatively, inappropriate
cleaning of crates has been reported to be the cause
of spread of crop-eating insects or illness-causing
microorganisms' growth89 and resulted in food loss.
Apart from transportation and storage facilities,
home storage solution has been investigated by
Purdue University researchers.91 They developed
reusable plastic bags for cowpea storage for West
and Central African farmers where cowpea is an
important staple crop.92 Nevertheless, acceptance
by the farmers was the main barrier to use of this
bag. Farmers in Africa are not convinced by the
campaign for use of this bag, they use pesticides to
kill pests in grain storage despite the higher price of
pesticides.93 An innovative agriculture program
named Research Into Use (RIU) funded a survey in
Nigeria by distributing plastic bags to farmers to
store cowpeas.94 Use of these bags provided farmers
5–10 percent higher price for cowpeas and also increased their income by 48 percent.95 It was surprising that most of the farmers did not even know
about existence of these reusable plastic bags.
Lipinski et al.7 suggested that government help can
remove this obstacle by making available these bags
more cheaply, distributing them to farmers in large
numbers and by reducing tari® on bag making raw
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Fig. 6. Average loss of maize in developed storage system to reduce grain loss compared to traditional storage system in
Uganda and Burkina Faso.4

materials. Small metal silos used at home by farmers
in a capacity of holding 250–100 kg of crops could
also be an e®ective storage facility. In Kenya only
1.4 percent crop loss occurred, and food loss fell from
15–20 percent to 1–2 percent in Afghanistan when
stored in metal silos.96,97
In 2013, World Food Program conducted research trials in Sub-Saharan Africa. Primarily two
countries were selected, Uganda in East Africa and
Burkina Faso in West Africa4 to compare the traditional storage system with metal silo and plastic
silo use (Fig. 6). Also included were three other
storage facilities namely super grain bags, zero °y
bags and grain safe. These three storage facilities
proved to be better than traditional storage system
though higher cost, less repeated usability and unavailable local production made them less attractive
to the farmers. At present several developing countries are making e®orts to use this storage system
though initial production cost is the main barrier,
which varies from country to country.7 Apart from
some small-scale storage options, there is little or no
information available from developing countries on
FW minimisation. Information on large-scale storage such as cold storage facilities and wastage of
highly perishable commodities such as ¯sh, fruits,
vegetables, dairy products is generally lacking.
These delicate products can get spoiled soon after
harvest without proper storage facilities.98

5.2.

Private sector (business
and retailers) initiatives

Major food retailers have signi¯cant impact on the
waste stream through transit, packaging, point of
sale, and sell by date of products.99 Some individual

retailers are taking action to reduce FW. For example, in the UK, individual retailers Morrisons'
supermarkets provide useful instructions in their
stores and include suggestions and recipes on their
website (www.morrisons.co.uk). They launched the
Great Taste Less Waste campaign. Under this
program, they educate customers by introducing
\best kept" stickers on fresh products.21 Following
this sticker one can learn how to preserve the fresh
food product at home for a longer time. They are
also encouraging customers by changing labelling
on fresh product packaging and reducing packaging
size to single portions for shoppers' convenience.
Another retailer Marks & Spencer is determined
to reduce CO2 footprint and has reorganised its
meat packaging. This new packaging uses less
plastic and maintains product freshness longer. By
applying the new packaging this retailer reduced
CO2 emissions by 30 percent from 2003 to 2006 and
planned to reduce carbon footprint by up to 80
percent.100,101 Tesco is one of the world's largest
retailers aiming to reduce FW with its producers
and suppliers. In 2013, Tesco undertook extensive
research to avoid confusion with the date on packaging by taking `use by', `best before' and `display
until' into account.7 Now Tesco has a single and
simpli¯ed date labelling on packaging of fresh fruit
and vegetables in the UK. This change was a great
e®ort to overcome consumer misconceptions. Tesco
is now developing guidance and training opportunities for its sta® and providing information to
customers about food product storage and recipes
for leftovers. In 2010, another supermarket chain
`Sainsbury' developed waste management program
in Scotland by transforming waste to biofuel to
produce electricity for 500 households that can also
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save CO2.8 All these retailers are based in the European countries that are documenting FW minimisation approaches.
Some food retailers around the world are trying
to minimise their waste by donating food to charities. For example, in Italy, charities like Esselunga
S.p.A. (an Italian retail store chain) is donating food
to food banks and replacing packaging of fresh fruits
and vegetables with propylene trays, which reduce
CO2 emission by 500 tonne per year. Other examples
include Hannaford Bros. (Hannaford Brothers
Company is an American supermarket chain) and
Whole Foods Market in Massachusetts. They donate food to local needy people and recycle FW.
This activity has increased state's recycling percentage up to 65–75 percent in 2005 and in 2012
recycled FW valued at US$20,000.102
Excluding European retailers and a few USA
retailers, no other records were available in the
literature about FW management by food businesses and food retailers. This might be due to
some hurdles, which are complicated to overcome.
They include legal and economic barriers, transportation systems, the availability of closely situated food rescue charity organizations and their
limited participation. If there is no local or closely
situated food rescue organisation available, retailers
may not be interested to donate food as it will need
to be approved for food safety by government in
order to be free from any legal bindings.5 Also,
governments can encourage businesses and retailers
to donate food by introducing `tax incentives for
food donations'. A lot of farmers that cannot harvest
their produce due to economic constraints, imperfect
quality and unfavourable weather, can also donate
food under this incentive to subsidize their business.
In the USA, California, Arizona, Oregon, and Colorado states have tax credits to redistribute food to
food banks but tax incentives for food donations
have not yet been initiated.5

5.3.

Civil society (non-government
organisations) initiatives

Several non-pro¯t organisations are working to reduce FW. One of the leading expert bodies on FW in
Europe is WRAP, a UK non-pro¯t organisation for
the reduction of waste, e±cient use of resources and
development of sustainable products. The Norfolk
Waste Partnership campaign, `Love Food Hate
Waste', received funding from WRAP to enable it to

run its own `Love Food Hate Waste' campaign in
2009 and 2010. This campaign was targeted to
improve food presentation and storage optimisation
through consumer and retailers' behaviour and
organised lea°ets and newspaper advertisements
that provided information about how to reduce
FW.103 The success rate of this campaign to reduce
FW has been remarkable.8 The Akatu Brazilian
Institute for Consumer Consciousness (www.akatu.
org.br), an NGO founded in 2001 in São Paulo, has
launched a campaign to raise consumer awareness,
showing the actual cost of all FW generated and
planning solidarity actions in the world.8
In Denmark, `Stop Wasting Food' is a campaign
that provides information to consumers on avoiding
FW by shopping according to the daily needs of
households, and encourages better household planning and shopping patterns. The campaign
encourages a movement away from spontaneous to
balanced food shopping and consumption patterns.3
Because in developed countries FW occurs mostly at
the consumption level, several charity organizations
actively collect and redistribute food products to
needy people. BCFN (Barilla Centre for Food
and Nutrition) reported a range of charities which
include: in the UK, Fare Share (www.fareshare.
org.uk), Food Cycle (www.foodcycle.org.uk), The
Dinner Exchange (www.thedinnerexchange.zzl.org),
People's
Supermarket
(www.thepeoplessupermarket.org), Grow She±eld's Abundance Project
(www.growshe±eld.com), Approved Food (www.
approvedfood.co.uk); in Italy, The Food Bank
Foundation Onlus (FBAO); in Denmark, Danish
NGOs, Stop Spild Af Mad (Stop Wasting Food,
www.stopspildafmad.dk); and in the USA, The Society of St. Andrew (www.endhunger.org), a Catholic organization established in 1992 in North
Carolina, New York's City Harvest association
(www.cityharvest.org), Rock and Wrap It Up!
(RWU); in Australia, Second bite, and a food bank
in São Paulo in Brazil.8 While there are a lot of
associations running campaigns to minimise FW,
the outcomes of these campaigns are generally not
reported and thus restrict the ability to review and
assess their success.

6. Conclusion
FW is not acceptable when over two billion people
are su®ering from hunger and malnutrition. It is not
a®ordable when resources used to produce food are
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scarce, some are non-renewable and have competing
demands for their use. It is not excusable when
it causes damage to environment, which a®ects
sustainability of present and future generations.
FW must be prevented as much as possible and
managed to rescue food. This would need a concerted e®ort and holistic approach with involvement
of all stakeholders along the food value chain. If only
10 percent of FW is recovered, about US$90 million
worth of land¯ll disposal costs would be saved,
and these savings would increase to over US$200
million if FW recovery increases to 25 percent.5
Some successful speci¯c local examples to reduce
FW have been highlighted in this review. If these
can be replicated elsewhere, with local conditions
taken into account, they could be a catalyst for
wider changes. A good example in the food retail
sector is donation of food about to reach its use by
date to food rescue organisations (e.g., foodbank)
supplying food to the needy. Raising consumer
awareness has been shown to be e®ective in changing consumer behaviour that reduces FW as well as
saves money. In some developing countries where
lack of transportation and storage facilities leads to
FW, the use of `crates' can likewise be an example
for improvement.
While there are initiatives and proposals and
government policies in place to minimise FW, their
success rates have not been clearly reported. Further, acceptance of these initiatives by general
public and hurdles encountered in the implementation of these initiatives should be documented as
this might help to identify innovative approaches to
transform FW challenge into an opportunity. It is
thus important to highlight the successes of initiatives to minimise and e±ciently utilise FW. All
stakeholders in food value chain must be made
aware of options available and opportunities for
minimising FW. Governments, industry, and civil
society organisations worldwide have a role to play
and they must work collaboratively to make a
di®erence — prevention and management of FW is
everybody's responsibility.
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2.3. Chapter Summary
Chapter 2 consisted of two extensive reviews that examined and discussed current literature
examining the ever-growing amount of global food waste being generated and current
strategies used to manage food waste. The importance of reviewing the literature was not only
to gain an insight of the current status and strategies for dealing with food waste generation,
but also to discover how much of this field remains largely unknown due to the diverse food
waste measurement protocols and different data documentation methods used worldwide.
Thus, highlighting the need to improve food waste data collection methods and develop
effective strategies, policies and actions to reduce food waste. This was also found to be the
case for Australia. There have been very few comprehensive food waste studies carried out in
the Australian food supply chain. In particular, there were no reported studies of food wastage
levels for fruits and vegetables in Western Australia. Thus, based on the findings of the
literature reviews, two Case Studies were designed to investigate food waste levels at the farm
and wholesaler stages of the Western Australian food supply chain. For the first time, the
present work identified all the major components of food waste and these publications helped
in defining survey questionnaires for case study 1 and case study 2.
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Chapter 3 – Literature Review: Producing High Value Nanoparticles
from Horticultural Wastes

3.1. Overview and author contributions
One of the by-products of insuring food production, security and sustainability is large
and ever-increasing amounts of food waste being generated. These food wastes are
predominantly organic wastes generated by aquaculture & horticulture, and offer an
extremely large renewable source of biomolecules and bioactive compounds. The
availability of such large and diverse sources of organic waste materials creates unique
opportunities to create new waste valorisation strategies. Chapter 3 consists of a review
that summarises current research efforts in the emerging field of producing high-value
nanoparticles using food wastes as a potential waste valorisation strategy. An important
approach identified in the review was the use of green chemistry-based biological
processes as an alternative to conventional nanoparticle manufacturing methods. The
advantages of using the green chemistry-based approaches include: 1) biogenic processes
are eco-friendly; 2) biogenic processes are quite rapid, and 3) biogenic processes are
usually carried out at room temperature and pressure. Furthermore, green chemistry-based
biogenic processes do not rely on using toxic chemicals and solvents normally associated
with traditional nanoparticle manufacturing processes. In addition, the review highlights
the relatively small number of reported research articles in this emerging field. It also
evaluates the diversity of food wastes available, promising candidates and the ability of
the candidate waste types to generate high value nanoparticles. Moreover, experimental
parameters, nanoparticle characteristics and potential nanoparticle applications in
pharmaceuticals and biomedical applications are discussed. Importantly, in spite of the
many advantages of this novel waste valorisation strategy, the review also identifies a
number of challenges that must be overcome, such as nanoparticle reproducibility and
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understanding the formation mechanisms between different food wastes. Thus,
highlighting the need for more extensive research in this emerging and important field.

3.2. Publications:

Review Article 3

Purabi R. Ghosh, Derek Fawcett, Shashi B. Sharma, Gerrard E.J. Poinern. Production of
high-value nanoparticles via biogenic processes using aquaculture & horticultural food
wastes. Materials. 2017; 10: 852, 1-19.

Author contribution
Contributor

Statement of
contribution

Purabi Ghosh

Reviewed the literature,

Signature

designed the study,
developed all text, tables
and images and worked
with editorial changes
recommended by
reviewers

Gerrard Eddy Jai Poinern

Supervised the project
concept and steps,
designed the overall
concept of the review
critically reviewed the
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manuscript and approved
the final version

Derek Fawcett

Provided technical
guidance in over-coming
various technical
difficulties encountered
during manuscript
preparation and assisted
with editorial changes
recommended by
reviewers

Shashi B Sharma

Critically reviewed the
manuscript and assisted
with editorial changes
recommended by
reviewers
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Abstract: The quantities of organic waste produced globally by aquacultural and horticulture are
extremely large and offer an attractive renewable source of biomolecules and bioactive compounds.
The availability of such large and diverse sources of waste materials creates a unique opportunity
to develop new recycling and food waste utilisation strategies. The aim of this review is to report
the current status of research in the emerging field of producing high-value nanoparticles from food
waste. Eco-friendly biogenic processes are quite rapid, and are usually carried out at normal room
temperature and pressure. These alternative clean technologies do not rely on the use of the toxic
chemicals and solvents commonly associated with traditional nanoparticle manufacturing processes.
The relatively small number of research articles in the field have been surveyed and evaluated.
Among the diversity of waste types, promising candidates and their ability to produce various
high-value nanoparticles are discussed. Experimental parameters, nanoparticle characteristics and
potential applications for nanoparticles in pharmaceuticals and biomedical applications are discussed.
In spite of the advantages, there are a number of challenges, including nanoparticle reproducibility
and understanding the formation mechanisms between different food waste products. Thus, there is
considerable scope and opportunity for further research in this emerging field.
Keywords: nanoparticles; biogenic synthesis; green chemistry; recycling; adding value

1. Introduction
Two decades ago aquacultural and horticultural organic waste was not considered a major
economic cost or resource loss to food processing industries [1]. However, recent public concerns about
hunger, conservation, environmental degradation and the socioeconomic impact of food waste have
accelerated research into developing strategies that can reduce food waste and promote effective
waste utilisation methodologies [2]. In addition, global concerns regarding the limited natural
resources currently available and the ability to effectively use these resources to feed the predicted
population of 12.3 billion in 2100 has accelerated research into finding more effective resource utilisation
and management strategies [3–5]. Therefore, efficient and cost = effective strategies are needed to
reduce organic waste and develop better food waste utilisation practices that can assist in the overall
management of the food supply chain [6,7]. In the context of this review, aquaculture relates to
the industrial sector involved in farming marine and marine capture, while the horticultural sector
principally focuses on the production, processing and retail sales of fruits and vegetables to consumers.
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From the marine perspective, macroalgae or seaweed are plant-like organisms that are routinely
From the marine perspective, macroalgae or seaweed are plant-like organisms that are routinely
washed up on beaches and shorelines in large quantities around the world. Edible seaweeds are
washed up on beaches and shorelines in large quantities around the world. Edible seaweeds are
consumed in many parts of the world since they are highly nutritional foods that are rich in proteins
consumed in many parts of the world since they are highly nutritional foods that are rich in proteins
and a source material for many medicinal remedies [16–18]. Seaweed is a staple food in daily use
and a source material for many medicinal remedies [16–18]. Seaweed is a staple food in daily use
throughout South-East Asia, and the health benefits derived from its consumption have resulted in
throughout South-East Asia, and the health benefits derived from its consumption have resulted
numerous studies investigating the medicinal and pharmaceutical uses of seaweed [1,19,20]. Several
in numerous studies investigating the medicinal and pharmaceutical uses of seaweed [1,19,20].
studies have revealed that seaweed is rich in antioxidants, carbohydrates, carotenoids,
Several studies have revealed that seaweed is rich in antioxidants, carbohydrates, carotenoids,
polysaccharides, polyunsaturated fatty acids, proteins, vitamins and also contains numerous
polysaccharides, polyunsaturated fatty acids, proteins, vitamins and also contains numerous secondary
secondary metabolites [21–23]. These naturally occurring biological compounds have been used in
metabolites [21–23]. These naturally occurring biological compounds have been used in traditional
traditional Chinese medicine for centuries [19], and recently several seaweed based extracts have
Chinese medicine for centuries [19], and recently several seaweed based extracts have been used to
been used to complement conventional treatments and supplement alternative therapies [24–26].
complement conventional treatments and supplement alternative therapies [24–26]. Furthermore,
Furthermore, studies have reported anti-inflammatory and inhibitory properties being exhibited by
studies have reported anti-inflammatory and inhibitory properties being exhibited by several seaweed
several seaweed extracts [27,28]. These medicinal properties have also been found to reduce blood
extracts [27,28]. These medicinal properties have also been found to reduce blood pressure levels [29],
pressure levels [29], reduce the incidence of cardiovascular diseases [30], and suppress some forms
reduce the incidence of cardiovascular diseases [30], and suppress some forms of cancer [31,32]. In 2013,
of cancer [31,32]. In 2013, Tacon and Metian estimated that around 95.5% (12 million tonnes) of the
Tacon and Metian estimated that around 95.5% (12 million tonnes) of the total global production of
total global production of marine plants is supplied by aquaculture (farming of marine plants), while
the remaining 4.5% (0.44 million tonnes) is made up of marine capture [33]. The majority of
aquaculture production (around 9 million tonnes) is destined for human consumption. The
remaining tonnage undergoes processing to extract phycocolloids, a highly nutritious ingredient that

