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ABSTRACT
The capacity of Black soldier fly (BSF) larvae to feed on organic matter and yield a protein rich
biomass which can naturally be consumed by animals, offers an innovative opportunity of using
waste rapidly generated in cities to produce tons of BSF for livestock feed. Efforts to recycle such
waste using this insect has gained popularity but there is a public health concerns on the quality of
larvae raised from such substrate to be used in the food system as feed ingredients. Contrary to
microbial contaminants which are inactivated by BSF larvae, chemical contaminants like heavy
metals are a threat to this industry as they are reported to accumulate in the BSFL posing a threat to
consumers along the food chain. Heavy metals naturally occur in the earth crust and are released
via natural disasters but a greater percentage of their release to the environment is largely attributed
to anthropogenic factors. A study was conducted to investigate the effect of biochar introduction to
BSF feed as a feed additive on heavy metal accumulation in BSF larvae. Biochar is a carbonaceous
product of pyrolysis which is nontoxic and previous studies have reported its efficiency in binding
toxins and general animal health when ingested as supplements. The objective of this study was to
establish the adsorptive capacity of locally produced biochar in managing heavy metal accumulation
associated with BSF reared on contaminated municipal organic wastes. This being so, optimization
studies on rice husks biochar (RHB) and coconut shells biochar (CSB) capacity to adsorbed
Cadmium metal were conducted. Adsorption behavior of Cadmium (Cd) onto the RHB and CSB
with respect to the various parameters of influence was studied. The equilibrium data from the batch
adsorption experiments was used to design kinetic and isotherms models. The isotherms showed a
best fit of Freundlich model for RHB and CSB which informs heterogeneity kind of adsorption and
exponential distribution of adsorption sites and their energies. Kinetic data indicated a
chemisorption process of adsorption for both biochar types and this was best described by the PSO
model. Furthermore, the remediation studies for Cd accumulation in BSFL using biochar feed
additive was done in a CRD experiment. BSF larvae were fed on Irish potato peels spiked at varied
Cd concentration levels and an equal amount of biochar with respect to type was mixed to the feed
as treatment. Thereafter, the harvested BSF larvae were acid digested and analyzed for Cd using an
AAS which detected only a small fraction of Cd?* in the BSF larvae as well as in the food remains.
This showed that the substantial amount of Cd?* which was unaccounted for were retained in the
biochar. These results indicate that RHB and CSB are suitable adsorbent which can effectively
manage heavy metals. Findings from this study can therefore provide a basis for using biochar as a
low-cost adsorbent to effectively remediate the heavy metal accumulation threat in BSF reared on

contaminated organic waste.

Keywords: Black soldier fly, Food security, Bioaccumulation, Cadmium, Biochar.
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CHAPTER ONE: INTRODUCTION
1.1 BACKGROUND

The current food system is not making progress toward cutting down the number of undernourished
people especially in low-income countries. This situation is worsening as the demand for animal
protein continue to escalate making them expensive and less accessible to many families in most
developing countries. On the other hand, as food production increases to meet the demand, a third of
this food goes to waste through food loss and usually dumped haphazardly making an environmental
nuisance (WFP 2020). In the quest to ensure this valuable nutrient (protein) is made available,
researchers have explored other food resources like the nutritional potential of edible insects. Edible
insects have high crude protein levels of 40-75%, all essential amino acids, rich in fatty acids and
have a high proportion of dietary fiber. Besides, insects have chitin as part of their exoskeleton which
has many health benefits like antibiotic properties along with a number of minerals (Dickie et al.,
2019).

Entomophagy however is challenged by inconsistency supply as most cultures access edible insects
from the wild, a method that is greatly challenged by seasonality. Moreover, overexploitation,
urbanization and land conversion have led to decline of wild catch among other obstacles like
regulations promoting conservation of natural ecosystems. As a result, several investigations have
been made towards controlled farming of edible insects and it is evident that insects can be reared.
Thus, different technologies of insect farming have since been developed and promoted as a
sustainable way to improve quality and supply of edible insects. Among the successfully reared
insects, the Black soldier fly Hermetia illucens is more pronounced as one that is easy and cheap to
rear. The black soldier fly (BSF), is a true fly that is native to America though widely distributed, in
the temperate and tropics. The capacity of larval stage of this insect to utilize low-value organic waste
as feed and yield high-value protein bodies, makes it the most used insect species to produce feed for
animals (Cadinu et al., 2020). Apparently adults of this insect live on water only for about 8 days
and tend to shy away from humans, they do not sting neither are they pests nor vectors of any specific
disease (Wang & Shelomi, 2017). The larvae of BSF feed on a wide range of rotting organic matter
and have been used in waste management using different substrates like municipal waste, animal
offal, manure, brewers’ waste, vegetable and fruit residues, fecal sludge, kitchen waste amongst
others (Banks et al., 2014; Gold et al., 2018; Nyakeri., 2018; Wang & Shelomi, 2017).