69

Materials 2017, 10, 852

3 of 19

marine plants is supplied by aquaculture (farming of marine plants), while the remaining 4.5%
(0.44 million tonnes) is made up of marine capture [33]. The majority of aquaculture production
(around 9 million tonnes) is destined for human consumption. The remaining tonnage undergoes
processing to extract phycocolloids, a highly nutritious ingredient that is added to farm animal and
aquaculture feeds [33,34]. While aquatic plants are an important commodity in the global food supply
chain, there is very little data in the literature reporting levels of waste generation, waste management
strategies and disposal protocols [15].
A number of utilisation strategies for processing waste fruits, vegetables and grains have
been investigated [35–38]. The aim of these strategies is to maximise the value and practical
benefits from food waste, which will ultimately reduce the amount of waste going to landfill [39].
Unfortunately, reviewing the literature reveals few studies that assess the economic benefits of the
various waste management strategies operating at a commercial scale. However, the literature
does clearly identify agricultural waste as an important source of chemicals, bioactive compounds
and pharmaceuticals [40]. Importantly, the current high demand for pharmaceutical ingredients,
enzymes, solvents and surfactants has resulted in many countries developing strategies for converting
agricultural waste into products for chemical feedstock. This alternative, biologically based approach
provides a large variety of chemical compounds from a wide range of renewable agricultural waste
for recycling and processing by both chemical and pharmaceutical industries. For example, succinic
acid can be obtained from crop waste like sugarcane, maize, rice, barley and potatoes [41]. Similarly,
starch-based plastic can be produced from cassava, maize and wheat [42], fatty acids can be generated
from coconut and oil palm [43], and polymers, lubricants, adhesives, solvents, and surfactants can be
derived from rapeseed and sunflower [44]. These studies clearly demonstrate that materials commonly
thought of as waste are rich in biologically active compounds that can be used to produce high-value
chemical and pharmaceutical products. Furthermore, recent studies have also shown that both
aquacultural horticultural waste can be used as renewable feedstock for the manufacture of high-value
nanoparticles [45–47]. Food waste and nanoparticle synthesis sounds like an unlikely combination,
but recent investigations in the literature have shown that naturally occurring biomolecules present in
waste have the potential to produce nanoparticles (particles less than 100 nm) with unique medicinal
and pharmaceutical properties [48–50].
Both aquacultural and horticultural food waste contain beneficial biomolecules and compounds
that can play an active role in reducing precursor metal ions in aqueous solutions to form nanoparticles.
The biomolecules also act as modelling agents that direct particle growth in particular orientations,
while other biomolecules act as capping agents to prevent nanoparticle agglomeration [45,51].
Another interesting feature of nanoparticles synthesised from food waste is the potential to deliver
reliable, sustainable and green chemistry-based technologies that are eco-friendly, thus reducing
the human health and environmental degradation risks normally associated with the use of toxic
solvents and chemicals during conventional physical and chemical manufacturing protocols [52].
The considerable interest in nanoparticles shown by the scientific community is due to their unique
physiochemical properties and their application in a number of fields such as pharmaceuticals and
biomedicine. The extremely small size and large surface area to volume ratio are two material features
that give nanoparticles their new or enhanced properties compared to conventional bulk forms of
the same substance [53]. For example, gold (Au) nanoparticles are already widely used in medicine
for diagnostics [54–56], targeted delivery of pharmaceuticals [57–60] and tumour destruction via
hyperthermia [61]. While silver (Ag) nanoparticles display a broad spectrum antimicrobial activity
against many human and animal pathogens [62–65] and as a result are used as antimicrobial agents
in a wide range of commercially available medical and consumer products [66–68], both platinum
(Pt) and palladium (Pd) nanoparticles have been used as catalysts [69–71]. Furthermore, metal oxide
nanoparticles such as copper oxide (Cu2 O, CuO) and zinc oxide (ZnO) have displayed antimicrobial
activity [72,73] and because of this ZnO has been used in a variety of food packaging applications [74].
Moreover, super-paramagnetic ferric oxide (Fe3 O4 ) nanoparticles have the potential to be used in a wide
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variety of biomedical applications such as magnetic resonance imaging, hyperthermia treatments and
as a carrier for anti-cancer drugs [75–77]. The utilisation of aquacultural and horticultural wastes
for the biogenic synthesis of high-value products such as metal and metal oxide nanoparticles is
a fairly new field of research. Accordingly, only a relative few articles have appeared in the literature
reporting the use of various aquacultural and horticultural waste to produce nanoparticles using
eco-friendly green chemistry-based technologies [78–81]. The present work summarises current
research in this relatively new research field and discusses the various experimental parameters
that govern nanoparticle formation and growth during biogenic synthesis. The remainder of the
review discusses the potential applications of aquacultural and horticultural food-waste produced
nanoparticles in fields such as pharmaceuticals and biomedicine.
2. Biogenic Synthesis of Nanoparticles Using Aquacultural and Horticultural Food Waste
The biogenic synthesis of a variety of metal and metal oxide nanoparticles using aquacultural
and horticultural food waste can be considered an alternative, eco-friendly and viable green
chemistry-based route. In recent years there have been numerous studies reporting the synthesis
of nanoparticles using a diverse array of plants sources. However, relatively few studies have
reported using aquacultural and horticultural food waste to produce value-added products such as
nanoparticles. Like the plant sources reported in the literature, aquacultural and horticultural waste
also contains a vast array of biomolecules such as alkaloids, amino acids, enzymes, phenolics, proteins,
polysaccharides, saponins, tannins, terpinoids and vitamins that can all be used to assist in the
creation of nanoparticles [82]. The biogenic synthesis of nanoparticles is a bottom-up approach,
during which atoms and molecules combine to form precursor building blocks that subsequently
self-assemble [83]. Reviewing the various studies reported in the literature, it is evident that plant-based
synthesis procedures have successfully produced a variety of noble metal nanoparticles such as gold,
silver, platinum and palladium [45]. A few studies have also reported the formation of noble metal
nanoparticles from extracts taken from aquacultural and horticultural food waste. For instance,
Dubey et al. have reported the formation of 16-nm Ag spheres and 11-nm Au nano-triangles when
Tanacetum vulgare (tansy fruit) extract was allowed to react with aqueous solutions of AuCl4 − ions and
Ag+ ions respectively [84]. In addition, several other food waste extracts such as Pyrus sp. (pear fruit)
and Mangifera indica (mango peel) have demonstrated their ability to reduce Au (III) ions to form Au
nanoparticles [49,85]. Citrus sinensis (orange peel) and Ananas comosus (pineapple) extracts have shown
the ability to reduce Ag+ ions in aqueous solutions to form Ag nanoparticles [78,86]. Likewise, Pt and
Pd nanoparticles have been synthesised using Musa paradisiac (banana peel), tea and coffee extracts,
and lignin [71,87,88].
The advantage of using aquacultural and horticultural food waste is that it is readily available.
This makes them a renewable feedstock that creates an alternative waste utilisation strategy for
manufacturing high-value metal and metal oxide nanoparticles. Importantly, food waste offers a green,
chemistry-based route that is rapid, cost-effective and eco-friendly. Metal nanoparticle production is
a straightforward room temperature process that begins by mixing an aqueous metal salt solution
with an aqueous solution containing a food waste extract as seen in Figure 2. Biogenic reduction starts
immediately, and as the reduction process continues there is a distinctive colour change in the reaction
mixture, indicating nanoparticle formation. For instance, a recent study by Kaviya et al. reported the
formation of Ag nanoparticles when Citrus sinensis (orange) peel extract was used as the reducing agent.
Reduction of Ag nanoparticles occurred within 20 min and their formation was clearly indicated by the
reaction mixture changing colour from colourless to a yellowish-brown. Subsequent characterisation
of the samples revealed nanoparticle morphology was spherical and their size was heavily dependent
on reaction mixture temperature. At 25 ◦ C the mean particle size was 35 ± 2 nm, while at 60 ◦ C size
was 10 ± 1 nm [89]. Studies indicate the fundamental nanoparticle formation mechanism created
during biogenic synthesis begins with metal ions in solution transforming from their mono- or divalent
oxidation states to from zero-valent states as seen in Figure 3. Biomolecules present in the food
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waste extract initiates metal ion reduction and then promotes nucleation [90–92]. Progressively,
smaller neighbouring particles start assembling on their low energy faces that ultimately results in
thermodynamically stable nanoparticle formation. During this stage food waste biomolecules also act
as natural surfactants (capping agents), which influence the orientation and assembly of the smaller
particles during subsequent growth as schematically presented in Figure 3. The modelling action
produced by surfactants during biological synthesis explains why growth occurs along preferential
planes
[93].
These
preferential growth planes result in morphologies such as spheres, cubes, triangles,
Materials
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852
of18
18
hexagons, pentagons and wires being formed [82,94]. The number of experimental parameters known
[82,94].
The
of
parameters
known
to
govern
the
formation
to
govern
thenumber
nanoparticle
formation mechanism
nature
of nanoparticle
the food waste
extract;
[82,94].
The
number
of experimental
experimental
parametersinclude:
known(1)
to the
govern
the
nanoparticle
formation
mechanism
include:
(1)
the
nature
of
the
food
waste
extract;
(2)
concentration
of
food
waste
in
(2)
concentration
of
food
waste
in
the
reaction
mixture;
(3)
metal
ion
concentration
in
the
mechanism include: (1) the nature of the food waste extract; (2) concentration of food wastesource
in the
the
reaction
(3)
metal
concentration
in
solution;
(4)
reaction
pH;
(5)
solution;
(4)
reaction
pH;
(5) reaction mixture
temperature;
and
contactmixture
time. All
these
reaction mixture;
mixture;
(3)mixture
metal ion
ion
concentration
in the
the source
source
solution;
(4)(6)
reaction
mixture
pH;
(5)
reaction
mixture
temperature;
and
(6)
contact
time.
All
these
parameters
are
important
and
can
parameters
are
important
and
can
directly
influence
nanoparticle
formation
and
subsequently
their
reaction mixture temperature; and (6) contact time. All these parameters are important and can
directly
nanoparticle
physiochemical
properties
[95]. formation
directly influence
influence
nanoparticle
formation and
and subsequently
subsequently their
their physiochemical
physiochemical properties
properties [95].
[95].

Figure
2.
biogenic
synthesis
nanoparticles
aquacultural
Figure2.
2. Schematic
Schematic representation
representation of
of the
thebiogenic
biogenicsynthesis
synthesis of
ofnanoparticles
nanoparticles using
usingaquacultural
aquacultural and
and
horticultural
food
waste
extracts.
horticultural
horticulturalfood
foodwaste
wasteextracts.
extracts.

Figure
Figure 3.
3. Schematic
Schematic diagram
diagram of
of the
the mechanism
mechanism behind
behind the
the biogenic
biogenic synthesis
synthesis of
of metallic
metallic nanoparticles.
nanoparticles.

An
important
issue
Animportant
importantissue
issuethat
thathas
hasarisen
arisenin
inrecent
recentyears
yearsis
is the
the possible
possible adverse
adverse health
health effects
effects produced
produced
by
nanometre-scale
materials.
Studies
have
shown
the
physiochemical
properties
of
nanometre
nanometre-scale
materials.
Studies
have
shown
the
physiochemical
properties
of
nanometre
by nanometre-scale materials. Studies have shown the physiochemical properties of nanometre scale
scale
materials
materials of
of the
the same
same material
material can
can vary
vary due
due to
to differences
differences in
in parameters
parameters such
such as
as particle
particle size,
size,
aggregation,
aggregation, chemical
chemical reactivity,
reactivity, concentration,
concentration, dispersion
dispersion and
and morphology
morphology [96,97].
[96,97]. Even
Even small
small
changes
changes in
in these
these parameters
parameters can
can significantly
significantly influence
influence nanoparticle
nanoparticle behaviour
behaviour and
and their
their subsequent
subsequent
interactions
in
particular
environments.
Generally,
toxicity
issues
arise
from
the
interactions in particular environments. Generally, toxicity issues arise from the deposition
deposition of
of
hazardous
chemicals
and
solvents
on
the
surface
of
the
nanoparticles
during
many
conventional
hazardous chemicals and solvents on the surface of the nanoparticles during many conventional

72

Materials 2017, 10, 852

6 of 19

scale materials of the same material can vary due to differences in parameters such as particle size,
aggregation, chemical reactivity, concentration, dispersion and morphology [96,97]. Even small
changes in these parameters can significantly influence nanoparticle behaviour and their subsequent
interactions in particular environments. Generally, toxicity issues arise from the deposition of
hazardous chemicals and solvents on the surface of the nanoparticles during many conventional
physical and chemical manufacturing processes. The removal of these hazardous materials is extremely
difficult and their presence can induce significant toxicological and inflammatory responses if used in
biomedical applications [98]. Moreover, naked nanoparticles do not exist very long in the physiological
environment of the human body and biomolecules such as proteins rapidly attach to their surface,
forming a corona [99]. Therefore, synthesising biocompatible nanoparticles via food waste extracts
offers a greener, less toxic and eco-friendly approach that avoids the use of toxic chemicals and
solvents commonly used in conventional manufacturing. Furthermore, aquacultural and horticultural
food waste is a renewable and relatively inexpensive feedstock. However, before aquacultural and
horticultural food waste can be used commercially to manufacture high-value nanoparticles there
needs to be more research into resolving a number of shortcomings. These shortcomings include:
(1) developing an all-inclusive nanoparticle formation mechanism; (2) investigate the influence of
experimental parameters on nanoparticle size, shape and dispersion, and (3) refine the biosynthesis
process to improve reproducibility [100–102]. In terms of commercialisation: (1) develop technologies
that overcome the limitations of scaling up the biosynthesis process; (2) developing a continuous supply
route for suitable aquacultural and horticultural food waste; and (3) optimise the waste management
chain to fully utilise the biomolecules and bioactive chemicals present in aquacultural and horticultural
food waste [1,13,103].
3. Types of Nanoparticles Produced by Aquacultural and Horticultural Food Waste
The biogenic synthesis of metal and metal oxide nanoparticles via aquacultural and horticultural
food waste is a new and emerging field of study. Food waste has the potential to produce a wide range
of particle sizes and shapes using green, chemistry-based techniques [82,103,104]. At present, only
a relatively small number of articles have appeared in the literature reporting the use of aquacultural
and horticultural food waste being used to synthesise nanoparticles. The following sections summarise
and discuss the current state of research as reported in the literature. A selection of recent studies
reporting the biogenic synthesis of metal and metal oxide nanoparticles using various horticultural
food waste products are summarised and presented in Table 1. Table 2 presents a selection of metal and
metal oxide nanoparticles synthesised using a variety of marine alga (seaweeds) commonly produced
by aquaculture.
3.1. Silver (Ag) Nanoparticles
The diversity of aquacultural and horticultural food waste has led a number of researchers to
investigate their potential use in synthesising a variety of metal nanoparticles. In particular, Ag
nanoparticles have paved a way into exploring this new field due to the exceptional antimicrobial
properties displayed by Ag compounds. For centuries, Ag has been used as an antimicrobial agent in
numerous medicinal preparations. In recent years Ag nanoparticles, with their unique physiochemical
and enhanced antimicrobial properties, have been incorporated into a variety of biomedical protocols
and pharmaceuticals [105,106]. The reason for these superior antimicrobial properties comes from
the Ag nanoparticles ability to cause cell membrane damage and toxicological damage to cellular
DNA [107,108]. Recently, several studies have reported the reduction of Ag+ ions in aqueous solutions
containing aquacultural and horticultural food waste. For example, the formation of spherical Ag
nanoparticles ranging in size from 5 to 35 nm was reported by Ahmad and Sharma using an extract
taken from Ananas comosus (Pineapple) [79]. Similarly, spherical-shaped crystalline Ag nanoparticles
ranging in size from 3 to 12 nm were synthesised by Konwarha et al. using an extract taken from
Citrus sinensis (Orange) peel [86] and spherical Ag nanoparticles ranging in size from 5 to 20 nm have
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been produced using an extract taken from Citrus unshiu (Mandarin) peel by Basavegowda et al. [109].
In addition, Njagi et al. were able to use an aqueous solution containing Sorghum spp. (bran powder)
extract to biologically synthesis spherical iron (Fe) and Ag nanoparticles that were typically around
10 nm in size [110]. Dubey et al. were able to synthesis both Ag and Au nanoparticles using
Tanacetum vulgare (tansy fruit) [84]. Ag nanoparticles were spherical with a mean size of 16 nm
and the Au nanoparticles were triangular plates that were typically around 11 nm in size. Likewise,
Ankamwar et al. were able to use an Emblica officinalis (Indian Gooseberry) extract to synthesis both Ag
and Au nanoparticles ranging in size from 10 nm to 25 nm [111]. Other researchers have investigated
the use of marine algae, which are rich in polysaccharides, and other bioactive materials that can be
used for synthesising nanoparticles. For example, Kannan et al. have reported the synthesis of Ag
nanoparticles using Codium capitatum (seaweed). Their study revealed that two types of morphologies
could be produced, namely spherical and cubic. Both morphologies ranged in size from 3 to 44 nm,
with a mean particle size of 30 nm [112]. In a similar study by Castro et al., a green alga Spyrogira insignis
was found to produce spherical Ag nanoparticles with a mean particle size of 30 nm [113]. Raeshkumar
et al. have reported producing spherical Ag nanoparticles with a mean particle size of 14 nm using a
brown seaweed, Padina tetrastromatica [114].
3.2. Gold (Au) Nanoparticles
Au nanoparticles are a very attractive material due to their wide application in fields such
as catalytics, biomedicine, biosensors, pharmaceuticals, imaging and diagnostics [54,55,115–117].
Several recent studies have reported the reduction of aqueous chloroaurate solutions using a variety
aquacultural and horticultural food waste products. For example, Krishnaswamy et al. have reported
the formation of spherical Au nanoparticles ranging in size from 20 nm to 25 nm after using waste
grape skins, stalks and seeds as the reducing agents [80]. Similarly, Ghodake et al. were able to
synthesise triangular and hexagonal crystalline gold nanoparticles ranging in size from 200 nm to
500 nm using an extract taken from Pyrus sp. (pear) [85]. Likewise, Yang et al. have reported the
formation of Au nanoparticles, ranging in size from 6.03 ± 2.77 nm to 18.01 ± 3.67 nm, using an
extract taken from Mangifera indica (mango) peel [49]. Recently, Sharma et al. have produced Au
nanoparticles using freshwater green alga (Prasiola crispa) and red alga (Lemanea fluviatilis) [118,119].
Studies have also shown that the type and concentration of biomolecules present in food waste can
influence nanoparticle formation and their subsequent stability. A study by Huang et al. found
that varying the concentration of sundried Cinnamomum camphora leaf extract or increasing the
precursor chloroauric acid concentration in the reaction mixture resulted in nanoparticle shape changes
(i.e., triangular to spherical) [120]. Similarly, Chandran et al. have reported varying the concentration
of Aloe vera leaf extract in reaction mixtures containing chloroaurate ions to regulate nanoparticle
size. The varying concentration not only regulated the size range between 50 and 350 nm, but also
influenced the ratio of spherical to triangular nanoparticles produced [121]. Narayanan et al. were
able to synthesis varying ratios of decahedral, hexagonal, triangular and spherical Au nanoparticles by
changing the concentration of Coleus amboinicu leaf extract in the reaction mixture [122]. Furthermore,
Ahmada et al. have reported that a low precursor Au concentration (1.53 mM) in a reaction mixture
containing aqueous Elaise guineensis (oil palm) leaf extract produced spherical nanoparticles with
a mean diameter of 27.89 ± 14.59 nm. However, a larger precursor Au concentration (4.055 mM)
produced spherical, triangular, pentagonal and hexagonal nanoparticles with a mean particle diameter
of 22.88 ± 8.21 nm [123]. The study also revealed a multilayer coating composed of carboxylic
and phenolic compounds, which prevented the nanoparticles from agglomerating, thus indicating
the importance of sufficient extract concentration to provide the necessary biomolecules needed for
nanoparticle stabilization.
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3.3. Other Types of Nanoparticles
In recent years a few studies have reported the formation of several other types of nanoparticles
produced from aquacultural and horticultural food waste. For example, Bankar et al. have
produced palladium (Pd) nanoparticles using an aqueous solution containing an extract taken from
Musa paradisiac (banana) peel. The resulting nanoparticles were crystalline and irregular in shape,
and had a mean size of 50 nm [88]. Similarly, Lakshmipathy et al. used an extract taken from
watermelon rind to form Pd nanoparticles with a mean particle size of 96 nm [124]. Coccia et al. were
able to produce both Pd and platinum (Pt) nanoparticles using lignin [71]. In addition, Nadagouda
and Varma were able to use commercially available tea and coffee waste extracts to produce both
Ag and Pd nanoparticles. Their study found that both types of nanoparticles were spherical and
ranged in size from 5 nm to 100 nm, with the majority of the particles falling within the 20 to 60 nm
range [87]. Furthermore, a recent study by Lunge et al. found that waste tea extracts could produce
magnetic ferric oxide (Fe3 O4 ) nanoparticles. The nanoparticles formed ranged in size from 5 to
25 nm and consisted of both cubes and pyramids [125]. Moreover, a study by Mahdavi et al. that
used extracts from brown seaweed (Sargassum muticum) could be used to form ferric oxide (Fe3 O4 )
nanoparticles. Their study also identified the water-soluble polysaccharide cell walls that contained
amino, carboxyl and hydroxyl functional groups as the biomolecules that acted as both reducing
and capping agents. The resulting crystalline nanoparticles were cubic in nature and had a mean
particle size of 18 ± 4 nm [126]. Also using a brown seaweed extract (Bifurcaria bifurcata), Abboud et al.
were able to produce both cuprous oxide (Cu2 O) and cupric oxide nanoparticles (CuO). Nanoparticle
morphology was predominantly spherical, with particles ranging in size from 5 to 45 nm [72]. Similarly,
Khanehzaei et al. were able to produce spherical Cu-cored Cu2 O nanoparticles with a mean particle size
of 53 nm using extracts taken from red seaweed (Kappaphycus alvarezii) [127]. Other types of metal oxide
nanoparticles produced from extracts taken from Citrus sinensis (orange) peels and Musa paradisiac
(banana) peels include magnesium oxide (MgO) and manganese (II, III) oxide (Mn3 O4 ) respectively.
For example, Rao et al. were able to produce spherical MgO nanoparticles with a mean particle size of
29 nm using extracts taken from Citrus sinensis (orange) peel [128]. In a similar study, Yan et al. were
able to use Musa paradisiac (banana) peel extract to form spherical Mn3 O4 nanoparticles ranging in size
from 20 nm to 50 nm. Their study also identified the super-capacitive properties of the nanoparticles
and their potential use in high-stability Mn3 O4 -based electrodes [129].
Table 1. A selection of nanoparticles biosynthesised by horticultural waste sources.
Nanoparticle

Size & Morphology

Food Source

Year

Reference

Ag

5 to 35 nm, Spherical

Ananas comosus (Pineapple)

2012

[79]

Ag & Au

Ag: 16 nm, Spherical,
Au: 11 nm, triangular

Tanacetum vulgare (tansy fruit)

2010

[84]

Ag

3 to 12 nm, Spherical

Citrus sinensis (orange) peel

2011

[86]

Ag

35 ± 2 nm @ 25 ◦ C, Spherical
10 ± 1 nm @ 60 ◦ C, Spherical

Citrus sinensis (orange) peel

2011

[89]

Ag

5 to 20 nm, Spherical

Citrus unshiu (mandarin) peel

2013

[109]

Ag

10 nm, Quasi-spherical

Sorghum spp. (bran) (aw)

2010

[110]

Ag & Au

Ag: 10 nm to 20 nm, Spherical
Au: 15 nm to 25 nm, Spherical

Emblica officinalis
(Indian Gooseberry)

2005

[111]

Ag

Large nanoclusters

Musa paradisiac (banana) peel

2010

[88]

Ag

60 to 80 nm, Spherical

Carica papaya (pawpaw)

2008

[130]

Ag

15 nm, Cubic

Carica papaya (pawpaw)

2009

[131]

Ag

0.1 µm to 0.5 µm, Granular

Psidium guajava (guava)

2014

[132]

Ag

4.32 nm to 17.65 nm, Spherical

Daucus carrota L. (Black Carrot)

2014

[133]

Ag

4 nm to 22 nm, Spherical

Allium sativum (garlic clove)

2011

[134]

Ag

17.96 ± 0.16 nm, Spherical

Citrullus lanatus rind

2017

[135]
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Table 1. Cont.
Nanoparticle

Size & Morphology

Food Source

Year

Reference

Au

20 to 140 nm, Spherical

Citrullus lanatus rind

2015

[136]

Au

20 to 25 nm, Quasi-spherical

Grape skin, stalk and seed waste

2014

[80]

Au

50 to 100 nm, Spherical

Rice bran (aw)

2014

[81]

Au

200 to 500 nm, Triangular, hexagonal

Pyrus sp. (pear)

2010

[85]

Au

6.03 ± 2.77 to 18.01 ± 3.67 nm, Spherical

Mangifera indica (mango) peel

2014

[49]

Au

432.3 nm, Shape not specified

Daucus carota, subsp. Sativus (Carrot)

2014

[137]

Au

Micro-scale, Triangular

Cicer arietinum L. (Bean extract)

2006

[138]

Au

pH 9: 10 nm, Spherical,
pH 10: 25 nm, Spherical, rods,
pH 11: 15 nm diameter nanowires of varying length

Beta vulgaris (sugar beet pulp)

2011

[139]

Pd

50 nm, Crystalline, irregular shape

Musa paradisiac (banana) peel

2010

[88]

Pd & Ag

20 nm to 60 nm, Spherical

Various commercially available
tea/coffee extracts

2008

[87]

Pd & Pt

16 to 20 nm, Spherical

Lignin (aw)

2012

[71]

Pd

96 nm, Spherical

Citrullus lanatus (watermelon) rind

2015

[124]

Fe3 O4

5 to 25 nm, Cubes & Pyramids

Tea Waste

2014

[125]

MgO

29 nm, Spherical

Citrus sinensis (orange) peel

2015

[128]

Mn3 O4

20 nm to 50 nm, Spherical

Musa paradisiac (banana) peel

2014

[49]

Note: (aw) indicates agricultural waste.

Table 2. A selection of nanoparticles biosynthesised using marine plant sources.
Nanoparticle

Size & Shape

Marine Alga

Year

Reference

Ag

3 to 44 nm, Spherical and Cubic

Codium capitatum

2013

[112]

Ag

30 nm, Spherical

Spyrogira insignis

2013

[113]

Ag

4 to 24 nm, Spherical

Enteromorpha compressa

2017

[140]

Ag
Au

20 nm, Spherical
5 to 260 nm, Triangles, Spheres and Hexagons

Sargassum incisifolium

2016

[141]

Au

6 to 10 nm, Spherical & Triangular

Turbinaria conoides

2013

[142]

Au

18.7 to 93.7 nm, Spherical

Stoechospermum marginatum

2012

[143]

Pd

4 to 6 nm, Spherical

Laminaria digitata

2015

[144]

Cu2 O, CuO

5 to 45 nm, Spherical

Bifurcaria bifurcata

2014

[72]

Cu/Cu2 O

53 nm, Spherical

Kappaphycus alvarezii

2014

[127]

Fe3 O4

18 ± 4 nm, Cubic

Sargassum muticum

2013

[126]

ZnO

18 to 50 nm, Hexagonal

Gracilaria gracilis

2014

[145]

4. Applications and Future Perspectives
Metal and metal oxide nanoparticles produced using conventional physical and chemical
manufacturing processes, as mentioned earlier, have been used in variety of antimicrobials products,
biosensors, photo-catalysts, pharmaceuticals, cancer therapy and food packaging applications.
Aquacultural and horticultural food waste extracts have the potential to become another avenue for
the green synthesis of various types of metal and metal oxide nanoparticles as seen in Tables 1 and 2.
With the diversity of food waste available and the ability to influence the reaction parameters during
synthesis, there are many opportunities to produce novel metal-based nanoparticles with unique
properties. However, despite the great interest shown in the biogenic synthesis of nanoparticles using
aquacultural and horticultural food waste, there have only been a few practical applications reported.
In spite of this, studying the properties of conventionally manufactured nanoparticles and comparing
their properties with those produced using aquacultural and horticultural food waste should provide
an indication of property differences and potential applications. The property differences arise from
the use of hazardous chemicals and solvents (capping agents and surfactants) commonly used in many
conventional manufacturing processes and their non-use in green biogenic synthesis procedures. Thus,
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biosynthesised nanoparticles should have a wider range of biomedical applications since they are free
from relatively hazardous chemicals and solvents [97,98].
Noble metal nanoparticles, in particular Ag and Au, produced using a variety of techniques, are
currently used in a wide range of detection, imaging, diagnostics and therapeutic applications [146–148].
In particular, using Au nanoparticles to promote DNA damage in cancerous cells through a variety of
targeted therapeutic treatments is currently being applied in several therapeutic procedures [115,149,150].
Furthermore, both Ag and Au nanoparticles have a broad spectrum of antimicrobial properties
that have been tested against a several human and animal pathogens [151–153]. With regards to
horticultural food waste extracts, Jain et al. have used Carica papaya (pawpaw) to biosynthesise Ag
nanoparticles and then evaluate their antimicrobial properties against a number of pathogens [131].
Similarly, Shanmugam et al. have biosynthesised Ag nanoparticles using the marine seaweed
Sargassum wightii and then verified the nanoparticles’ antimicrobial activity against a number of
human pathogens [154]. Ag nanoparticles produced in both food waste studies were found to
have similar antimicrobial properties to those synthesised by conventional manufacturing processes.
This is of particular importance since Ag nanoparticles produced by traditional methods are currently
being used as antimicrobial agents in a wide range of medical and consumer products [66–68,155].
Thus, biosynthesising Ag nanoparticles from food waste is an alternative technique that can produce
nanoparticles with properties similar to those produced by more conventional methods. Similarly,
Ag and Pd nanoparticles were produced using waste tea and coffee extracts by Nadagouda and
Varma [87]. During synthesis the individual metal salts were first reduced and then capped by
polyphenols present in the respective extracts. Interestingly, recent studies have also revealed that Pd
nanoparticles produced using food waste can be used as catalysts. The catalytic behaviour of produced
Pd nanoparticles has been studied using oxidation and reduction reactions [71,124]. Furthermore,
a recent study by Petla et al. identified and quantified the catalytic properties of Pd nanoparticles
produced using soya leaf extract by successfully degrading several azo dyes [156].
The biogenic synthesis of less noble metals and metal oxide nanoparticles have also attracted the
interest of several researchers. At present there are serious concerns about antibiotic resistance, complex
manufacturing protocols, environmental pollution, and the high manufacturing costs associated with
conventional pharmaceutical preparations [157]. Therefore, in recent years there has been a search for
natural antimicrobial agents that can overcome the shortcomings of currently available antimicrobial
pharmaceuticals. For example, copper (Cu) and Cu oxide nanoparticles are natural antimicrobial
agents that have been biosynthesised using a variety of plant-derived extracts. A study by Lee et al.
found Cu nanoparticles produced by a leaf extract from Magnolia Kobus formed spherical particles
ranging in size from 40 to 100 nm and displayed antimicrobial properties towards Escherichia coli [158].
From a marine perspective, Abboud et al. have biosynthesised copper oxide nanoparticles using
a brown algal extract (Bifurcaria bifurcata). The resulting nanoparticles were spherical, ranged in
size from 5 to 45 nm and displayed good antibacterial properties towards both Enterobacter aerogenes
and Staphylococcus aureus [72]. Furthermore, Nagarajan and Kuppusamy have biosynthesised zinc
oxide (ZnO) nanoparticles from a brown seaweed extract (Sargassum myriocystum) that displayed
antimicrobial properties against a number of bacteria and fungi [159]. However, at present no studies
have appeared in the literature reporting the used of food waste to biosynthesise ZnO nanoparticles.
The abovementioned antimicrobial studies demonstrate that biogenic synthesis can be used as an
alternative method for producing nanoparticles with the potential to assist in the management of
infectious diseases caused by bacteria.
However, the biosynthesis of metal and metal oxide nanoparticles using aquacultural and
horticultural food waste extracts is still in its infancy. Consequently, only a few oxides have been
studied and reported. Those recently reported include ferric oxide (Fe3 O4 ), magnesium oxide (MgO)
and manganese (II, III) oxide (Mn3 O4 ). As mentioned earlier, Lunge et al. have successfully used waste
tea extracts to produce (Fe3 O4 ) nanoparticles. Their studies found that these cubic and pyramidal
nanoparticles could be effectively used to remove arsenic metal ions from aqueous solutions [125].
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Other studies reporting the biosynthesis of (Fe3 O4 ) nanoparticles have involved using brown seaweed
(Sargassum muticum) extracts [126,160]. Namvar et al. have used brown seaweed to produce (Fe3 O4 )
nanoparticles that were subsequently assessed via in vitro cytotoxicity and anticancer testing for their
activity against human cell lines for leukaemia, breast cancer, cervical cancer and liver cancer [160].
The results of their studies revealed that the accumulation of (Fe3 O4 ) nanoparticles in treated cells
tended to promote cell apoptosis, which suggested that an alternative cancer treatment protocol is
possible using these nanoparticles. In terms of other oxides, Ganapathi Rao et al. have reported the
biogenic synthesis of MgO nanoparticles from orange fruit waste [128] and Yan et al. have reported
producing Mn3 O4 nanoparticles with super-capacitive properties using Musa paradisiac (banana)
peel extract [129].
The present review has demonstrated that the use of aquacultural and horticultural food waste
extracts can be used to manufacture metal and metal oxide nanoparticles. Currently, this new and
emerging field has produced relatively few study articles. The review has also shown that this new field
needs to be fully explored and the development of eco-friendly and efficient green chemistry-based
methods for recycling and utilising food waste needs to take place. Both aquacultural and horticultural
food waste are produced in extremely large quantities around the world and offer an attractive and
renewable source of biomolecules and bioactive compounds. The availability of such a large and
diverse source of food waste creates a unique opportunity to develop new recycling and food waste
utilisation strategies. One such value-adding strategy reported in the present work is the use of food
waste to produce high-value metal and metal oxide nanoparticles. These high-value nanoparticles have
the potential to be used in a wide range of current and future medical and pharmaceutical products.
5. Conclusions
The recycling and utilisation of food waste produced from aquacultural and horticultural
industries has several advantages. The first is that the extremely large quantities of waste generated
globally offer an attractive and renewable source of biomolecules and bioactive compounds.
Processing food waste using chemistry-based strategies is eco-friendly, can significantly reduce the
amount going to landfill, and creates a wide range of value-added products. One such strategy,
presented in this review, is the biogenic synthesis of metal and metal oxide nanoparticles using
aquacultural and horticultural food waste. The green biogenic synthesis route has several advantages
over more traditional nanoparticle manufacturing processes. The procedure is straightforward, can be
scaled up, and is eco-friendly. The most attractive feature of the biogenic synthesis route is that it can
produce nanoparticles free from the toxic non-biodegradable commercial chemicals and surfactants
that are commonly used in many conventional physical and chemical manufacturing processes.
Studies reported and discussed in the present work have demonstrated that aquacultural and
horticultural food waste extracts can be used to manufacture a wide variety of nanoparticles free from
toxic chemicals and surfactants, thus, making these nanoparticles ideal candidates for pharmaceutical
products and biomedical applications. This is unlike traditional nanoparticle manufacturing processes,
which often leave detrimental surface coatings (solvents and surfactants) that severely limit their use
in many therapeutic applications. For example, Ag and Au nanoparticles produced by food waste
were reported to have a broad spectrum of antimicrobial properties against several human and animal
pathogens. Furthermore, food waste has been reported by several researchers to produce Cu, Cu oxides,
and ZnO nanoparticles. These nanoparticles were all found to display antimicrobial properties against
several bacteria and fungi, while Fe3 O4 nanoparticles synthesised using seaweed have displayed
anticancer activity against a number of human cell lines. However, despite the many advantages of
using food waste extracts to generate nanoparticles, there are a number of unresolved issues that need
to be elucidated—for example, the variation of nanoparticle size and shape reproducibility when using
different food waste extracts. Furthermore, there are also issues involving variations in formation
mechanisms between different food waste products that need to be resolved. At present, only a few
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studies have reported using food waste to generate nanoparticles. The limited number of studies
creates considerable scope and opportunity for further research in this emerging field.
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3.3. Chapter Summary
Chapter 3 was based on an extensive review that surveyed and discussed current literature
pertaining to the use of food waste to produce high-value nanoparticles. Processing the
extremely large and renewable quantities of food waste using green chemistry-based
strategies is an attractive and alternative waste valorisation strategy. Waste valorisation
strategies also have the advantages of reducing the amount of waste going to landfill and
being eco-friendly. The review highlights the ability of various food wastes to produce
several types of nanoparticles. The nanoparticles synthesised via food wastes were found
to be stable and non-toxic. The green chemistry-based approach has the potential to
produce nanoparticles with a specific size, shape and composition. The approach is
straightforward, can be easily scaled up and is eco-friendly. The most attractive feature
of the green approach is that it can produce nanoparticles free from toxic nonbiodegradable commercial chemicals and surfactants that are commonly used in many
conventional physical and chemical manufacturing processes. The review also points out
that there are a number of unresolved issues that need urgent attention. For instance,
nanoparticle size variation and shape reproducibility resulting from the use of different
food waste types. Moreover, variations in nanoparticle formation mechanisms resulting
from the use of different food wastes needs to be elucidated. Thus, highlighting much of
this new waste valorisation strategy still remains largely unknown due to the diversity of
food wastes. The present review brings together the relatively small number of reported
studies currently available and demonstrates the considerable scope and opportunity for
further research in this novel waste valorisation strategy.
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Chapter 4 – Quantifying Food Waste in Western Australia

4.1. Overview and author contributions
Research carried out as part of chapter 4 significantly advances knowledge in the field.
The chapter addresses the second aim of the research project, namely, make qualitative
and quantitative assessments of fruit and vegetable wastage produced by Western
Australian Producers (Growers) and Wholesalers operating at Market City Canning Vale,
Perth. The Canning Vale facility is the prime fresh produce marketing and distribution
centre in the state of Western Australia. Each year the facility generates around AUS $638
million for the marketing of fresh produce and services around 600 buyers, which include
the major supermarket chains, independent supermarkets and fresh produce suppliers
around Western Australia. The chapter also identify factors contributing to food waste
and examines current waste management strategies.

Successfully completing aim 2 was achieved by undertaking two comprehensive case
studies, each focusing on a specific aspect of food waste generation in Western Australia.
This is first time that these types of food waste studies were carried out in Australia. Other
food waste studies carried out in Australia have tended to focus only on the retailer and
consumer part of the food value chain. The first case study focused on food waste
generated by Western Australian fruit and vegetable growers. The survey also examined
options for food waste minimization and utilization. While the second case study
examined horticultural loss generated by Wholesalers operating at the Market City
Canning Vale fruit and vegetable markets in Western Australia.

Food waste is not only a food security problem, but it is also a significant economic
problem that directly impacts on the profitability of the whole food supply chain.
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Therefore, to have a sustainable and viable food supply, it is necessary to have a
comprehensive understanding of the various sources of food waste generated throughout
the food supply chain. The goal of both case studies was to identify food waste levels in
the fruit and vegetable sector and examine factors contributing to the amounts of food
waste being generated. The case studies also identified a number of hurdles preventing
large scale food waste processing that included: 1) current cost/benefit food waste
utilisation methods; 2) sustainability and environment considerations, and 3) public
acceptance. Importantly, from the waste valorisation perspective, the case studies also
identified food waste levels of various fruits and vegetables produced and handled in
Western Australia. From the case studies, a major food waste (carrot - Daucus carota)
was identified and selected as a candidate for a waste valorisation strategy designed to
produce high-value nanoparticles via green chemistry-based techniques. The results of
this novel waste valorisation strategy are presented in chapter 5 as case study 3.

4.2. Publications

89

Case Study 1
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Abstract Food waste in Australia is estimated to cost around AUS$8 billion annually. This large unacceptable amount
of wastage results in significant economic losses, inefficient use of resources and the adverse impact on the environmental.
The present study collects primary data via a specifically designed questionnaire that was circulated around the 19 major
farmers (fruits and vegetables) markets located around Western Australia. A total of 88 growers’ participated in the survey.
The survey consisted of 12 targeted questions that collected participant demography and farming practices. The
questionnaire also focused on reasons for not harvesting or selling produce, how waste is currently handled, options for
reducing waste and approaches to better utilize fruit and vegetable wastes. An important issue identified by the survey was
the need for consumer education that is specifically aimed at promoting the consumption of produce with cosmetic defects.
The rejection of produce on purely visual appearance was found to be a major cause for food wastage.

Keywords Food waste, Sustainable food system, Food security, Waste utilization

1. Introduction
The Food and Agriculture Organization (FAO) of the
United Nations has estimated that around one-third of all
food produced globally for human consumption, equating to
approximately 1.3 billion tons per year, is lost or wasted [1].
A study by Lundqvist et al. has suggested that this lost or
wasted portion could be as large as half of all global food
production [2]. The level of lost or wasted food is of
paramount importance since estimates of world population
indicate that by 2100 there will be a population of around
12.3 billion to feed [3]. This means a further 5 billion
people will need to be fed. But current global population
estimates indicate that around two billion people are under
feed and approximately 21,000 people each day die from
hunger related causes. This equates to around 15 people
dying each minute, with children accounting for 10 of the
deaths [4]. Thus, there is a high demand for food resources
to meet the current need and there will be an even greater
demand placed on food resources to meet future population
requirements. The growing demand for food resources and
* Corresponding author:
G.Poinern@murdoch.edu.au (Gerrard E. J. Poinern)
Published online at http://journal.sapub.org/fph
Copyright © 2016 Scientific & Academic Publishing. All Rights Reserved

the associated high levels of food waste will increase food
prices globally in the near future. This situation will make it
even more difficult for people in the world’s poorest nations
to purchase food [5]. In addition to the financial problems
associated with increasing food production and delivering
affordable food products, there will also be increasing
problems resulting from environmental degradation. There
will also be flow on effects resulting from the usage of large
quantities of resources such as fertilizers, pesticides, water
and energy that are normally required in modern farming
practices [6-9]. Furthermore, increasing food production
will also result in larger amounts of food wastes being
produced. As a consequence food wastage is becoming a
major factor in addressing long term sustainability and food
security [10].
To identify and determine the amount of food waste
produced by food supply chains, several developing and
developed countries have examined waste levels at each
stage in the supply chain [1, 11, 12]. A number of studies
have even examined food waste generation and
management at both local community and regional levels
[13, 14]. Many of these studies have identified significant
information gaps regarding the causes of food wastage.
These causes can range from poor harvesting technologies,
lack or inefficient transport and even inadequate storage
facilities. The studies also reveal that food waste is not the
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result of a single cause, but is generally the result of a
combination of causes. The situation is exacerbated by the
effects of land degradation, extreme weather events and
changing climatic conditions [10]. In Australia very few
studies have examined the level of food waste generated by
fruit and vegetable producers. A recent Australian study
revealed that around 25% of all vegetables produced
annually, equating to around AUS $155 million dollars end
up as waste [15].
The Australian agricultural food supply chain is a major
part of the country’s economy and includes farm production,
food processing and retail food sales. The food supply chain
currently generates revenue estimated to be around AUS
$230 billion dollars annually [16]. Agricultural production
contributes between 15 and 20% to the income derived
from annual exports, and contributes around 3% to
Australia’s Gross Domestic Product (GDP) [16]. Fruits and
vegetables forms the third largest agricultural sector in
Australia. A recent report revealed that the Gross Value of
Production (GVP) of the sector was estimated to be AUS
$9.0 billion dollars between the 2010 and 2011 period. This
estimate exceeded the AUS $6.5 billion dollars calculated
for the 2004-05 period and clearly indicates significant
growth in the sector [17]. However, a recent report
produced by the Australian state of Tasmania found that
between 30 and 40% of all vegetables grown in the state
ended up as waste. The wastage results from produce not
meeting visual and quality guidelines specified by retailers.
For example, more than 150 tons of carrots worth many
thousands of dollars were ploughed back into the field
because the carrots were too large to sell in the market [18].
Financially, this level of wastage adds a significant burden
to producers and is ultimately paid for by consumers. From
an environmental perspective, Australian agricultural
practices currently contribute around 16% to the countries
greenhouse gas emissions. These emissions result from
cropping and other food production related activities [16,
17]. Moreover, large areas of the Australian landmass are
prone to drought or low rainfall and as a result current food
production related activities consumes around 17, 000
Giga-liters of water each year. At present, Australian
farmers contribute around 93% to the domestic produce
market [16]. However, an increasing population, climate
change and environmental degradation will make
economically sustainable food production more difficult in
the future. Hence, there is an immediate priority to identify
and determine the extent of food waste at the state and
national level in Australian.
In the Australian state of Western Australia, a wide
variety of fruits and vegetables are commercially grown.
There are predominantly four regions in Western Australia
were fruits and vegetables are grown. In the southwest of
the state the two regions are the South West coastal plains
and the South West high rainfall hills. In the north of the
state the two remaining regions are the Gascoyne irrigation
area and the Ord River irrigation area. A wide variety of
produce is grown, typical crops produced include broccoli,

carrots, potatoes and tomatoes. Many other fruits,
vegetables and herbs are also grown in the various regions.
These different geographic locations and differing
production environments enables the state to produce
vegetables throughout the whole year [19]. For example,
farm gate value of vegetable production in Western
Australia for 2012 was estimated to be around AUS $336
million dollars, which equated to a retail value of about
AUS $1 billion dollars. However, high vegetable crop
productivity also requires higher inputs compared to cereal
crops. For example, fertilizer inputs for vegetables are
typically 20 times higher, soil cultivations are two to five
times higher and as many as 10 times higher for spraying
and other machinery related operations. Furthermore,
vegetable crops must have extensive fresh water irrigation,
since most of Western Australia has relatively low rainfalls.
The production of fruits and vegetables is predominantly
confined to the more temperate southern region of the state.
The region begins around Gingin to the north of Perth, the
capital city of the state (31º57 S, 115º51 E), down to
Albany located on the southern coast as seen in Figure 1.
The prevailing weather conditions in this region are
conducive for the cultivation of a wide variety vegetables
and orchard fruit crops such as apples and stone fruits [20].

Figure 1. Location of fruit and vegetable producers in Western Australia
who participated in the present study

The present study was designed to collect primary data
from fruit and vegetable producers located at various
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locations around Western Australia. A specifically designed
questionnaire, consisting of 12 questions, was developed
with the aim of collecting data that could be used to assess
current levels of waste generation, reasons for waste
generation and options available for minimizing and
utilizing farm level food waste. Food waste in this study
was defined as “food produced for human consumption, but
is not consumed by humans”. Earlier studies in the United
Kingdom and the United States of American have revealed
that around 36% and 33% respectively, of all fruits and
vegetables purchased end up as wastes [21, 22]. While
purchases made in Germany and Switzerland result in
wastes of around 43% and 40% respectively [23, 24]. From
a producer perspective, a number of causes can result in
fruit and vegetables ending up as waste. These causes
include poor produce quality, pest or disease damage,
cosmetic marks on produce, lack of labor to harvest, policy
or regulatory restrictions and unfavorable weather
conditions. A recent study in the United States of America
revealed that these causes resulted in production waste
levels of around 20% [25]. The main causes of concern to
produces (typically accounting for 50 to 60% of causes)
being poor produce quality, pest or disease damage
resulting in poor cosmetic appeal to consumers [6, 11]. The
present study collected data regarding farming methods
used, types of crops cultivated and produce sold at the
market. With the main objectives of the study being to: 1)
identify causes for not harvesting or selling fruits and
vegetables; 2) what is currently done with the food wastes;
3) possible methods for reducing food wastes, and 4)
methods for improving waste reduction and utilization
strategies.

2. Materials and Methods
The study was based on collecting primary data via a
specifically designed questionnaire that was answered by
fruit and vegetable producers located at various locations
around Western Australia. Fruit and vegetable producers
were contacted and surveyed through farmers’ markets and
producer (growers) associations across Western Australia.
The questionnaire was sent directly to fruit and vegetable
producers by email using an online survey link. An
advertisement for the survey questionnaire was also
published in the Western Australian grower’s magazine,
where growers were requested to follow the survey link to
participate. In addition, a walk in and hand-out of survey
questionnaires and personal interviews were also carried out
to gain maximum coverage and response. The survey was
also aimed at farmers’ markets that sell directly to
consumers, and farmers who sell directly to wholesalers
who ultimately sell the produce to retailers. Farmers’
markets were targeted because they are rapidly growing in
popularity as an alternative method for small producers to
sell their produce direct to consumers. Many consumers
around the state find farmers’ markets an attractive
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alternative way of purchasing fresh and locally produced
fruits and vegetables. Farmers’ markets operate throughout
the state, as far north as Carnarvon, as far south as Albany
and as far east as Esperance. Farmers’ markets can also be
found in the surrounding Perth suburbs. Farmers’ markets
have also proven popular with fruit and vegetable producers
because they provide the opportunity to diversify farm
income via higher profits, less handling & transport and
shorter storage times.
Studies by other researchers have found estimating fruit
and vegetable waste difficult and often results in
inconsistent data. As a consequence of this inconsistency
two main approaches have been developed and are
generally used to measure food wastage in food supply
chains. The first approach is to directly measure actual
wastage and the second approach uses questionnaires to
estimate the levels of wastage reported by respondents. The
problem with the first approach is that it assumes all
quantities are know from the start, and generally this is not
the case [26]. Historically, qualitative losses are much more
difficult to assess than quantitative losses [27]. For example,
failure of fruit and vegetable produce to meet specific
quality requirements results in reduced market values [25].
Quality management of fruits and vegetables in developed
countries like Australia is paramount, since any downgrade
of quality leads to less consumer appeal. In this study a
structured questionnaire based on the Investigative Survey
Research Approach (ISRA) was administered [28]. The
questionnaire enabled respondents to provide both
subjective and quantifiable information on various aspects
of crops harvested, produce sold and aspects of waste
management. The study also gave producers a range of
answer choices to assist them in completing the survey
questionnaire. To develop these various answer choices an
extensive literature review was carried out and particular
emphasis was placed on farming method, reasons for not
selling and possible future waste reduction and utilization
methods. The majority of questions had multiple choice
answers based on the literature reviews and respondents
were asked to rank their answer choice from 1 (most/best
reason) to 6 (least reason). All survey participants were
provided with an information letter that fully explained the
character of the questionnaire as required by human ethics
and confidentiality procedures by Murdoch University.

3. Data Administration and Analysis
The first stage of the survey was to contact and hand out
questionnaires to the growers’ at the 19 farmers markets
located around Western Australia. Some participants were
surveyed in person [51.1% (45)], while the remainder were
contacted by telephone [1.2% (1)], by email [14.8% (13)],
and via online survey link [32.9% (29)]. After a period of
26 weeks a total of 88 growers’ had participated in the
survey. The survey data was then classified into meaningful
categories and translated into excel spread sheet templates
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before the application of statistical parameters such as
frequency and percentage [29]. The Statistical Package for
the Social Sciences (SPSS) program (Version 21) was used
to analyze the data. Analysis identified three main themes: 1)
the distinction between produce received and produce waste;
2) reasons for waste generation and, 3) waste reduction and
waste utilization preferences. The software program Nvivo7
(QSR International, 2006), developed for qualitative text
analysis, was also used to analyze open-ended question
answers. Respondents were also requested to state their own
thoughts about waste generation, waste reduction and
utilization approaches in the „other‟ sections of the four
questions forming the second half of the questionnaire. The
responses in the „other‟ sections were analyzed by text
analysis software which has an element of subjective
judgment on how to attribute the response criteria to each of
the particular questions.

fruits and vegetables include stone fruits, mangoes,
watermelons, mushrooms and other smaller scale fruits,
herbs and vegetables are listed in Figure 3. In terms of land
usage, the majority of participants (55, equivalent to
62.50%) cultivated farm land ranging in area from 1 to 10
hectares. Larger areas, greater than 40 hectares, were
cultivated by 22.73% (20) of the participants and the
remaining participants (13, equivalent to 14.78%) cultivated
land ranging in area from 11 up to 40 hectares as seen in
Figure 4(a). While 53.41% (47) of participants surveyed
revealed that their harvested area was equivalent to 100% of
their cultivated area. Interestingly, 87.50% (77) of
participants reported their harvesting area was between 71
and 100% of their total cultivated area, while 12.5% (11)
reported their harvesting area was less than 60% of their
total cultivated area as seen in Figure 4(b).

4. Results and Discussions
The survey questionnaire consisted of two parts. The first
part examined the demography of the participants and
specific farming practices. While the second part of the
survey focused on options for minimization and utilization
of waste fruits and vegetables. The first portion of the
demography section requested information regarding farmer
gender, age and location of farming property within the
state of Western Australian. In terms of gender, 71.59% of
the 88 participants (63) were male and 28.41% (25) were
female as indicated in Figure 2(a). The age distribution of
participants revealed that the majority of participants (84%)
were between the ages of 35 and 64. While participants
under the age of 35 accounted for only 5.68% of the total
number of participants. While participants aged 65 and over
was estimated to be 10.23% of the total number of
participants as seen in Figure 2(c). The survey also revealed
that the vast majority of participants were located in the
more temperate southwest region of the state. With 37 of
the 88 participants located within the Perth metropolitan
area and only 6 participants located in the northwest of the
state (Carnarvon) as seen in Figure 1.
The second portion of the demography section requested
information on farming method used, major cultivated crop,
cultivation area per year, harvested area per year and
percentage of total produce sold at the market. This part of
the survey revealed that the majority of the participants (64,
equivalent to 72.41%) used conventional farming methods
and the remaining participants (24, equivalent to 27.59%)
practiced organic growing practices as presented
graphically in Figure 2(b). The production of high quality
produce occurs throughout Western Australia. Because of
the state’s large geographical expanse many fruits and
vegetables can be grown throughout the year. Major fruits
and vegetables produced include apples, baby leaf salads,
avocadoes, carrots, potatoes, onions and tomatoes. Other

Figure 2. (a) Gender of participants, (b) farming method used and (c)
age distribution of participants

Figure 3. Percentage breakdown of major fruits and vegetables produced
in Western Australia
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of their produce. The study also found that the amount of
produce sold in the market was not dependent on farming
method used.
The second part of the survey asked participants four
questions that focused on the reasons for food wastage and
options for waste minimization and utilization. The four
questions consisted of: 1) Reasons for not harvesting or
selling; 2) What was done with the waste; 3) Any comment
on how waste could be reduced, and 4) Any comments on
how waste could be better utilized. Participants were asked
to rank their choices from 1 (most/best reason) to 6 (least
reason). Thus, a lower ranked option indicated the preferred
option. In addition, participants were also encouraged to
add their own comments to each of the questions in their
respective “other” box.
In the first question of the second part, participants were
asked to select and rank 5 reasons for not harvesting or
selling their produce. The 5 reasons were: 1) Low price; 2)
Lack of storage; 3) Pest damage; 4) Weather damage, and 5)
Withdrawn from retailers. Analysis of participant responses
were ranked and are presented in Figure 5(a). The results
indicate that both pest damage and weather damage ranked
1.91 and 1.93 respectively and were the main reasons why
participants did not harvest or sell produce. This was
closely followed by low price which had a ranking of 2.49.
To a much lesser extent in the rankings was lack of storage
at 4.22 and withdrawn from retailers was ranked as 4.50.
Participant responses ranking the reasons for not harvesting
or selling did not show any dependence on the type of
farming method used. The greater concern for farmers was
damage caused by pest and weather damage. Responses
made in the “other” box also revealed there were two
additional and important concerns expressed by participants.
The first concern was over supply of produce in the market
place. The second concern involved the produce having
cosmetic defects (visual appearance) and not meeting
quality standards.

Figure 4. Levels of land cultivation, harvesting area and produce sold in
the market: a) Cultivated area per year; b) percentage of harvested area of
cultivated area, and c) total produce sold in the market

In terms of total produce sold in the market only 18.18%
(16) of participants were able to sell 100% of their total
produce. At the other extreme, only 10.23% (9) of
participants reported selling less than 60% of their total
produce as seen in Figure 4(c). Importantly, Figure 4(c)
reveals that the majority of participants (76, equivalent to
86.36%) were able to sell between 71 and 100% of their
produce. The result also indicates that for these participants
produce wastage levels can range between 0 to 30%.
Wastage levels were found to be much larger for 12
participants (equivalent to 13.64%) who sold less than 70%

Figure 5. (a) Reasons for not harvesting or selling and (b) What is done
with the waste
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In the second question of the second part, participants
were asked to select and rank the 6 methods of disposing of
food waste. The 6 disposal methods listed were: 1) Animal
feed; 2) Composting; 3) Donated; 4) Dumping; 5)
Incineration, and 6) Used in some other way. Analysis of
participant responses were ranked and the results presented
in Figure 5(b). The results indicate the preferred option with
a ranking of 1.82 was to use food waste as animal feed and
the least preferred option with a ranking of 5.37 was
incineration. While using the waste in some other way
ranked 2.23 and was closely followed by donation (2.37),
composting (2.48) and then dumping (2.74). The favorable
ranking of using food waste in some other way indicated
that producers were concerned about the amount of waste
and were looking for alternative uses for excess produce.
Responses made in the “other” box confirmed this with
many participants indicating that they used their unsold
produce to make soups, juices, cider, jams and sauces.
However, many participants also indicated that they
preferred to use their food wastes as green manure.
In the third question, participants were asked to select
and rank the 6 methods of reducing food waste. The 6 food
waste reduction methods listed in the question were: 1)
Revising regulations and standards on visual appearance for
fruit and vegetables sold in supermarkets; 2) Engaging
trained workers in agriculture to handle produce; 3)
Promoting more farmer markets to sell produce directly to
consumers; 4) Improving storage facilities, technology and
infrastructure to better connect farmers to markets; 5)
Government policy change to promote subsidies for
growers, and 6) other options. Analysis of participant
responses were ranked and the results presented in Figure
6(a). The results indicate the preferred option with a ranking
of 1.56 was to “revise regulations and standards on visual
appearance for fruit and vegetables sold in supermarkets”
and the least preferred option with a ranking of 3.49 was
“engaging trained workers in agriculture to handle produce”.
While “promoting more farmer markets to sell produce
directly to consumers” ranked 2.56 and was closely
followed by “government policy changes to promote
subsidies for growers” (2.94) and “improving storage
facilities, technology and infrastructure to better connect
farmers to markets” (3.00). Responses made in the “other”
box option revealed that the majority of participants
believed educating consumers and promoting the
consumption of produce with cosmetic defects (visual
appearance and quality standards) would greatly reduce
waste levels.
In the fourth question, participants were asked to select
and rank 6 methods that could be used to better utilize of
food waste. The 6 waste utilization methods listed in the
question were: 1) Use waste for bioenergy production
(electricity or gas); 2) To make value added compounds; 3)
To make fish/animal food; 4) More donations to food bank
and increasing tax deductions for food donations to charities;
5) Increase revenue from selling compost made from crop
scraps, and 6) other options. Participant responses were

analyzed, ranked and the results presented in Figure 6(b).
The results indicate the preferred options were “to make
value added compounds” with a ranking of 2.00 and “more
donations to food bank and increasing tax deductions for
food donations to charities” with a ranking of 2.06. This
was followed by “to make fish/animal food” (2.43),
“increase revenue from selling compost made from crop
scraps” (3.16) and finally “use waste for bioenergy
production (electricity or gas)” with a ranking of (3.27).
Responses made in the “other” box option also revealed
that many participants would like to see government
subsidies, funding and technical support to establish large
scale regionally based composting facilities. While others
participants were happy to give away unsold food and use
as animal feed.

Figure 6. (a) Methods to reduce food wastes and (b) Methods of utilizing
food waste better

The present study also found that the amount of produce
sold in the market was not dependent on farming method
used. However, concerns expressed by both farming groups
was related to their respective pest damage and weather
damage, which were the major reasons given for not
harvesting or selling produce. However, both groups also
expressed concerns regarding over supply, which resulted in
lower produce prices in the market. Furthermore, growers
tend to supply in spite of lower market prices and this also
contributes to greater amounts of waste. This situation also
indicates the need for better communication between all
parties regarding produce demand, since over supply often
results in lower prices and higher wastage levels. The study
also found that 86.36% of participants produce waste levels
ranging from 0 to 30%. With the remaining 13.64% of
participants generating much higher levels of wastage.
Currently, the preferred options for using unsold produce is
to use as animal feed, donation and value adding. Value
adding includes making soups, juices, cider, jams and
sauces for sale in the market. However, many participants
indicated they preferred to use their unsold food as green
manure. In terms of reducing food waste, the majority of
participants believed that revising visual appearance
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standards for produce and highlighting nutritional value was
importance. Many participants also believed educating
consumers and promoting the consumption of produce with
cosmetic defects (i.e. size and shape) would greatly reduce
waste levels. Thus, supplying fruits and vegetables under
appropriate visual and quality guidelines, in conjunction
with effective consumer education have the potential to
significantly reduce waste levels and improve profitability.
The survey also revealed a willingness of the participants to
look at alternative methods for waste utilization. For
example, both “to make value added compounds” and “to
make fish/animal food” ranked well. There was also a belief
that subsidies, government funding and technical support
could be used to establish large scale regionally based
composting facilities. This option has the potential to solve
many issues associated with waste disposal and also creates
an effective waste utilization route. However, further
studies would be needed to examine the economic viability
of this route.
The results obtained from the present survey are
generally similar to studies reported in both Europe and
Northern America [30]. However, these studies are from
extensive and there large knowledge gaps for various stages
in the fruit and vegetable supply chain. In particular, wastes
generated by producers is far from extensive and makes it
difficult to draw direct comparisons. The present survey
contributes to this important field of study, but it also
highlights the need for further research in this field.

Horticulture Innovation Australia Project Al14003 and
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Abstract: In today’s economic climate, businesses need to efficiently manage their finite resources
to maintain long-term sustainable growth, productivity, and profits. However, food loss produces
large unacceptable economic losses, environmental degradation, and impacts on humanity globally.
Its cost in Australia is estimated to be around AUS$8 billion each year, but knowledge of its extent
within the food value chain from farm to fork is very limited. The present study examines food loss
by wholesalers. A survey questionnaire was prepared and distributed; 35 wholesalers and processors
replied and their responses to 10 targeted questions on produce volumes, amounts handled, reasons
for food loss, and innovations applied or being considered to reduce and utilize food loss were
analyzed. Reported food loss was estimated to be 180 kg per week per primary wholesaler and 30 kg
per secondary wholesaler, or around 286 tonnes per year. Participants ranked “over supply” and
“no market demand” as the main causes for food loss. The study found that improving grading
guidelines has the potential to significantly reduce food loss levels and improve profit margins.
Keywords: food loss; sustainability; food supply chain; food security; loss management; productivity

1. Introduction
Food loss is a serious global problem that needs immediate action [1]. The loss begins at the farm
and continues throughout the food supply chain [2,3]. Fruits and vegetables are delicate products
that are subjected to a number of natural and physical sources of deterioration during the marketing
process that leads to food loss [4–10]. The high loss levels reported (typically ~35%) are serious threats
to food security and the long-term economic sustainability of the food supply chain for present and
future generations [1,11–13]. In addition, fruit and vegetable shortages resulting from loss can also
contribute to commodity price increases [14–16]. Furthermore, food loss has a negative environmental
impact on land usage, water resources, and the use of non-renewable resources such as fertilizer and
energy that are utilized to produce, process, handle, and transport the food [17]. Because of the impact
of food loss, government, industry, and community groups need to collaboratively work together
to achieve policy and cultural change towards the prevention of loss at all levels in the food supply
chain [18].
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Food supply chains are complex networks consisting of several stages that begin at the farm and
end on the proverbial plate of the consumer. Research into the various stages of a food supply chain
concerned with fruit and vegetable loss have focused on producers [5,13,16,19–21], retailers [22–27],
and consumers [19,28–31]. An often overlooked and rarely studied stage in the food supply chain is the
wholesale sector and, as a result, very little reliable data is available. According to Cadilhon et al. [32],
wholesale markets can be defined as physical places where supply chain actors (such as producers,
processors, retailers, grocers, caterers) come together to buy and sell products to other professionals.
Recently, Stenmarck et al. [33] discussed both retail and wholesale trade loss produced in several
Nordic countries (Denmark, Finland, Norway, and Sweden). However, their study was based on
a review of currently available literature and produced no new data quantifying the amounts of fruit
and vegetable loss in the respective Nordic countries. The study did indicate that food loss amounts
tended to vary depending on the individual characteristics of the respective retail and wholesale
sectors in each country. The study also highlighted the need for further research into establishing the
levels of loss in both the retail and wholesale sectors in the respective Nordic countries.
Like many other countries, the fruit and vegetable sector is an important component of the
Australian economy. In 2015, Australia’s fruit and vegetable production was estimated to be
5.77 million tonnes and valued at AUS $10.59 billion [34]. Most large Australian cities have wholesale
markets to distribute fresh fruits and vegetables to a variety of retailers who will in turn supply
smaller retail outlets in the surrounding regions [2]. The wholesale market investigated in the present
study is located at Canning Vale (south of the states’ capital, Perth, as shown in Figure 1) and plays
an important role in the Western Australian economy. The present study, for the first time, identifies
causes for and extent of food loss at the wholesaler stage for a major food value chain in the state of
Western Australia. An innovation of the study is its examination of several approaches that can be
applied to reduce and utilize food loss by wholesalers. Among the wholesalers, 53% were primary
wholesalers (buy produce directly from growers) and 47% were secondary wholesalers (buy produce
in bulk from primary wholesalers and supply to the local retail market, caterers, and customers
with specific requirements). The study consisted of a ten-question survey that was distributed to
all wholesalers, and their responses were recorded. The questions were designed to: (1) determine
quantity of produce (fruits and vegetables) received and supplied; (2) estimate the level of fruit
and vegetable loss; (3) quantify the ratio between supply and loss; (4) identify the key reasons for
loss generation; and (5) identify loss reduction and innovations currently being applied or under
consideration for future food loss reduction and utilization strategies.
2. Materials and Methods
2.1. Survey Methods and Questionnaires
The study collected primary data via a structured questionnaire aimed at businesses that receive
and sell fresh fruits and vegetables at Market City Canning Vale, Perth, Western Australia. The market
facility consisted of refrigerated warehouses throughout, including packaging and a number of open
display areas, as seen in Figure 1b,c. Produce handled was largely domestically sourced (94%), with
a small volume of imported crops (6%). Research in this field has shown that estimating the levels
of fruit and vegetable loss is often difficult and in many cases not reliable. Historically, two main
approaches have been used to measure food loss. The first approach actually measures what has been
lost, but this implies knowledge of what was present at the outset and this is usually not the case [35].
The second approach uses an Investigative Survey Research Approach (ISRA) to elicit loss estimates
from those involved in the food supply chain [36]. In the second approach, a structured questionnaire
enables the collection of various information from respondents [37]. The questionnaire used in this
study considered: (1) produce sold; (2) the amount of received produce in a week; and (3) the amount
of produce loss per week. In addition, to assist wholesalers, all questions had multiple answer choices
based on an extensive background literature review. Respondents were asked to choose the “most” or
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A total of 55 businesses were contacted and invited to take part in the present survey questionnaire.
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3.2. Relationship between Received Produce and Loss Level with Respect to Business Type
Three main business categories were considered in this study, namely primary wholesaler,
secondary wholesaler, and processor. The reported tonnages indicated that around 75% of primary
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Table 1 characterizes the association between received fresh produce and levels of loss
generated each week by the various businesses surveyed. Only one business (2.86% of total
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of the
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21produce.
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or
handling
between
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In theofcase
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25% (two)
17.14% of total participants surveyed), three (50.00% of the six businesses) generated no loss, while
received more than 100 tonnes and four reported receiving between 41 and 100 tonnes of produce each
one (16.67% of the six businesses) reported loss levels greater than 180 kg each week. Among

3.2. Relationship between Received Produce and Loss Level with Respect to Business Type

week. The four processors received between 1 and 100 tonnes of fresh fruits and vegetables each week.
Losses were also reported by each of the respective businesses. For primary wholesalers, six businesses
(54.55%) reported a weekly loss greater than 180 kg, while eight businesses reported losses between
1 and 180 kg each week. The remaining four primary wholesalers reported “nothing lost” each week.
For secondary wholesalers, four businesses (36.36%) reported generating more than 180 kg of food
loss each week, four businesses reported losses ranging from 1 to 180 kg, and five businesses (55.56%)
reported “nothing lost” each week. For processors, three businesses reported losses between 1 and
180 kg and one business (9%) reported a loss above 180 kg. Further analysis of loss reporting was
carried out using a log-linear model that used the “Processors” as the reference level. The model was
also used to verify the significance of loss levels by each respective business in the three categories
surveyed. The modelling revealed no statistically significant differences in loss levels between the
processors and the secondary wholesalers (p-value = 0.81) and between the processors and primary
wholesalers (p-value = 0.56).
Table 1 characterizes the association between received fresh produce and levels of loss generated
each week by the various businesses surveyed. Only one business (2.86% of total participants)
received between 501 and 1000 kg of fresh produce each week and reported no loss. For businesses
receiving between 1 and 20 tonnes of fresh produce each week (nine in total, or 25.71% of total
participants surveyed), three (33.33% of the nine businesses) produced no loss, while two (22.22% of
the nine businesses) reported generating loss levels greater than 180 kg each week. Among businesses
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Overall, from the information reported by the 35 participants, it was possible to estimate average
of produce received and showed that there were no statistically significant associations between the
loss levels for primary and secondary wholesalers. Average fruit and vegetable loss for primary
reported loss levels and the independent variables at p = 0.05. Overall, from the information reported
wholesalers was estimated to be around 180 kg per week and 30 kg per week for secondary
by the 35 participants, it was possible to estimate average loss levels for primary and secondary
wholesalers. Based on the reported fruit and vegetable losses, the annual loss was estimated to be
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Table 1. Relationship between received fresh fruits and vegetables and weekly loss levels reported by
Fruits and Vegetables Removed Due to Loss (kg)
Produce
Total
participants
at No
theLoss
Canning1–30
Vale Wholesale
Western121–150
Australia.
Received
31–60 Market,
61–90 Perth
91–120
151–180
>180
0
0
0
0
0
and Vegetables
Removed
Due to Loss(0.00%)
(kg)
(0.00%) Fruits
(0.00%)
(0.00%)
(0.00%)
No Loss
1–30 2
31–600
61–901
91–120
121–150
1
0
1–20 tonnes
3 (33.33%)
(22.22%) 0 (0.00%)
(0.00%) 0 (0.00%)
(11.11%) 0 (11.11%)
501–1000 kg
1 (100.00%) z
0 (0.00%)
(0.00%)
0 (0.00%)
(0.00%)
1
0
1
0
0
1–20
tonnes
0 (0.00%)
1 (11.11%)
1 (11.11%)
0 (0.00%)
21–40
tonnes 3 (33.33%)
3 (50.00%) 2 (22.22%)
(16.67%)
(0.00%)
(16.67%)
(0.00%)
(0.00%)
21–40 tonnes
3 (50.00%)
1 (16.67%)
0 (0.00%)
1 (16.67%)
0 (0.00%)
0 (0.00%)
2
1
1
0
1
41–100
tonnes 2 (18.18%)
2 (18.18%) 2 (18.18%)
41–100
tonnes
1 (9.09%)
1 (9.09%)
0 (0.00%)
1 (9.09%)
(18.18%)
(9.09%)
(9.09%)
(0.00%)
(9.09%)
>100 tonnes
0 (0.00%)
1 (12.50%)
0 (0.00%)
0 (0.00%)
1 (12.50%)
1 (12.50%)
1
0
0
1
1
>100 tonnes
0 (0.00%)
Participants
9
6
1
3
2
2
(12.50%)
(0.00%)
(0.00%)
(12.50%)
(12.50%)
Participants
9
6 z Values in1 parentheses
3 are % of 2total received.
2
501–1000 kg

Produce
Received

1
(100.00%)z

z

0
(0.00%)
151–180
0
0(0.00%)
(0.00%)
0
0 (0.00%)
(0.00%)
0 (0.00%)
0
0 (0.00%)
(0.00%)
1 (12.50%)
1
1
(12.50%)
1

0
(0.00%)
>180
2
(22.22%)
0 (0.00%)
1
2 (22.22%)
(16.67%)
1 (16.67%)
4
4 (36.36%)
(36.36%)
4 (50.00%)
4
11
(50.00%)
11

1 (2.86%)
Total

9
(25.71%)
1 (2.86%)
6
9 (25.71%)
(17.14%)
6 (17.14%)
11
11 (31.43%)
(31.43%)
8 (22.86%)
8
35
(22.86%)
35

Values in parentheses are % of total received.
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Participants were asked to rank “reasons for loss” from four loss categories, with the most
Participants were asked to rank “reasons for loss” from four loss categories, with the most
applicable (rank 1) to least applicable (rank 5). The four categories included: (1) low market price;
applicable (rank 1) to least applicable (rank 5). The four categories included: 1) low market price; 2)
(2) no
market demand; (3) over supply; and (4) high/low temperature damage. Participants reported
no market demand; 3) over supply, and 4) high/low temperature damage. Participants reported
“over
supply”
(rank
1.56)1.56)
and and
“low“low
market
price”
(rank(rank
2.65) 2.65)
as theasmost
reasons,
“over
supply”
(rank
market
price”
the and
mostleast
andapplicable
least applicable
respectively,
for
fruit
and
vegetable
loss
each
week
(Figure
4).
Comments
made
in
an
“other”
box
reasons, respectively, for fruit and vegetable loss each week (Figure 4). Comments made in
anfor
this“other”
sectionbox
in the
questionnaire
indicated
participants
thought
poor thought
productpoor
quality
was quality
the main
for this
section in the
questionnaire
indicated
participants
product
factor
the level
of loss.the level of loss.
wasinfluencing
the main factor
influencing

Figure
4. Food
loss
generationcategories
categoriesand
andmean
mean rankings
rankings produced
responses.
Figure
4. Food
loss
generation
producedfrom
fromparticipant
participant
responses.
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for lossfor
reduction,
and then comment
loss reduction
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for loss of
methods
for loss
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(1) Revising
visual
appearance
standards
for fruits
and vegetables
standards
for fruits
and vegetables
at supermarket;
reduction
were:reduction
(1) Revising
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appearance
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(2)
Improving
storage
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technology,
and
infrastructure
to
better to
connect
(2) Improving storage facilities, technology, and infrastructure to better connect wholesalers
the
wholesalers
to
the
market;
(3)
Engaging
trained
workers
in
wholesale
to
handle
fresh
produce;
market; (3) Engaging trained workers in wholesale to handle fresh produce; (4) Promoting more
(4) grower
Promoting
more
markets
to sell
produce
directly
consumers;
and (5)policy
Changing
markets
to grower
sell produce
directly
to the
consumers;
and,to(5)the
Changing
government
to
government
policy tofor
promote
subsidies
wholesalers
and processors.
The“Improving
businessesstorage
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promote subsidies
wholesalers
and for
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and infrastructure”
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(Figure
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andmarkets”
“Revisingand
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appearance
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5). Interestingly,
grower
“Revising
visual
standards”
produced
p‐values
of
0.021,
while
“Improving
storage
facilities,
technology
and
appearance standards” produced p-values of 0.021, while “Improving storage facilities, technology
and
“Promoting
more
grower
markets”
gavegave
p‐values
of 0.004.
Participants
were also
andinfrastructure”
infrastructure”
and
“Promoting
more
grower
markets”
p-values
of 0.004.
Participants
were
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to
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their
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on
loss
reduction
strategies
to
the
questionnaire
in
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“other”
box.
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However, very few participants (11) responded and those that did respond reported that if all
box. However, very few participants (11) responded and those that did respond reported that if all
stakeholders accepted and implemented quality standards there would be much lower levels of loss
stakeholders accepted and implemented quality standards there would be much lower levels of loss at
at the wholesale stage.
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In the
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LossLoss
utilization
methods
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(1) Use (1)
for bio-energy
utilization
strategies.
utilization
methods
were assigned
five categories:
Use for
production;
(2)production;
To make value-added
To make fish/animal
food;
(4) Morefood;
donations
bio‐energy
(2) To makecompounds;
value‐added(3)
compounds;
(3) To make
fish/animal
(4)
Morebank
donations
to food bank
increasing
deduction
forto
food
donations
(5)
to food
and increasing
taxand
deduction
for tax
food
donations
charities;
andto(5)charities;
Increaseand
revenue
Increase
from
selling
compost
made from
The
rank valuesfrom
determined
from the
from
sellingrevenue
compost
made
from
crop scraps.
Thecrop
rankscraps.
values
determined
the reported
date
reported
date
for
the
five
loss
utilization
categories
were
1.17
for
“More
donations
to
food
bank
and
for the five loss utilization categories were 1.17 for “More donations to food bank and increasing tax
increasing
deduction
for to
food
donations2.58
to charities”,
2.58 for
“To make food”,
fish/animal
food”,
2.94
deduction
fortax
food
donations
charities”,
for “To make
fish/animal
2.94 for
“Increase
for
“Increase
revenue
from
selling
compost
made
from
crop
scraps”,
3.00
for
“To
make
value‐added
revenue from selling compost made from crop scraps”, 3.00 for “To make value-added compounds”,
for “Use for bio‐energy production” (Figure 6). Participants were also asked
andcompounds”,
4.15 for “Useand
for 4.15
bio-energy
production” (Figure 6). Participants were also asked to add their own
to add their own comments to the questionnaire in the “other” box stating their views on food loss
comments to the questionnaire in the “other” box stating their views on food loss utilization strategies.
utilization strategies. Participants expressed the view that “More donations to food bank and
Participants expressed the view that “More donations to food bank and increasing tax deduction for
increasing tax deduction for food donations to charities” was the preferred food loss utilization
food donations to charities” was the preferred food loss utilization strategy.
strategy.
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Another interesting item reported by participants was the relationship between loss levels and
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The reported
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a
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twice received
a week. Analysis
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theamount
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delivery
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of food loss
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The volume of fruit and vegetable loss resulted from the relationship between the amounts of
produce
received,
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of the produce,
and market
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that influenced
the the
amount
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The volume
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and vegetable
loss resulted
from the
relationship
between
amounts
produce received,
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wholesale
marketing of
fresh
fruits of
of produce
the quality
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produce,
and market
forces
that influenced
the
amount
and vegetables
in Australia.
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lossdata
audits
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takewholesale
place in Australia,
theofrespective
produce
sold. Currently,
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very little
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marketing
fresh fruits
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loss
auditsconflicting
regularlydata
take[45].
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the respective
and,
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a
result,
comparative
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fruit
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audit sources are often inconsistent and present conflicting data [45]. This makes analysis difficult
and,
vegetable
loss
levels
not
previously
reported
for
wholesale
markets
in
Australia.
Food
loss
levels
can
as a result, comparative studies are not performed. The present study has identified fruit and vegetable
be derived from both qualitative and quantitative auditing at each stage in the wholesale marketing
loss levels not previously reported for wholesale markets in Australia. Food loss levels can be derived
of fruits and vegetables. These types of losses within a food supply chain can be difficult to
from both qualitative and quantitative auditing at each stage in the wholesale marketing of fruits
determine [16,38]. Generally, losses associated with quality are usually identified by a decrease in
and vegetables. These types of losses within a food supply chain can be difficult to determine [16,38].
the market value of the produce [40,41]. For example, fruits or vegetables with some visual
Generally, losses associated with quality are usually identified by a decrease in the market value of
imperfections or that are misshapen, despite having similar taste and nutritional value, will not
the attract
produce
[40,41].and
Forwill
example,
some
visual
imperfections
that are
customers
remain fruits
unsold.orInvegetables
the presentwith
study,
loss was
defined
as the totalor
amount
misshapen,
despite
having
similar
taste
and
nutritional
value,
will
not
attract
customers
and
will
of unsold produce going to loss each week. The survey contacted 55 businesses, but 20 declined,
remain
unsold.
In the
present study,
definedthat
as the
total amount
of unsold
going to
citing
business
confidentiality.
Theloss
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businesses
participated
in the
survey produce
were generally
lossinterested
each week.
survey
contacted
55 businesses,
but 20 declined, citing business confidentiality.
andThe
were
conservative
in reporting
loss levels.
The 35 businesses
participated
in thethat
survey
were
generally interested
and were
conservative
Analysis ofthat
reported
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25.71%
of participants
received between
1 and
20 tonnes in
reporting
levels.each week. Larger tonnages ranging from 21 to 40 tonnes were reported by 17.14%
of freshloss
produce
ofAnalysis
participants,
while 31.43%
receivedthat
between
41 of
and
100 tonnesreceived
and 22.86%
received
more
of reported
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25.71%
participants
between
1 and
20 than
tonnes
100
tonnes
of
fresh
produces
each
week.
Interestingly,
the
survey
also
revealed
that
around
half
of
of fresh produce each week. Larger tonnages ranging from 21 to 40 tonnes were reported by 17.14%
the
businesses
(54.29%)
receive
more
than
41
tonnes
of
produce
each
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indicating
larger
and
of participants, while 31.43% received between 41 and 100 tonnes and 22.86% received more than
equally
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business
at the
market,
as of
100 smaller
tonnes wholesalers/processors
of fresh produces eachwere
week.
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the of
survey
alsocomposition
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around
half
seen
in
Figure
3a.
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Table
1
summarized
received
fresh
produce
tonnages
of
and
the
weekly
the businesses (54.29%) receive more than 41 tonnes of produce each week, indicating larger and
breakdown of loss levels produced by each respective participant. Moreover, only 31.4% of
smaller
wholesalers/processors were equally split in terms of business composition at the market,
participants reported producing more than 180 kg of loss each week and, surprisingly, 25.71% of
as seen in Figure 3a. Similarly, Table 1 summarized received fresh produce tonnages of and the
participants reported producing no food loss, as presented in Figure 3b. Estimation of average
weekly breakdown of loss levels produced by each respective participant. Moreover, only 31.4% of
weekly loss revealed that primary wholesalers produced 180 kg and secondary wholesalers
participants reported producing more than 180 kg of loss each week and, surprisingly, 25.71% of
generated 30 kg. Based on the data, this would yield 286 tonnes of food loss each year by the 35
participants
reported producing no food loss, as presented in Figure 3b. Estimation of average weekly
participants operating at the market.
loss revealed
that primary
wholesalers
produced
kgof
and
secondary
wholesalers
generatedand
30 kg.
Literature
in the field
has indicated
a wide 180
range
factors
that result
in loss generation,
Based
on
the
data,
this
would
yield
286
tonnes
of
food
loss
each
year
by
the
35
participants
operating
many of these factors vary between developed countries, and between developed and developing
at the
market.[46–48]. The present study also identified major factors contributing to food loss
countries

Literature in the field has indicated a wide range of factors that result in loss generation,
and many of these factors vary between developed countries, and between developed and developing
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countries [46–48]. The present study also identified major factors contributing to food loss generation.
The participants taking part in the present study were all experienced operators in the local West
Australian market place and were aware of the causes behind loss generation. The questionnaire
revealed that participants ranked “over supply” and “no market demand” as the main factors
contributing to loss generation. Participants were also encouraged to add their own comments
in the “other” section of the questionnaire and by follow-up conversations. Follow-up conversations
tended to target and blame growers for not following proper growing practices and guidelines. Thus,
a large proportion of produce reaching the market was not premium quality and could not be ranked
as Grade 1 produce. However, from the growers’ perspective, there was a need to harvest and deliver
to meet prospective market demand. Thus, the need to meet potential market demand often meant
immature produce may be harvested, adding to larger levels of loss. These losses resulted from
immature fruit becoming moldy or decaying, leading to shorter shelf lives. For example, a number
of participants commented that, if growers strictly followed grading and packaging guidelines for
cherry tomatoes, loss levels could be dramatically reduced. Importantly, most participants reported
that visual appearance should not be the only parameter used in grading and more importance should
be given to the nutritional value of the produce.
Furthermore, although estimating loss generation by wholesalers was the aim of the study,
there was a contributing factor to loss resulting from poor quality produce arriving at the market.
This outcome suggests that further research is needed to fully examine the levels of immature and
poor quality produce being delivered, and this contribution to food loss in the market. In terms
of loss utilization, participants preferred option was “More donations to food bank and increasing
tax deduction for food donations to charities” followed by “To make fish/animal food” (Figure 6).
This reported preference is important for policy makers and the private sector, since it indicated
that increasing tax deductions for donations to food bank was the preferred option of wholesalers.
Alternative strategies that involve further processing of food loss were not well-received by wholesalers,
as they did not believe “To make value-added compounds” and “Use for bio-energy production” were
effective loss utilization strategies.
5. Conclusions
Average weekly fruit and vegetable losses reported by primary wholesalers was estimated to be
180 kg, with 30 kg of loss generated by secondary wholesalers/processers. This equated to around
286 tonnes of fruit and vegetable loss annually by the participants. Causes for food loss generation
were identified, and preferred options for loss utilization strategies recommended by participants
were examined and discussed. Wholesalers reported a number of important issues affecting loss that
included: (1) Over supply and poor market demand; (2) Lack of adherence to proper growing practices
and guidelines for producing high quality produce, with a tendency to harvest regardless of market
demand by growers; (3) The need to improve infrastructure and promote better business practices
to reduce loss levels; and (4) Revising visual appearance standards for produce and highlighting
the importance of nutritional value to increase sales. From the grower’s perspective, being able to
deliver the right crop with high quality, in the right quantity at the right time to meet prevailing
market demand, is difficult. Moreover, forecasting future demand is influenced by many factors,
and market volatility exacerbates the difficulty. Thus, balancing supply and market demand will
have an impact on food loss levels. The current imbalance could be alleviated by more effective
on-line based market information being made available to all stakeholders. Furthermore, an increased
supply of higher quality produce resulting from improved grading guidelines has the potential to
significantly reduce food loss levels and improve profit margins. However, the size of the sampling
pool used in this study was small and only enlisted 64% of wholesale businesses operating at the
market. The number of non-participating wholesalers (36%) does influence the statistical significance
of the findings. Nonetheless, considering the highly competitive nature of wholesalers and their
general reluctance to reveal any businesses related information, the 64% participation was considered
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a good outcome. Thus, by addressing the reported food loss and possible loss utilization strategies
discussed in this study, it should be possible to reduce loss levels and promote a more profitable
business environment for all stakeholders.
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4.3. Chapter Summary
Chapter 4 addressed the second aim of the research project, namely, make qualitative and
quantitative assessments of fruit and vegetable wastage produced by Western Australian
growers and wholesalers operating at Market City Canning Vale, Perth. During the
process of addressing aim 2, the research made significant advances in knowledge.
Chapter 4, through the two case studies, for the first time identified the levels of food
waste produced by Western Australian fruit and vegetable growers and wholesalers. Case
study 1 (Food Waste Generated by Western Australian Fruit and Vegetable Producers)
found pest damage and weather damage were the main reasons for not harvesting or not
selling produce. Furthermore, the study found wastage levels were as high as 30%. While
case study 2 (Horticultural loss generated by Wholesalers) found that participants rated
“over supply” and “no market demand” as the main causes for waste generation. Both
case studies identified food waste could be reduced by more effective on-line based
marketing information. These studies also found improving grading guidelines could also
significantly reduce waste levels. From the waste valorisation perspective, the results of
both case studies also revealed the level of fruit and vegetable waste generated in Western
Australia. From this data, a major food waste (carrot - Daucus carota) was identified and
selected for the waste valorisation strategy presented in Chapter 5.
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Chapter 5 – Food Waste Valorisation Strategy - Green Synthesis of
Silver Nanoparticles using Daucus carota (carrot) waste
5.1. Overview and author contributions
Research undertaken in chapter five not only advances knowledge in this new and
emerging field, but also demonstrates a “proof of concept” for a promising waste
valorisation strategy. Chapter five addresses the third aim of the thesis, namely, develop
a new and innovative waste valorisation strategy that produces high-value metal
nanoparticles that have the potential to be used in new pharmaceuticals and antibiotic
medications. Successfully completing aim three was accomplished by undertaking case
study three. Case study three demonstrated the “proof of concept” for the promising
waste valorisation strategy by generating Ag nanoparticles using a major food waste.
From the earlier case studies presented in chapter four, a major food waste, carrot (Daucus
carota), was identified and selected as the candidate for the case study. The previous case
studies had identified Western Australia as the largest producer of carrots in Australia
(89,674 tonnes per year), but market factors such as incorrect size, quality and oversupply
resulted in extremely large amounts of waste. From an Australian national perspective,
around 31% or 93,000 tonnes of carrot are wasted each year. Thus, waste carrot (Daucus
carota) was selected as a candidate for investigating the utilisation of plant-based food
wastes for producing high-value metal nanoparticles. In addition, silver nitrate was used
as the precursor source of metallic Ag ions. The synthesis of Ag nanoparticles using green
chemistry-based principles was considered a good “proof of concept” since high value
Ag nanoparticles can be used in pharmaceuticals and new antibiotic medications. Case
study three demonstrated that carrot (Daucus carota) extract could be used to reduce
aqueous silver ions to form Ag nanoparticles. The nanoparticles were subsequently
characterised using techniques like UV-visible spectroscopy, X-ray diffraction and
transmission electron microscopy. While high-performance liquid chromatography and
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Fourier transform infrared spectroscopy were used to investigate the phytochemicals
responsible for reducing the aqueous silver ions and capping the generated Ag
nanoparticles.

5.2. Publication currently under review

Case Study 3

Purabi R. Ghosh, Derek Fawcett, M. Platten, Shashi B. Sharma and Gerrard E. J. Poinern
"Sustainable green chemical synthesis of silver nanoparticles using renewable Daucus
carota extracts under the influence of PVP-polyvinylpyrrolidone".

Submitted to the MDPI Journal of Materials and is currently under review.
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Abstract: The disposal of large and ever increasing amounts of food waste is not only a significant
financial loss, but it also creates a very large detrimental impact on the environment. In recent years
significant research interest has focused on developing waste valorisation strategies using new
green chemistry-based sustainable processes. The present study uses a facile synthesis process to
reduce aqueous silver ions to form silver nanoparticles via an aqueous carrot (Daucus carota) extract.
Also investigated was the influence of polyvinylpyrrolidone during the synthesis process. UVvisible spectroscopy revealed a surface plasmon resonance peak of 412 nm, while X-ray diffraction
analysis confirmed the presence of crystalline silver. Both high-performance liquid chromatography
and Fourier transform infrared spectroscopy revealed the presence of ascorbic acid in the extracts,
which was believed to be responsible for reducing the aqueous silver ions and contributing to the
capping of the silver nanoparticles. Transmission electron microscopy studies revealed the silver
nanoparticles were spherical and pseudo-spherical in shape, and range in size from 2 to 25 nm.
However, the presence of polyvinylpyrrolidone in the synthesis process promoted the growth of
several nanoparticle shapes.
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1. Introduction
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Humanity faces many challenges today that will increase in severity in the future. Challenges
like climate change, diminishing natural resources and an increasing global population that will
continue to cause serious adverse impacts on both humanity and the environment. The imperative
need to intensify food production levels to meet the needs of an ever-increasing global population
will also create large and ever-growing amounts of food waste. Therefore, recent research efforts have
focused on developing sustainable and eco-friendly waste valorisation strategies. Food wastes are a
renewable resource of organic materials that have the potential to be converted into a variety of valueadded products such as bioactive compounds, biofuels and pharmaceuticals [1]. In this context,
sustainable green chemistry-based techniques for the synthesis of biologically compatible metal
nanoparticles from renewable food waste sources has attracted considerable scientific interest in
recent years for several biomedical applications [2-4]. Metal nanoparticles are widely used in a variety
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of applications due to their unique and remarkable physical, chemical, and biological properties,
which are derived from their size, shape and surface reactivity [5]. In particular, silver (Ag)
nanoparticles have attracted significant interest due to their antimicrobial, antioxidant and antiinflammatory properties, which has resulted in their incorporation into several pharmaceutical
preparations [6, 7].
Importantly, the emergence of antibiotic-resistant human pathogens and their increasing ability
to overcome the potency of currently available antibiotics is one of the most serious health threats to
humanity today [8-10]. Importantly, the failure of antibiotic treatments can lead to patients
experiencing delayed recovery, therapy failure and even loss of life. The development of antibiotics
started in the late 1930’s, and since then antibiotics have been successfully used as therapeutic agents
for the treatment of numerous illnesses and diseases that would of otherwise killed millions of people
worldwide. Unfortunately, the number of antibiotic-resistant bacterial pathogens are steadily
increasing. While the growth of new antibiotic products has steadily declined in recent years. The
natural evolution of new antibiotic-resistant bacterial pathogens allows them grow and multiply in
the presence of therapeutic levels of commonly used antibiotics. The resistance is believed to come
from genetic mutation or obtaining resistance from other bacterium [11]. Therefore to overcome
constantly evolving bacterial pathogens, new antibacterial materials are needed for the development
of new antibiotic pharmaceutical products [12, 13]. Several studies have shown that Ag nanoparticles
are powerful antimicrobial agents against a number of human bacterial pathogens [14]. Particle size,
shape and surface reactivity are considered to be the parameters that promote interactions between
nanoparticles and bacterial pathogens. The resulting interactions cause cell membrane damage,
inhibit cell functions and impair the function of cellular nucleic acids [6].
Metal nanoparticle manufacture has traditionally used physical and chemical processes that use
hazardous and toxic processing materials that can result in environmental pollution, cytotoxicity and
carcinogenicity [15]. These processing materials consist of surfactants that act as sculpturing agents,
which direct and regulate nanoparticle formation. While other chemicals act as capping agents that
stabilize the newly formed nanoparticles and prevent their clustering. Nanoparticle toxicity can arise
from surface contaminants being deposited during synthesis [16]. The toxicity issues are further
exacerbated by the nanoparticles high surface energy, which causes nearby atoms and molecules in
biological or environmental settings to coat and change the nanoparticles surface properties [17, 18].
Thus, health and environmental issues associated with the use of hazardous processing materials and
methods has resulted in research focusing on developing new non-toxic and eco-friendly
manufacturing approaches. The search for alternative eco-friendly manufacturing processes is of
particular importance, since in recent years Ag nanoparticles have been investigated for a variety of
biomedical and pharmaceutical applications. Thus, there is a demand for utilising renewable nontoxic and environmentally benign sources of chemicals and solvents for the manufacture of Ag
nanoparticles for biomedical and pharmaceutical applications.
In recent years horticultural-based food wastes, particularly fruits and vegetables were
identified as a large source of renewable chemical compounds that could be used by both chemical
and pharmaceutical industries to produce high-value products [19]. In general, horticultural-based
food wastes contain a diverse range of biomolecules such as alkaloids, amino acids, enzymes,
phenolics, proteins, polysaccharides, saponins, tannins, terpinoids and vitamins. These biomolecules
have the potential to assist in the nucleation and formation of stable metal nanoparticles [20]. The
Australian agricultural sector plays an important part of the Australian economy and generates
around AUS $230 billion dollars annually [21]. Horticulture (Fruits and vegetables) forms the third
largest part of the Australian agricultural sector and generates around AUS $9.0 billion dollars
annually [22]. However, associated with the high production levels are also large food losses that are
typically between 30 and 40%. Food waste or losses result from produce not meeting visual and
quality guidelines specified by the retail sector and consumers. For example, the Australian state of
Tasmania reported ploughing around 150 tonnes of healthy carrots (Daucus carota) back into the
ground each year. This loss results from retailers not accepting the produce on the basis it did not
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conform to specified visual and quality guidelines, i.e. the carrots were too large to bag and sell, hence
no commercial value [23].
Hence, the high levels of carrot wastage make it an ideal candidate for a waste valorisation
strategy such as the green synthesis of Ag nanoparticles. Using Daucus carota extracts not only avoids
coating the nanoparticles particles with harmful chemicals and solvents, but could also generate a
synergistic effect produced by the chemical constituents present in the extracts. Carrots are a rich and
valuable source of chemical constituents, nutrients and functional compounds. Their chemical
composition varies between different varieties of carrot. Generally, the moisture content of carrots
can vary between 85 and 89% [24, 25], carbohydrate content can differ between 6 and 11% [c3, c4],
sugars vary between 3 and 5% [26, 27], and similar variations in fibre, acids and minerals such as Ca,
Fe, K, and Zn have also been reported [28, 29]. Typical acids reported include caffeic acid, folic acid,
glutamic acid, glycolic acid and succinic acid [30, 31]. Also present is carotenoids, thiamin, riboflavin,
niacin and vitamin C [32] and anthocyanins [33]. Two major compound groups found in carrots are
carotenoids and phenolics [34-36]. Studies have shown these compounds have significant health
promoting antioxidant properties [37, 38]. In particular, carotenoids such as β-carotene can act as free
radical-trapping agents, with the ability to also act as quenching agents for single oxygen species.
Thus, these compounds have the potential to provide a protective effect against a number of health
issues in humans such as atherosclerosis and macular pigment degradation [39-41]. Even phenolic
compounds, which have no nutritional value in humans, have been found to have antioxidant
properties capable of promoting good health.
In the present work, a facile and green chemistry-based method was used to biologically
synthesise Ag nanoparticles using carrot (Daucus carota) extracts at room temperature. It also
demonstrates that a major food waste can be used to produce high-value Ag nanoparticles. There
have only being a few studies investigating the use of carrot extracts to produce Ag nanoparticles
and these have not fully investigated the synthesis or the resulting antimicrobial properties of the
generated nanoparticles. For instance, an earlier study by Abubakar et al. were able to produce
spherical Ag nanoparticles ranging in size from 4 to 12 nm, but did not identify the biomolecules
responsible for generating the nanoparticles. In addition, their study also did not investigate the
antimicrobial properties of the Ag nanoparticles generated [42]. Furthermore, a study by Umadevi et
al. using Daucus carota extracts were also able to produced spherical Ag nanoparticles with a mean
particle diameter of 20 nm. However, the study revealed the generated Ag nanoparticles were highly
agglomerated and were probably reduced by ascorbic acid. But their study did not investigate the
antimicrobial properties of the resulting Ag nanoparticles [43]. The innovation of the present work is
that it uses polyvinylpyrrolidone (PVP) as a modelling agent to promote growth along specific crystal
faces to produce a variety of particles shapes. Earlier works mentioned above have only produced
spherical nanoparticles. In addition, the stabilising effect of PVP during the synthesis process has also
produced discrete, well dispersed nanoparticles. This is a significant improvement in the synthesis
process, since many earlier studies have only produced agglomerated Ag nanoparticles. The discrete,
well dispersed Ag nanoparticles produced in the present work characterised using UV–visible
spectroscopy, X-ray diffraction (XRD) spectroscopy, High-performance liquid chromatographic
(HPLC), Fourier transform infrared spectroscopy (FT-IR) and transmission electron microscopy
(TEM) to determine particle size, morphology, composition and the role of different functional
groups present in the in the respective reaction mixtures. And unlike earlier studies involving carrot
extracts, the present work evaluates the antimicrobial properties of the generated Ag nanoparticles
against two human pathogens Escherichia coli and Staphylococcus Epidermidis using the sensitivity
method of Kirby and Bauer [44].
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2. Materials and Methods

142
143
144
145

2.1. Materials
Fresh and healthy carrots (Daucus carota) were purchased from a local supermarket in Perth,
Western Australia. All chemicals used in this work were supplied by Sigma-Aldrich (Castle Hill,
NSW Australia) and used without further purification. All aqueous used in this investigation were
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generated from Milli-Q® water produced by a Ultrapure Water System (D11931 Barnstead, 18.3 MΩ
cm-1) supplied by Thermo Scientific.
2.2. Methods
2.2.1. Preparation of carrot extract
Several fresh and health carrots were randomly selected from a representative sample of the
purchased produce. The leafy green tops were removed and the outer layer of the carrot stems were
scrapped, scrubbed and washed several times with Milli-Q® water to remove surface contaminants.
After cleaning, 100 g of stems were chopped into small pieces and crushed in a standard domestic
mixer with 200 ml Milli-Q® water (Mass Ratio 1:2). The aqueous mixture was then poured into the
blending bowl of an IKA® T25 Digital Ultra-Turrax® Homogenizer. The mixture was then
homogenized at 5000 rpm for 5 min at room temperature (24 °C). After homogenization the mixture
was initially filtered using a Hirsch funnel fitted with filter to remove the bulk of the carrot pulp to
leave an orange coloured mixture. Two further filtrations were carried out using a 0.22 µm Millex ®
(33 mm Dia.) syringe filter unit. Changes in colour of the carrot extract during filtration is presented
in Figure 1 (a). After filtration, the extract stock solution was placed into a glass beaker ready for the
various nanoparticle synthesis procedures.
2.2.2. Green synthesis of silver nanoparticles with carrot extract
The procedure begins by adding a 1 mL aqueous solution of 0.1 M of AgNO3 [99.99 % purity] to
a glass vial containing a 1 mL solution of carrot extract (Volume Ratio of 1:1). The solutions were
mixed for 1 minute and then allowed to stand at room temperature (24 °C). The solution changed
from yellow to pale brown indicating the formation of Ag nanoparticles as seen in the insert
presented in Figure 1 (b) insert.
2.2.3. Synthesis of silver nanoparticles with carrot extract and modelling agent
The modelling agent used in this study was the water soluble Polyvinylpyrolidine (PVP)
(molecular weight 44,000 g mol-1). The modelling agent solutions were prepared by adding 0.5, 1.0,
1.5 and 2.0% of PVP by mass to the aqueous solutions. Then the percentage PVP solutions were added
to the respective carrot extract and silver nitrate mixtures to the volume ratio of 1:1:1. The solutions
with the specified percentage of PVP were mixed for 1 minute and then allowed to stand at room
temperature (24°C). The respective mixtures changed from yellow to brown indicating the formation
of Ag nanoparticles as seen in the insert presented in Figure 1 (b).
2.3. Nanoparticle characterisation studies
All samples were investigated using UV–visible spectroscopy, x-ray diffraction, highperformance liquid chromatographic (HPLC), Fourier transform infrared spectroscopy (FT-IR) and
transmission electron microscopy (TEM) to determine particle size, shape, composition of the
nanoparticles formed and the presence of functional groups present in the in the respective reaction
mixtures containing Daucus carota extracts, silver nitrate and PVP. Bio-reduction of Ag+ ions in the
respective samples was monitored at room temperature (24 °C) using UV–visible spectroscopy
(Varian Cary 50 series UV-Visible spectrophotometer V3) over a spectral range between 200 and 800
nm, with a spectral resolution a 1 nm. The crystalline structure of the synthesised nano-crystalline
powders were characterised using X-ray diffraction spectroscopy using a Bruker D8 series
diffractometer [Cu Kα = 1.5406 Å radiation source] operating at 35 kV and 28 mA. Diffraction patterns
were collected over a 2θ range starting at 20° and finishing at 90°. The scanning procedure
incorporated flat plane geometry, with an incremental step size of 0.02° and an acquisition time of 2
seconds. The liquid samples were extracted from individual glass vials using a clean glass pipette
fitted with a rubber bulb. Two to three drops were taken from each glass vial, then deposited and
dispersed on individual glass microscope slides. The slides were dried under vacuum for a period of
4 hours at room temperature (24 °C). The observed Bragg peak positions recorded in the respective
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diffraction patterns were compared with those reported in the ICDD (International Centre for
Diffraction Data) databases and the appropriate Miller indices were assigned to the respective peaks.
Fourier Transform Infrared Spectroscopy (FT-IR) was used to identify the major functional
groups and vibration modes present in the pure Daucus carota extracts and the various reaction
mixtures. FT-IR was carried out using a Perkin–Elmer Frontier FT-IR spectrometer with Universal
Single bounce Diamond ATR attachment was used to analyse samples over a range starting at 525
up to a maximum of 4000 cm−1 in steps of 4 cm-1. Further analysis of phenolic compounds were
undertaken using the high-performance liquid chromatographic (HPLC) technique. Identification of
the various phenolic compounds was carried out using a Shimadzu Prominence Modular HPLC
(North America). The unit was equipped an Apollo C18 5u column (150×4.60 mm supplied by Grace),
a LC-20AT degasser, a SIL-20A/C HT auto-sampler and a CTO-20A/C column oven with an operation
range from 4 to 85°C. The equipment was also fitted with a SPD-20AV UV detector (wavelength range
from 190 to 900 nm) and a SPD-M20A diode-array detector with an operational range from 190 to 800
nm. Mobile phases used were acidic waters (A: 0.1% ortho-phosphoric acid) and (B: 0.1% acetonitrileortho-phosphoric acid. The operational flow rate was 0.8 ml/min and optimal separation temperature
was achieved at 35 ºC using the elution gradient of 95% B at 0 min and then ranging from 95% down
to 50% over a retention period between 0 and 30 minutes. Retention times and spectral characteristics
of each compound were compared to commercial standards for Chlorogenic acid isomers 3, 5dicaffeoylquinic acid and 5-O-caffeoylquinic acid (neochlorogenic acid).
Transmission electron microscope (TEM) images showing particle size and morphology were
taken using a Technai G2, FEI, Electron Optics, USA. The TEM was fitted with a W-source and an
ultra-high resolution pole piece operating at 200 kV. TEM sample preparation consisted of a single
droplet taken from a diluted solution derived from a specific extract containing Ag nanoparticles.
The droplet was placed on a carbon-coated copper grid. The grid containing the sample was allowed
to dry (evaporation) at room temperature (24 °C). The dried sample was placed onto the specimen
holder and loaded into the TEM for analysis. The antibacterial activity of the biosynthesized Ag
nanoparticles were investigated using the Kirby and Bauer sensitivity method [44, 45]. The method
was used against two bacterial pathogens gram negative [Escherichia coli (Migula 1895) Castellani &
Chalmers 1919] and gram positive [Staphylococcus epidermidis (Winslow & Winslow 1908) Evans 1916.
Both bacterial species are in the normal human flora, but in recent years Staphylococcus epidermidis has
been shown to compromise the immune system of patients receiving intravenous catheters and
medical prostheses in hospital. While Escherichia coli has been associated with a number food
poisonings in recent years [46, 47]. The pathogenic cultures were sub-cultured in Petri dishes (90 mm
Dia.) containing a nutrient agar medium. The nutrient agar medium consisted of 5g peptone, 3 g beef
extract, 15 g agar, 5 g sodium chloride, 1000 g (1 Litre) of distilled water and the resultant mixture
pH was adjusted to neutral (6.8 @ 25°C). Culturing involved the respective pathogen (100 μL) being
uniformly spread over the agar surface in a specific Petri dish using a sterile cotton swab. The dish
was then incubated at 37 °C in an oven for 2 hours to establish even growth of the pathogen over the
surface of the agar. After heating, a 6 mm diameter sterile disk (Whatman ® AA 2017-006) was placed
on agar media using sterile forceps in each petri dish. Then using a micropipette, 20 µL of
nanoparticle solution was deposited onto each sterile disk and then allowed to air dry for 20 minutes.
Once dried, the dishes were placed into the oven and incubated for 24 h at 37 ºC. After incubation,
the diameters of the different zones of inhibition were measured. Sample testing was carried out in
triplicate and the mean inhibition zone diameters were used in the subsequent data analysis.
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3. Results

242
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3.1. UV–visible spectroscopy study
UV-visible absorption spectroscopy is an established technique for detecting Ag nanoparticles
present in colloids. The technique is sensitive and is capable of detecting the intense absorption peak
due to the collective excitation of conduction electrons in spherical metal nanoparticle samples
(surface plasmon resonance - SPR). The absorption peak or SPR depends on the particle size and the
dielectric medium of the surrounding extract. The colour of the initial Daucus carota extract after
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filtering was a pale yellow. Visual inspection of the Daucus carota extract and AgNO3 mixture
(Volume Ratio 1:1) after 20 minutes revealed the colour changed from pale yellow to an orangebrown colour. The resulting colour change was credited to the excitation of the SPR during the
formation of Ag nanoparticles in the mixture. Figure 1 (b) shows the UV-visible absorption spectra
of a representative Daucus carota extract and AgNO3 mixture (Volume Ratio 1:1) in the range 350 to
700 nm. The peak is typically around 412 nm and corresponds to Mie’s theory, which predicts a single
SPR band in the absorption spectra for spherical metal nanoparticles. If there were two or more SPR
peaks this would have indicated anisotropic particles [48]. The observed broad peak suggests there
is some variation in the size distribution of the particles [49, 50].
Also examined was the influence of PVP as a modelling agent in the reaction mixtures. Four
reaction mixtures, each containing a small percentage by mass of PVP (0.5, 1.0, 1.5 and 2.0 %) were
also investigated using UV-visible absorption spectroscopy. For clarity purposes, Figure 1 (b)
presents representative UV-visible absorption spectra for reaction mixtures containing 1 and 2 %
PVP. Once again, the colour change occurred within 20 minutes and revealed the initial pale yellow
colour of the mixture changed to brown as seen in Figure 1 (b) insert. This colour transformation was
also credited to the excitation of the SPR of the forming Ag nanoparticles in the respective mixtures.
Thus, analysis of UV- Vis spectra confirmed that Ag nanoparticles were formed independently of the
amount of PVP present in the samples. The two representative reaction mixtures containing PVP (1
and 2%) presented in Figure 1 (b) both show a pronounced peak occurring at 415 nm. In addition, the
position of maximum absorption wavelength for samples containing varying amounts of PVP did
not change and the pronounced SPR indicates the samples have a narrow size distribution.

Figure 1 (a) variation in colour of Daucus carota extract during filtration and (b) a selection of UVvisible absorption spectroscopy data for various reaction mixtures, with an insert image showing the
variation between volume ratio-based reaction mixtures
3.2. XRD spectroscopy studies
The crystalline nature of the biologically synthesised Ag nanoparticles was investigated using
XRD spectroscopy. A representative XRD diffraction pattern of the dried Daucus carota extract
obtained from the stock solution is presented in Figure 2. The XRD pattern reveals (2θ range of 20°
to 90°) a predominantly amorphous material, apart from an unassigned peak that was observed
around 77°. The presence of this peak suggests there was some degree of crystallization of a bioorganic phase. A typical diffraction pattern for Ag nanoparticles synthesized using Daucus carota
extract is present in Figure 2 (b) and shows four distinct Bragg reflection peaks located at 37.77ᵒ,
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44.00ᵒ, 63.99ᵒ and 77.83ᵒ. The four peaks were indexed as (111), (200), (220) and (311) reflection planes
respectively, which corresponds to the face-centred cubic (fcc) structure of Ag phases. These facecentred cubic structures matched those reported in the database of the Joint Committee on Powder
Diffraction Standards (JCPDS No 04–0783) for pure crystalline Ag particles. The diffraction peaks
were also subject to broadening, which was credited to the particle size effect resulting from the small
particle sizes produced by the bio-reduction process [51]. The broadening is also indicative of
experimental conditions in which crystal nucleation and growth took place. The crystalline size, t (hkl),
of Ag nanoparticles was calculated from the following Debye-Scherrer equation, presented in
equation 2 below:
0.9
(1)
t

( hkl )

292
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294
295
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298
299
300
301
302
303
304
305
306
307
308
309
310
311

312
313
314
315

B cosθ ( hkl )

where, λ is the wavelength of the monochromatic X-ray beam, B is the Full Width at Half Maximum
(FWHM) of the peak at the maximum intensity, θ(hkl) is the peak diffraction angle that satisfies Bragg’s
law for the (h k l) plane and t(hkl) is the crystallite size. Analysing the diffraction pattern revealed that
the bio-reduced Ag nanoparticles had a well-defined crystalline structure. The mean crystallite size
was estimated using the FWHM of the (111) peak and was calculated to be 25 nm. In addition, two
less pronounced peaks were also seen in the diffraction pattern located at 27.9° and 81.9° (Red
Triangles in Figure 2). The presence of these two peaks suggests there was also some crystallization
of some bio-organic phases present on the surface of the Ag nanoparticles. The peak located at 27.9°
was due to ascorbic acid present in the Daucus carota extract and matches the standard data file JCPDS
No 22–1536, while the peak located at 81.9° still remains undefined. The influence of PVP in the bioreduction process was also investigated using XRD spectroscopy. Representative diffraction patterns
for reaction mixtures containing 0.5, 1.0, 1.5 and 2.0% PVP are presented in Figure 2 (c, d, e, f)
respectively. The peaks in the respective diffraction patterns are consistent with crystalline Ag
particles. The mean crystallite size for the four diffraction patterns was calculated using the width of
the (111) peak and found to be 15 nm (0.5% PVP), 11 nm (1.0% PVP), 13 nm (1.5% PVP) and 16 nm
(2.0% PVP). The crystallite sizes are consistently smaller than those synthesised without PVP as
discussed above. Also, the intensity of the peaks tended to decline with increasing PVP content in the
reaction mixture. Thus, indicating PVP can act as a surface stabilizer and growth modifier. The
influence of PVP on particle morphology is further discussed in the following TEM analysis.

Figure 2. XRD spectroscopy study: (a) Daucus carota extract; (b) Ag nanoparticles produced from the
bio-reduction of AgNO3 by Daucus carota extract; Bio-reduction incorporating the use PVP (c) 0.5%,
(d) 1.0%, (e) 1.5% and 2.0%
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3.3. High-performance liquid chromatographic studies
Compositionally, Daucus carota extract contains a variety of components that can act as bioreducing agents. These agents act to reduce the energy barrier for the reduction of Ag + ions to Ag0
metal atoms. While other components act as capping agents to stabilize and prevent the aggregation
of the synthesized Ag nanoparticles. Analysis of XRD data revealed the presence of ascorbic acid on
the bio-reduced Ag nanoparticles. To investigate the possible involvement of ascorbic acid and other
components (gallic acid and chlorogenic acids) present in the Daucus carota extract, the highperformance liquid chromatographic (HPLC) technique was used to examine the extract. The HPLC
technique is widely used to determine a wide variety of chemical components present in fruits,
vegetables and plant biomass in general [52, 53]. In particular, a number of studies have reported
several phenolic acids and sugars present in carrot [54, 55]. However, the amounts of specific
chemical components present largely depends on the particular carrot cultivar examined. The present
study has focused on three acid types, namely ascorbic, gallic and chlorogenic acids as potential
reducing and capping agents. Chlorogenic acid is an ester produced from caffeic acid and the 3hydroxyl position of L-quinic acid. There are several isomers of chlorogenic acid. The present study
investigated two isomers, namely, 3, 5-dicaffeoylquinic acid and 5-O-caffeoylquinic acid
(neochlorogenic acid). A representative chromatogram is presented in Figure 3 and the respective
chlorogenic isomers are identified by their respective retention times. The retention time recorded for
5-O-caffeoylquinic acid was 13.4 min, while the retention time recorded for 3, 5-dicaffeoylquinic acid
was 23.9 min. Both these retention times compare well with their respective reference standards. Also
indicated in Figure 3 are the peaks and retention times for ascorbic acid and gallic acid.

Figure 3 High-performance liquid chromatographic showing the presence of two chlorogenic acid
isomers, along with peaks assigned to ascorbic acid and gallic acid
In spite of chlorogenic acid isomers being present in the Daucus carota extract as indicated in the
HPLC chromatogram presented in Figure 3, it is unlikely they are the main drivers for the bioreduction of AgNO3. Studies using chlorogenic acid as the reducing agent for the synthesis of Ag
nanoparticles from AgNO3 have shown temperatures around 80°C are needed and incubation times
can be as large as 10 h [56, 57]. The present work has shown bio-reduction is rapid (less than 20
minutes) and occurs at room temperature (24°C).Thus, chlorogenic acids contribution to the bioreduction process at room temperature would be limited. In another study, oxidation of phenol
groups in gallic acid was responsible for the bio-reduction of AgNO3 and generated spherical
nanoparticles ranging in size from 7 to 89 nm [54]. During the bio-reduction process, which was
carried out over 30 min at 80°C, a quinoid compound with a ketoenol-system was absorbed on to the
surface of the Ag nanoparticles. This capping agent resulted in nanoparticle stabilisation [55, 56]. Like
chlorogenic acid, gallic acids contribution to the bio-reduction process at room temperature is
believed to be also limited. While other studies carried at around room temperature using Daucus
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carota extracts to bio-reduce Ag nanoparticles have suggested that ascorbic acid was the prime driver
[51]. In a similar study using Daucus carota extracts, Umadevi et al. indicated that ascorbic acid was
the reducing and stabilizing agent involved in the bio-reduction of Ag nanoparticles [43]. The present
work has shown that pure ascorbic acid can reduce AgNO3 at room temperature over a similar time
frame as pure Daucus carota extracts. Since both gallic and chlorogenic acids need to be heated to
around 80°C to initiate the reduction process. It is believed the ascorbic acid present in the Daucus
carota extracts is the predominant reducing agent at room temperature. Thus, Ag+ ions are reduced
to Ag0 metal particles by ascorbic acid present in Daucus carota exact involves the ascorbic acid
neutralising reactive oxygen species, which results in the formation of ascorbate radicals and free
electrons. The free electrons reduce the free Ag+ ions to Ag0, while other chemical species (amines
and alcohols) present in the extract along with ascorbate radicals become capping agents to stabilise
the developing Ag nanoparticles. Thus, ascorbic acid appears to be the main reducing agent and
capping agent responsible for the formation of the Ag nanoparticle. This result confirms the earlier
results reported by Umadevi et al. for the reduction of Ag nanoparticles using carrot extracts [43].
3.4. FTIR spectral studies
As mentioned above, a possible mechanism responsible for the reduction of Ag + ions to Ag0
could involve water-soluble anti-oxidative biomolecules present in the Daucus carota extract. XRD
spectra revealed a peak indicating the presence of ascorbic acid (vitamin C) in the samples. While
ascorbic acid, gallic acid and chlorogenic acid were also detected in the HPLC chromatogram
presented in Figure 3. It is believed that ascorbic acid was acting as the main reducing agent, which
neutralizes reactive oxygen species present in the extract to generate an ascorbate radical and an
electron. The resulting electron reduces an Ag+ ion to form an Ag0 metal atoms. Immediately after
nucleation there is a period of growth that involves the clustering of smaller neighbouring particles
to former larger and more thermodynamically stable nanoparticles. The most probable capping agent
candidate is the ascorbate radicals produced during the reduction process [58]. Other studies have
shown the oxidation reaction produced by phenol groups in gallic acid was responsible for the
reduction of Ag+ ions and their subsequent stabilisation [59]. However, as mentioned above, both
gallic acid and chlorogenic acid are unlikely to be significant reducing agents, since they both need
to be heated well above room temperature.
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Figure 4 FTIR spectra of Daucus carota extract (a), Ag nanoparticles synthesised using Daucus carota
extract (b) and Ag nanoparticles synthesised using Daucus carota extract incorporating 2% PVP

FTIR spectral studies were undertaken to identify biomolecules present in Daucus carota extracts
that could be responsible for biologically reducing AgNO3 to form stabilised Ag nanoparticles. The
FTIR spectra were recorded before and after adding AgNO3 and PVP to respective Daucus carota
extract-based reaction mixtures. The resulting spectra provided information about the molecular
nature of the extract and the molecular environment on the nanoparticle surface. Figure 4 shows
representative FTIR spectra, with bands indexed, of pure Daucus carota extract, Ag nanoparticles after
synthesis and Ag nanoparticles after synthesis incorporating 2% PVP in the reaction mixture. The
pure Daucus carota extract is represented by FTIR spectra (a) and shows bands at 3275 and 2925 cm −1
which were assigned to O–H stretching vibration of alcohols and phenols and C-H stretching
vibration respectively [60]. Other significant bands in the spectra include 1637, 1407 and 498 cm -1.
These bands were assigned to C=O stretching, C-H bending, and OH out-of-plane deformation
respectively. Other bands identified in the spectra included 1039 cm -1 (C-O) and 923 cm-1 (=C-H)
vibrational modes. The two prominent bands observed in biologically synthesised Ag nanoparticles
(without PVP) shown in Figure 4 (b) are observed at 1320 and 1520 cm -1. The 1320 cm-1 band was
assigned to C-N stretching and 1520 cm-1 was assigned to N-H bending, with the source of N coming
from AgNO3. Also observed was a shift in the position of the bands between pure Daucus carota
extract samples and those that synthesised Ag nanoparticles. This was believed to be the result of
reducing Ag+ ions and subsequent Ag nanoparticle formation. From FTIR spectra and its detection in
the XRD data, ascorbic acid seems to be the main agent involved in the reduction of AgNO 3 to form
Ag nanoparticles. In addition, ascorbate ions, along with amines and alcohols present in the Daucus
carota extract appear to be responsible for capping and stabilising the synthesised Ag nanoparticles
[43].
FTIR spectral studies were also used to investigate the influence PVP during the reduction of
AgNO3 to form stabilised Ag nanoparticles. FTIR spectra were collected for all samples containing
varying amounts of PVP. Analysis of the respective spectra revealed they had similar spectral bands.
Therefore, in the interests of clarity a representative sample containing 2% of PVP is presented in

125

Materials 2018, 11, x FOR PEER REVIEW

418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468

11 of 18

Figure 4 (c). The spectra shows bands at 3315 and 2927 cm −1 which were assigned to O–H stretching
and C-H stretching vibrations respectively. A strong band in the spectra was identified at 1635 cm -1
and was assigned to C=O stretching. The 1635 cm-1 band in this spectra was more intense when
compared to spectra presented in Figure 4 (a) and (b), and indicates the existence of significant
carbonyl oxygen’s which can hydrogen bond. Other bands in the spectra include 1424, 1290 and 1043
cm-1. Band 1424 cm-1 was assigned to CH2 bending vibrations, while 1290 and 1043 cm-1 were assigned
C-N vibrations. An important feature of PVP are the C=O, C-N and CH2 functional groups which
have made it an effective stabiliser, preventing nanoparticle aggregation in aqueous and many nonaqueous solutions. The spectra for the reactive mixture containing PVP also revealed a shift in the
position of the bands from their original position in the pure Daucus carota extract Figure 4 (a) and
Ag nanoparticles synthesised by the Daucus carota extract Figure 4 (b). Again this shift was attributed
to molecules present in the respective samples, which influenced the reduction of Ag+ ions. The FTIR
spectra also indicated that PVP molecules were also contributing to the capping and stabilisation of
the synthesised Ag nanoparticles.
3.5. Transmission electron microscopy
The TEM technique was used to determine the size and morphology of the bio-reduced Ag
nanoparticles. Figure 5 presents a TEM image of Ag nanoparticles prepared using only a Daucus
carota extract. The image shows the Ag nanoparticles are spherical and pseudo-spherical in shape
and range in size from 2 to 25 nm as seen in the particle distribution graph. While the presence of
ascorbate ions are believed to be the main capping agent, present in the Daucus carota extract. The
small size range seen in the image indicates the nanoparticles are capped and stabilised. However,
there are some small nanoparticle clusters present in the representative sample presented in Figure 5
and these have been highlighted by the red circles.
The presence of PVP in the reaction mixtures had a significant influence on the morphology of
the resulting Ag nanoparticles as seen in Figure 6 (a). The inclusion of PVP confirms its role as a
shape-control agent with the ability to promote the growth of specific crystal facets while hindering
the growth of other facets [61]. Although, a study by Choi et al. found the PVP coating did not
preferentially adsorb on the {100} facets, but instead formed a homogeneous coating [62]. However,
the present work confirms PVP strongly binding to the {100} facets of Ag to promote growth along
<111> directions to obtain a variety of nanometre scale shapes as seen in Figure 6 (a). Other studies
have also shown the carbonyl groups present in PVP tend to promote growth on the {100} facets,
which helps drive the growth in particular orientations to give specific morphologies [63, 64]. This is
clearly seen in Figure 6 (a) where there are not only pseudo-spherical nanoparticles ranging in size
from 10 to 50 nm, but there are also other shapes like triangular, cubic, polygons and rods ranging in
size from 10 to 35 nm. The image also contains a size range tabulation for the various nanoparticle
shapes found in a representative sample that was synthesised using a reaction mixture containing
2% PVP. The enlarged image presented in Figure 6 (b) highlights these shapes, while Figure 6 (c)
presents the frequency of occurrence for these shapes. These results suggest the most probable
formation mechanism involved the preferential coating of PVP on the {100} facets, which in turn
promoted growth in particular orientation to produce specific nanoparticle shapes [64].
Another feature of the Ag nanoparticles seen in Figure 6 is the discrete, well dispersed nature of
the nanoparticles which was not seen in earlier studies [42, 43]. This result confirms PVP is a strong
stabilizer, averting clustering and preventing nanoparticle aggregation. The stabilising properties of
the PVP coating arise from its polyvinyl backbone that incorporates a repeating highly polar amide
group that produce polar-attracting properties (hydrophilic nature) and a repeating non-polar
methylene group that produces an hydrophobic nature. It is these non-polar methylene groups that
generate repulsive forces that extend outwards into the extract and interact with other nanoparticles
to generate steric hindrance. Hence, the discrete and highly dispersed nature seen in Figure 6 and is
typical of the Ag nanoparticles generated in the present study.
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Figure 5. An TEM image of Ag nanoparticles bio-reduced using a Daucus carota extract and a
representative particle size distribution taken of imaged sample

Figure 6. TEM images of Ag nanoparticles bio-reduced from a Daucus carota extract containing
AgNO3 and 2% PVP: (a) image of particles and size range; (b) enlarged image showing the dispersed
nature of the particles and (c) frequency of nanoparticle shapes occurring in a representative sample
3.6. Antibacterial activity studies
The antibacterial activity of the biologically synthesised Ag nanoparticles was tested against
human pathogens, namely, gram negative (Escherichia coli) and gram positive (Staphylococcus
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epidermidis) using the Kirby and Bauer disk diffusion assay method. Initially, both pathogens were
evaluated against test disks treated with Daucus carota extract. The results of these studies indicated
the extract had no antibacterial properties and produced a null result in the inhibition zone
measurements. During the next stage of the antibacterial study, the pathogens were challenged by
Ag nanoparticles produced by the various reaction mixtures. Figure 7 presents representative test
results for the antibacterial activity studies and indicates the synthesised Ag nanoparticles do have
antibacterial activity towards both pathogens.

Figure 7 Representative antimicrobial studies: Escherichia coli (a) Ag nanoparticles, (b) Ag
nanoparticles using extract plus PVP, (c) summary of inhibition zones and Staphylococcus epidermidis
d) Ag nanoparticles and (e) Ag nanoparticles using extract plus PVP, (f) summary of inhibition zones

The highest antibacterial activity for Ag nanoparticles generated from a reaction mixture
containing Daucus carota extract and AgNO3 (Volume Ratio 1:1) was recorded for Staphylococcus
epidermidis with an inhibition zone of 13 mm. Whereas, Escherichia coli only recorded an inhibition
zone of 10 mm. The antibacterial challenge also found the presence of PVP in the reaction mixture
tended to improve the antibacterial activity towards Escherichia coli, but had no apparent effect
towards Staphylococcus epidermidis. The presence of PVP tended to produce inhibition zones of around
13 mm for Escherichia coli as seen in Figure 7 (b) and (c), while for Staphylococcus epidermidis there was
no improvement to the inhibition zone as seen in Figures 7 (d) and (e). Differences seen in the
inhibition zones is most likely the result of variations in the cell wall composition and structure of
Gram-positive and Gram-negative bacteria. The cell wall structure of Gram-positive bacteria is rigid
and made up of a thick peptidoglycan layer composed of linear polysaccharide chains. These chains
are cross-linked by short peptides, which makes it exceedingly difficult for Ag nanoparticles to
penetrate the cell wall. While the cell wall of Gram-negative bacteria is composed of a thin
peptidoglycan layer, which offers less resistance to penetrating Ag nanoparticles [65, 66]. Three
mechanisms are currently believed to contribute to the antibacterial activity of Ag nanoparticles.
These are: 1) when Ag nanoparticles come into contact with the negatively charged bacterial cell wall,
they change the physiochemical properties of the wall, which disturbs cell functions such as
osmoregulation, permeability and respiration [67-71]; 2) Ag nanoparticles enter the cell and interact
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and disrupt cell components such as DNA and proteins [72, 73], and 3) the embedded Ag
nanoparticles release Ag+ ions that promotes greater antibacterial activity [70, 74, 75]. However, the
precise mechanisms involved and the influence of surface coatings (corona) of Ag nanoparticles
needs further investigation. This was highlighted by the improvement in the size of inhibition zones
for Escherichia coli when PVP was used in the bio-synthesis process. However, the inclusion of PVP
in the reaction mixtures did not increase the size of inhibition zones for Staphylococcus epidermidis.
These results indicate that Ag nanoparticles can induce cellular damage that ultimately causes
pathogen death, but the interaction and involvement of capping agents such as PVP needs further
investigation [72, 76]. This aspect of future research is of particular importance, since Ag
nanoparticles are currently being considered as a new class of biomedical material capable of
overcoming the immunity of several human pathogens to conventional antibiotics. Consequently,
there is a current need for further studies into understanding the influence of capping agents that are
not only used to control particle size and shape, but also their contribution to the antibacterial activity
of Ag nanoparticles when used against human pathogens.
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4. Conclusion
The present study has demonstrated a low-cost and one-pot green synthesis approach for
fabricating stable Ag nanoparticles using a plant-based food waste Daucus carota. The synthesis
process used PVP as a modelling agent to produce discrete, well dispersed nanoparticles of various
shapes. This is a significant improvement in the Daucus carota–based synthesis process, since earlier
studies only produced agglomerated Ag nanoparticles. Typical shapes produced included triangular,
cubic, polygons and rods that ranged in size from 10 to 35 nm. XRD studies confirmed the crystalline
nature of the Ag nanoparticles. While HPLC and FTIR studies revealed ascorbic acid present in the
Daucus carota extract was the main reducing agent and ascorbate ions, along with amines and
alcohols, were the main capping agents. Furthermore, the Kirby and Bauer sensitivity method
revealed the generated Ag nanoparticles displayed antimicrobial properties towards Escherichia coli
and Staphylococcus epidermidis. This was important, since earlier studies using Daucus carota extracts
to produce Ag nanoparticle did not evaluate their antimicrobial properties. The present studies
revealed Ag nanoparticles generated from mixtures containing Daucus carota and PVP have similar
antimicrobial properties to those produced from more conventional manufacturing processes. And
since Ag nanoparticles produced from conventional manufacturing processes have been used in
cosmetics and pharmaceuticals, it should be possible to use the Ag nanoparticle generated from
Daucus carota and PVP mixtures. Moreover, the present work has demonstrated a waste valorisation
strategy can be used to produce high-value Ag nanoparticles with antimicrobial properties. Future
work will involve translating our research results into an industrial scale process suitable for
manufacturing.
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5.3. Chapter Summary
Chapter 5 addressed the third aim of the thesis, namely, develop a new and innovative
waste valorisation strategy that produces high-value metal nanoparticles, which have the
potential to be used in new pharmaceuticals and antibiotic medications. This was clearly
demonstrated in case study three. The case study not only confirmed a low-cost and onepot green chemistry-based approach could be used to synthesising stable Ag
nanoparticles, but it also demonstrated “proof of concept” for a waste valorisation
strategy. The synthesised Ag nanoparticles were found to be spherical and pseudospherical in shape, and varied in size from 2 to 25 nm. Furthermore, the inclusion of small
amounts of PVP (0.5, 1.0, 1.5 and 2.0% mass of mixture) resulted in polymer binding to
the {100} facets of the growing Ag nanoparticles. This preferential surface binding
promoted growth along the <111> orientation to produce a variety of shapes like
triangular, cubic, polygons and rods. The various nanoparticle shapes ranged in size from
10 to 35 nm. XRD analysis confirmed the crystalline nature of the Ag nanoparticles found
in all samples. The study also used HPLC and FTIR techniques to identify ascorbic acid
present in the Daucus carota extracts as the reducing agent. While the resulting ascorbate
ions, along with amines and alcohols present in the extract were responsible for capping
and stabilising the Ag nanoparticles. Importantly, the Kirby-Bauer sensitivity method
revealed all generated Ag nanoparticles displayed antimicrobial properties towards two
pathogens, namely, Escherichia coli and Staphylococcus epidermidis. Hence,
establishing the value of the synthesised Ag nanoparticles and their potential inclusion in
new antibiotic pharmaceutical formulations. However, further research is needed to
optimise the synthesis process to ensure the physical properties of the nanoparticles are
reproducible. This further work will also ensure scaling up production to an industrial
manufacturing level is possible.
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Chapter 6 - Conclusion, Discussions and Further work
Sustainable food production and security are the foremost challenges facing the world
today. While feeding 7.7 billion people [1] is a big challenge but at the same time
considering better quality production is also essential for agriculture industry. The evergrowing global population has driven increasing food production levels, but at the same
time has also created a considerable and escalating amount of food waste. The disposal
of extremely large amounts of food waste is not only a significant economic loss to food
producers, but is also a serious and detrimental impact on the environment. Thus,
developing sustainable food loss minimisation and utilisation strategies are enormous
challenges. In recent years there has been considerable interest in creating sustainable
eco-friendly practices and innovative strategies that can minimise and valorise food
waste. Importantly, food waste is a renewable resource that is predominantly composed
of organic materials. Furthermore, plant-based organic wastes are also made up of a wide
range of phytochemicals that have attracted considerable interest in recent years due to
their potential value as feedstock for a variety of chemical industries [2]. Current waste
management strategies for dealing with food waste include animal feed, composting,
incineration, converting waste to energy (e.g., anaerobic digestion) and landfill. But,
problems associated with disposal strategies such as incineration and landfill has
increased interest in finding novel alternative methods to reduce the health problems and
environmental damage caused by these traditional strategies [3]. Hence, the interest in
developing waste valorisation strategies that can convert food waste into different valueadded products without adverse health issues and environmental contamination. Then
again, to fully exploit this largely under-utilized renewable resource new manufacturing
processes are needed, and conversional manufacturing processing need to be reengineered to handle food waste. However, developing any sustainable food waste
management or valorisation strategy will heavily depend on fully defining the magnitude
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of food waste. Currently, there are relatively few quantitative studies reported in the
literature and many of these studies don’t provide a comprehensive coverage of the types
and amounts of food waste being generated. The present research work, first reviewed
global estimates and secondly, investigated the levels of food waste produced in Perth,
Western Australia. And thirdly, the research demonstrated a successful proof of concept
for a waste valorisation strategy that used plant-based food waste [carrot (Daucus carota)]
to produce high-value Ag nanoparticles with antimicrobial properties.

6.1. Research Results and Achievements
The present work, focused on three aims: 1) Develop an overview of global food loss,
and emerging sustainable utilisation and management of food waste strategies in the
global economy; 2) Make qualitative and quantitative assessments of fruit and vegetable
wastage produced by Western Australian growers and wholesalers operating at Market
City Canning Vale, Perth, and 3) Develop a new and innovative waste valorisation
strategy that produces high-value Ag nanoparticles, which have the potential to be used
in new pharmaceuticals and antibiotic medications. To achieve the three aims, the thesis
incorporated three reviews, two surveys that quantified food waste in Western Australia
for the first time (Case studies 1 & 2) and experimental studies (Case study 3) that
demonstrated a proof of concept for a waste valorisation strategy designed to produce
high-value Ag nanoparticles from a plant-based food waste [carrot (Daucus carota)].

After the initial introductory chapter that provided background and research aims, the
second chapter focused on reviewing current literature reporting sources and levels of
food waste, and current management strategies. Chapter two was composed of two
reviews that addressed the first aim of the thesis. The first review entitled “An overview
of food loss and waste: why does it matter?” was a comprehensive review of food waste
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in the context of food security, resource management and environment health. The review
examined and compared the various approaches currently being used by various
governments, community groups and private sector organisations to reduce food waste in
both developed and developing countries. Importantly, the review identified problems
associated with the various and different protocols and data documentation methods used
to measure food waste globally. Also, some European countries have started to implement
food waste management initiatives, while in other parts of the world there has been very
little progress made in addressing food waste management strategies. Moreover, the
review identified many of the articles reporting food waste tended to use old data for
analysing and predicting current food waste levels. Furthermore, there is also a lack of
literature articles summarising global efforts in tackling food waste management and
utilisation. Therefore, to address the present gap in knowledge a second review article
was prepared using currently available global data reported in the literature. Entitled
“Progress towards sustainable utilisation and management of food wastes in the global
economy”, the second review article summarises quantifiable waste levels for various
food categories such as fruits and vegetables, fisheries, meat and poultry, grain, milk, and
dairy. The review also looked at factors contributing to food waste, and factors preventing
large-scale waste utilisation strategies such as cost and benefit analysis, sustainability,
environment considerations, and public acceptance.

Importantly, chapter two identifies the importance of where, why, and the amount of food
waste produced throughout a typical the food supply chain. It also pointed out the key to
implementing a successful food waste management strategy was to develop eco-friendly
waste valorisation technologies that can transform food waste into high-value products
and reduce the amount of waste going to landfill. With this in mind, chapter three’s
objective was to survey current literature pertaining to the use of plant-based materials
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for the synthesis of metal nanoparticles. The subsequent review entitled “Production of
high-value nanoparticles via biogenic processes using aquaculture & horticultural food
wastes” discovered that there were very few studies reporting the use of food wastes to
produce nanoparticles. The review also revealed there was considerable scope for
developing green chemistry-based techniques for producing noble metal nanoparticles
form plant-based food wastes. The review also discussed experimental parameters,
physical characteristics of the synthesised nanoparticles and their potential applications
in pharmaceuticals and biomedical applications.

Chapter three identified a promising waste valorisation strategy for using plant-based
food wastes for producing high-value nanoparticles. Unfortunately, the green synthesis
of nanoparticles using plant-based food waste will remain a scientific curiosity without
further research. There are a number of hurdles to overcome, but the two critical hurdles
that must be immediately addressed before this waste valorisation strategy can progress
include quantification of suitable supplies of plant-based food wastes and developing
optimal green chemistry-based processing parameters to maximised nanoparticle yields.
Until these two hurdles are addressed there is no possibility of scaling up this waste
valorisation strategy to industrial levels. To this end, chapter four focused on quantifying
the amounts of various plant-based food waste produced in Western Australia, while
chapter 5 focused on developing a proof of concept for producing Ag nanoparticles from
a large Western Australian food waste [carrot (Daucus carota)] using green chemistry
principles.

Chapter four was made up of two case studies that achieve the goal of the second aim that
was to make qualitative and quantitative assessments of fruit and vegetable wastage
produced by Western Australian growers and wholesalers operating at Market City
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Canning Vale, Perth, Western Australia. Both case studies (1&2) were the first of their
kind in Western Australia and have made significant advances in knowledge. Also, it is
important to note that very few studies of this type have been carried out in Australia.
Moreover, the case studies identified food waste levels produced by two important
stakeholders in the Western Australian food supply chain, namely, fruit and vegetable
growers, and wholesalers. Case study one (Food waste generated by Western Australian
fruit and vegetable producers) identified both “pest damage” and “weather damage” as
the main causes for not harvesting or selling produce. The study also found wastage levels
were typically around 30%. Whereas, case study two (Horticultural loss generated by
wholesalers) identified “over supply” and “no market demand” as the main causes for
waste generation. The results obtained from both cases studies are comparable to similar
studies reported in both the European Union and Northern America [4-6]. Both case
studies revealed that food waste could be reduced by more effective on-line based
marketing information. Similar studies carried out in other parts of the world have also
reported that better communication between all stakeholders could significantly reduce
food waste levels [7, 8]. The studies also found improving grading guidelines could
significantly reduce waste levels. Furthermore, the need for consumer education aimed at
promoting the consumption of produce with cosmetic blemishes could also be a major
food waste reduction strategy. Importantly, for the first time, both case studies revealed
the amounts of various fruits and vegetables ending up as waste in Western Australia.

Chapter 5 entitled “Sustainable green chemical synthesis of silver nanoparticles using
renewable Daucus carota exacts under the influence of PVP-polyvinylpyrrolidone”
advances knowledge in the new and emerging waste valorisation field and demonstrates
a waste valorisation “proof of concept” for a large Western Australian food waste. The
“proof of concept” also addresses the third aim of the thesis, namely, develop a new and
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innovative waste valorisation strategy that produces high-value Ag nanoparticles that
have the potential to be used in new pharmaceuticals and antibiotic medications. This was
successfully done through case study three, which clearly demonstrated that a plant-based
food waste [carrot (Daucus carota)] could be used to produce high-value Ag
nanoparticles with antimicrobial properties. Earlier case studies (1&2) had identified
carrot as a major plant-based food waste. Western Australia is the largest producer of
carrots in Australia (89,674 tonnes per year), but market factors such as incorrect size,
quality and oversupply also results in large amounts of waste [9, 10]. Thus, waste carrot
was selected as a candidate for investigating the utilisation of plant-based food wastes for
producing high-value metal nanoparticles. The low-cost and one-pot green chemistrybased approach produce spherical and pseudo-spherical Ag nanoparticles that ranged in
size from 2 to 25 nm. Furthermore, the inclusion of small amounts of PVP (0.5, 1.0, 1.5
and 2.0% mass of mixture) resulted in the polymer binding to the {100} facets of the
forming crystalline nanoparticles. The preferential surface binding promoted growth
along the <111> orientation to generate shapes like triangular, cubic, polygons and rods,
that tended to range in size from 10 to 35 nm. Ascorbic acid present in carrot extracts was
identified as the most likely reducing agent and the resulting ascorbate ions, along with
amines and alcohols were identified as capping agents. While the Kirby and Bauer
sensitivity method was used to investigate and demonstrate the antimicrobial properties
of the synthesised Ag nanoparticles against two human pathogens, namely, Escherichia
coli and Staphylococcus epidermidis. Hence, establishing the value of the food waste
mediated Ag nanoparticles and the potential of using the Ag nanoparticles in new
antibiotic and pharmaceutical products.

6.2. Recommendations for Future Work
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Case studies one and two both identified that plant-based food waste in Western Australia
is large and is at similar levels reported in the European Union and Northern America.
Like other countries in the European Union and Northern America, there is also an interest
in Australia to adopt waste valorisation strategies that can transform and add value to food
waste. The present work has shown that phytochemicals present in a major West
Australian food waste (carrots) can be used to fabricate high-value Ag nanoparticles with
antimicrobial properties. The present research has also revealed a vast array of
phytochemicals like fatty acids, phytosterols, tocopherols, phenolic compounds,
carotenoids, proteins, vitamins, minerals and antioxidants are present in fruit and
vegetable waste [11-13]. Thus, further work is needed to identify and investigate methods
of extracting these valuable phytochemicals for use by food and chemical industries [1416]. For example, the global market for succinic acid was estimated to be worth around
US$496.0 million in 2016, with Europe and North America accounting for 35.0% and
31.0% of the market respectively. Succinic acid is widely used in the manufacture of
pharmaceuticals, surfactants, detergent extenders, antifoam agents, resins, polymers,
paints, cosmetics, and inks [17]. Hence, the interest in extracting organic materials like
succinic acid from food waste. At present, food waste in Western Australia is either
converted to compost or ends up being dumped in landfill. So this valuable renewable
source of phytochemicals is currently not utilised, remains largely unexplored and
unexploited in Western Australian.

The waste valorisation strategy investigated and demonstrated in the present work, which
also established “proof of concept” was the synthesis of high-value Ag nanoparticles
using carrot waste. The synthesised Ag nanoparticles were found to have valuable
antimicrobial properties against a number of human pathogens, which makes them a
potential antibiotic compound in new antibiotic pharmaceuticals. However, further work
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is needed to investigate the feasibility of using waste carrot extracts to produce other types
of nanoparticles with antimicrobial properties like gold (Au), copper (Cu), copper oxide
(CuO & Cu2O) and zinc oxide (ZnO). Currently, the author has confirmed that carrot
extracts can produce Au nanoparticles and other fruit and vegetable wastes like potatoes,
water melon, sweet melon, rock melon and banana peel can also produce Ag
nanoparticles. However, further work is needed to extend this research and optimise the
green synthesis process to ensure process reproducibility. In addition, de-agglomeration
and proper dispersion in the final stage of nanoparticles synthesis is a problem for larger
scale production which is important to include in future research of nanoparticles
synthesis mechanism. To the authors’ knowledge, very few studies have undertaken a
detailed investigation of the various process parameters to produce a comprehensive
assessment of the green synthesis process for generating metal nanoparticles. For
example, many current studies do not address controlling the formation mechanism to
ensure nanoparticle reproducibility and optimisation of mass yields from the process.
Furthermore, to the authors’ knowledge, no economic analysis of plant-based production
of metallic nanoparticles has been reported in the literature. Thus, future work is needed
to determine the most favourable optimisation parameters needed to produce
nanoparticles with reproducible physical properties, large mass yields and using
competitive cost-effective strategies. Addressing these issues will establish and ensure
scaling up production to an industrial manufacturing level is possible. Until these
important issues are resolved, the green synthesis of metallic nanoparticles using plantbased food waste will remain a novelty with no likelihood of being scaled up to profitable
industrial levels.
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Appendix

Information Letter for growers

Title of project: Food waste in Western Australia: options for minimization and utilization of
waste in fruit and vegetable value chains

Investigator (s) Purabi Rani Ghosh (PhD Student)
Co-investigators: Dr. Gerrad Eddy Poinern Jain, Professor Shashi Sharma, Dr. Devindri Perera
Contact Person: Purabi Rani Ghosh
Address Room 3.051 Environmental Science Building, South Street, Murdoch
WA 6150 Telephone No. +61(8) 9360 7316

You are invited to participate in this study
Background: Food waste has emerged as a major global issue with more than one third of food
produced in the world being lost or wasted between paddock and plate. International studies have
indicated that food waste occurs in diverse array in edible food chain. Food waste in the Australian
food value chain is broadly estimated to be around $9 billion per year; however, there is very
limited information available on the magnitude of food waste in Western Australia. To the best of
our knowledge this is the first research project targeted to study waste in food value chains in this
State. The purpose of this letter is to inform you about this research project and to invite you to
participate in a preliminary survey by filling out a simple questionnaire over the 8 weeks (March
2015-April 2015). This investigation is designed as a part of PhD project at Murdoch University.
Aim of the Study: The questionnaire forms part of a larger study which aims to assess the
magnitude of food waste generated at farm level, reasons for generation of food waste, current
options for minimizing and utilizing farm level food waste and potential for reducing food waste.
In this study we consider food waste at the farm level as, “food that is being produced for human “.

What Does Your Participation Involve? We have attached a simple questionnaire and request
you to provide your response to 8 questions. It is anticipated that it would take less than 10 minutes
to respond.
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Voluntary Participation and Withdrawal from the Study: It is important that you understand
that your involvement in this study is voluntary. While we would be pleased to have you
participate, we respect your right to decline. There will be no consequences to you if you decide
not to participate. If you decide to discontinue participation at any time, you may do so without
providing an explanation. If you withdraw, all information you have provided will be discarded
and not used. However, once the research work is published it will not be possible to withdraw any
information. The research publications would not include any names of growers.
Your privacy:

Your privacy is very important to us. Your participation in this study and any

information will be treated in a confidential manner. Your name and identifying details will not be
used in any publication arising out of the research. Following the study, the data will be kept in a
de-identified format, in a locked cabinet in the office of the Chief Investigator.

Possible Benefits: It is possible that you notice a substantial food waste generation in your farm.
This may lead to value, profit, labour and energy loss. We are interested to know if you experience
any other difficulties from food waste generation. If we are able to take the findings of this small
study and link them with a wider study, the result may provide valuable information for the
industry and it may lead to identification and development of new options to minimize or utilize
this waste profitably.
Possible Risks: There are no specific risks anticipated with participation in this study. However, if
you find that you are becoming distressed or anxious while responding to the questions, you are
welcome to contact us for any assistance or support that helps you to participate in the survey or
withdraw.
Questions: If you would like to discuss any aspect of this study please feel free to contact Purabi
Ghosh at +61893607316 or on mobile 0422945690. We would be happy to discuss any aspect of
the research with you. Once we have analysed the information from this study
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we will mail / email / telephone you a summary of our findings. You can expect to receive this
feedback in 6 months’ time, by September, 2015. We thank you in advance for your assistance
with this research project. We look forward to hearing from you soon.

This study has been approved by the Murdoch University Human Research Ethics Committee
(Approval 2014/234). If you have any reservation or complaint about the ethical conduct of
this research, and wish to talk with an independent person, you may contact Murdoch
University’s Research Ethics Office (Tel. 08 9360 6677) or email (ethics@murdoch.edu.au).
Any issues you raise will be treated in confidence and investigated fully, and you will be
informed of the outcome.
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Questionnaire: Fruits and vegetables waste in the farm at WA
What is your gender?

Male

Female

What is your age?

Younger than 18

18 - 24

25 - 34

35 - 44

45 - 54

55 - 64

65 or older

Prefer not to answer

Where is your farm location in WA?
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Questionnaire: Fruits and vegetables waste in the farm at WA
Please select your farming method from the following:

Conventional

Organic

Other

What is your major cultivated crop (fruit/vegetable)? (e.g. 2013/2014)

What is your cultivated area per year?

What is the harvested area of the cultivated area (%)?

Percentage of total produce sold in the market

Reasons for not harvesting or selling (please rank from 1 to 6 scale while ‘1’ is most/best
reason and ‘6’ is least reason)
1

2

3

4

5

6

Low price
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Questionnaire: Fruits and vegetables waste in the farm at WA
Lack of storage

Pest damage

Weather damage

Withdrawn from retailers

Others

What was done with the waste?
(please rank from 1 to 6 scale while ‘1’ is most/best use and ‘6’ is least use)
1

2

3

4

5

6

Animal feed

Composting

Donated

Dumping

Incineration

Used in other way

Any comment on how waste could be reduced
(please rank from 1 to 6 scale while ‘1’ is most/best preference and ‘6’ is least preference)
1

2

3

4

5

6

Regulations and standards on
visual appearance for fruit and

150

Questionnaire: Fruits and vegetables waste in the farm at WA
vegetables could be revised at
supermarkets

Engaging trained worker in
agriculture to handle produces

Promoting more farmers market to
sell produces directly to the
consumers

Improving storage facilities,
technology and infrastructure to
better connect farmers to markets

Government policy change to
promote subsidy for growers

Others

Any comments on how waste could be better utilized
(please rank from 1 to 6 scale while ‘1’ is most and ‘6’ is least preference)
1

2

3

4

5

6

Use for bioenergy production
(electricity/gas)

To make value added compounds

To make fish/animal food

More donation to food bank and
increasing tax deductions for food
donations to charities

Increasing revenue from selling
compost made from crop scraps
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Questionnaire: Fruits and vegetables waste in the farm at WA
Others

Thank you very much for participating in this survey. Your information is much valuable to us If you
have any further question please contact Purabi Ghosh by email at P.Ghosh@murdoch.edu.au or
mobile +61422945690. Once again thank you.
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Information Letter for food wholesaling businesses in Western Australia
Title of project: Food waste in Western Australia: options for minimization and utilization of waste
in fruit and vegetable value chains

Investigator (s) Purabi Rani Ghosh (PhD Student)
Co-investigators: Dr. Gerrad Eddy Poinern Jain, Professor Shashi Sharma, Dr. Devindri Perera
Contact Person: Purabi Rani Ghosh
Address Room 3.051 Environmental Science Building,
South Street, Murdoch WA 6150, Telephone No. +61(8) 9360 7316

You are invited to participate in this study
Background: Food waste has emerged as a major global issue with more than one third of food
produced in the world being lost or wasted between paddock and plate. International studies have
indicated that food waste occurs in different pattern in the food chain. Food waste in the Australian
food value chain is broadly estimated to be around $9 billion per year; however, there is very
limited information available on the magnitude of food waste in Western Australia. To the best of
our knowledge this is the first research project targeted to study waste in food value chains in this
State. The purpose of this letter is to inform you about this research project and to invite you to
participate in a preliminary survey by filling out a simple questionnaire over the 8 weeks (June
2015-July 2015). This investigation is designed as a part of PhD project at Murdoch University.
Aim of the Study: The questionnaire forms part of a larger study which aims to assess the
magnitude of food waste generated at food processing businesses, reasons for generation of food
waste, current options for minimizing and utilizing farm level food waste and potential for
reducing food waste. In this study we consider food waste at processing business as, “food that is
being produced for human consumption but is not, or cannot be consumed by humans”. This could
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be due to reasons such as poor quality of produce, pest or disease damage, cosmetic marks on
produce, lack of market access, policy or regulatory restrictions, unfavorable packaging, etc.

What Does Your Participation Involve: We have attached a simple questionnaire and request
you to provide your response to 8 questions. It is anticipated that it would take less than 10 minutes
to respond.
Voluntary Participation and Withdrawal from the Study: It is important that you understand
that your involvement in this study is voluntary. While we would be pleased to have you
participate, we respect your right to decline. There will be no consequences to you if you decide
not to participate. If you decide to discontinue participation at any time, you may do so without
providing an explanation. If you withdraw, all information you have provided will be discarded
and not used. However, once the research work is published it will not be possible to withdraw any
information. The research publications would not include any names of growers, farms or
businesses.
Your privacy:

Your privacy is very important to us. Your participation in this study and any

information will be treated in a confidential manner. Your name and identifying details will not be
used in any publication arising out of the research. Following the study, the data will be kept in a
de-identified format, in a locked cabinet in the office of the Chief Investigator.

Possible Benefits: It is possible that you notice a substantial food waste generation in your farm.
This may lead to value, profit, labour and energy loss. We are interested to know if you experience
any other difficulties from food waste generation. If we are able to take the findings of this small
study and link them with a wider study, the result may provide valuable information for the
industry and it may lead to identification and development of new options to minimize or utilize
this waste profitably.
Possible Risks: There are no specific risks anticipated with participation in this study. However, if
you find that you are becoming distressed or anxious while responding to the questions, you are
welcome to contact us for any assistance or support that helps you to participate in the survey or
withdraw.
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Questions: If you would like to discuss any aspect of this study please feel free to contact Purabi
Ghosh at +61893607316 or on mobile 0422945690. We would be happy to discuss any aspect of the
research with you. Once we have analysed the information from this study we will mail / email /
telephone you a summary of our findings. You can expect to receive this feedback in 6 months’ time,
by September, 2015. We thank you in advance for your assistance with this research project. We
look forward to hearing from you soon.

This study has been approved by the Murdoch University Human Research Ethics Committee
(Approval 2014/234). If you have any reservation or complaint about the ethical conduct of this
research, and wish to talk with an independent person, you may contact Murdoch University’s
Research Ethics Office (Tel. 08 9360 6677) or e-mail (ethics@murdoch.edu.au). Any issues you
raise will be treated in confidence and investigated fully, and you will be informed of the outcome.
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Questionnaire: Fruits and vegetables waste in the wholesaling businesses
in Western Australia
1. Please choose one from the following option regarding your business activity
Wholesaler

Secondary Wholesaler

Processor

2. Which fresh produce commodity do you sell?
Fruits

Vegetables

Both

3. Please name the fresh produce (fruit/ vegetable) you sell more (rank ‘1’ to ‘3’ as main to least product)

156
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1

2

3

Miscellaneous

4. How often do you receive fresh produce?

5. How much fresh produce do you receive in a typical week?

6. How much fresh produce you bin as waste in a week?

7. Please rank the fresh produce based on their wastage. '1' = main waste category and '4' = least waste
category. Please drag and rank (1st to 4th) the following in order of priority:
Summer fruits

Summer vegetables

Winter fruits

Winter vegetables

8. Please rank the reasons for waste (Please rank '1-4' while '1' is the main reason and '4' is the least
reason)

9. Any comment on how fresh produce waste could be reduced/avoided (please rank from 1 to 5 scale
while ‘1’ is most/best preference and ‘5’ is least preference)
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10.
Any comment on how fresh produce waste could be utilized (please rank from 1 to 5 scale while
‘1’ is most/best preference and ‘5’ is least preference)
Use for bio-energy production (electricity/gas)

To make value added compounds

To make fish/animal food

More donation to food bank and increasing tax deductions for food donations to charities

Increasing revenue from selling compost made from crop scraps

Others (Please specify)
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Thank you very much for participating in this survey. Your information is much valuable to us If you have any further question
please contact Purabi Ghosh by email at P.Ghosh@murdoch.edu.au or mobile +61422945690. Once again thank you.
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