The diversity of the substrates that BSF larvae can process and their superior feed conversion ratios
presents a cheap and easy production system of the much-needed protein. In fact, a number of studies
have not just suggested BSF larvae as practical to rear for feed production but also as a suitable and

cheap tool to valorize municipal wastes. Whereas this innovation (using waste to raise BSF larvae for
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feed) seems to be a solution to poor waste disposal and livestock feed industry, safety concerns on its
utilization as food and feed have been raised. Generally, waste is reported to have diverse
contaminants which may be passed on to the larvae and en route to the food chain if the larvae is to
be used as feed or feed ingredient thus posing a safety concern on the consumer.
Recently Mausi et al. (2014) reported a threat of heavy metal contamination in fruit samples collected
from randomly selected market sites in Eldoret town of Kenya. Similarly, Karanja et al. (2012)
detected an elevated of heavy metal content in kale leaves which was attributed to the use of untreated
industrial wastewater for irrigation in peri-urban Nairobi. It was further reported that the highest
loading of heavy metals in vegetables were demonstrated to be from chicken manure, mainly due to
use of commercial feeds in chicken rearing. All these substances stand as potential contributors to
diverse contaminants in waste and uncontrolled management of such fruit and vegetable waste raises
concern on using municipal waste for BSF rearing. As a result, all potential hazards (microbial
hazards, chemical hazards, allergenic potential, environmental hazards, and impact of processing and
storage) as identified in the EFSA must be considered in farmed insects for food and feed especially
the BSF larvae which can easily thrive on all forms of organic waste (Schrdgel & Wétjen, 2019).
Interestingly, microbial hazards are reported not to be a challenge in BSF larvae (Bessa et al., 2020).
Wang & Shelomi, (2017) reported that the larvae of BSF can reduce microbial load in the feed
substrates by lowering the concentrations of bacteriophages and bacteria such as Salmonella
enteritidis and Enterococcus coli. However, hygiene practices and treating the meal against microbes,
parasites and bacterial spores may reduce the chance of microbial contamination to a greater extent.
Similarly, Bosch et al., (2017); Lalander et al., (2016) and Purschke et al., (2017) reported a
reduction in mycotoxins, pesticides and pharmaceuticals whose half-lives shortened after BSF
treatment in the residual compost.
On the other hand, information on the safety with respect to heavy metals in insects reared for food
and feed is limited (van der Fels-Klerx et al., 2018). However, there are a number of recent studies
(Bessa et al., 2020; Proc et al., 2020; Wu et al., 2020) that have shown accumulation of heavy metals
in BSF at levels higher than the initial concentration level in the feed, thus making heavy metals a
potential contaminant in BSF farming. These studies suggest that heavy metals may be present in the
waste used as feed for the insect thus the accumulation in the body of the BSF. Therefore, feeds
originally derived from insects reared in such conditions pose a threat to public health as contaminants
move from waste into BSF and eventually in the food chain (van der Fels-Klerx et al., 2018).
Heavy metals are naturally occurring elements that have a high atomic weight and a density compared
to that of water (van der Fels-Klerx et al., 2018). Their various application in industrial, domestic,
agricultural, medical and technological sectors has led to their wide distribution in the environment;
raising concerns over their potential effects on human health, livestock and the environment (Ismail &
2



Moustafa, 2016; Tchounwou et al., 2012). Heavy metals are considered systemic toxicants that are
known to induce multiple organ damage, even at lower levels of exposure. Thus owing to their high
degree of toxicity, metals like Arsenic, Cadmium, Chromium, Lead, and Mercury rank among the
priority metals that are of public health concern as they are classified as human carcinogens by the
U.S. Environmental Protection Agency and the International Agency for Research on Cancer
(Tchounwou et al., 2012).

Presence of heavy metals in the organic waste suitable for BSF rearing limits the viability of the BSF
industry as it requires careful examination of waste to be used as feed. Apparently most small holder
farmers cannot afford the cost and procedure of heavy metal analysis. So far, a number of studies have
focused on accumulation potential of these metals in the edible insects and Cadmium is reported as a
persistent metal that accumulate in BSF larvae at levels higher than in the substrates (Diener et al.,
2015). Recently, Diener et al. (2015) and Van Der Fels-Klerx et al. (2016) confirmed Cadmium
bioaccumulation in BSF larvae through analysis of both the larvae and substrate. Wang & Shelomi,
(2017) reported different heavy metals like Chromium, Arsenic, Nickel and Mercury to accumulate in
the larvae of the BSF. While accumulation potential of toxic metals in edible insects particularly the
BSF larvae is well documented, research on their remediation is scarce.

This informed the overall objective of this study which is to remediate heavy metal in BSF, thereby
reducing the risks associated by minimizing the detrimental effects of heavy metal exposure and their
accumulation in BSF larvae. Generally, insects get rid of most harmful substances which they may
have consumed through excretion of the gut lining during the process of fasting prior to harvesting.
The other way is through molting as they transform from one phase to another thus the reason why
heavy metals are reported to accumulate the highest in larvae and prepupa of the BSF than the adults.
However, the larval stage of BSF is the most targeted stage in feed industry due to their highest crude
protein levels.

The larvae of BSF accumulate Cadmium at bioaccumulation factor (BAF) greater than 1 and the same
is reported in other fly species like fruit flies and marsh mosquitoes (van der Fels-Klerx et al., 2018).
This entails that the accumulation in the organism becomes greater than that of the medium from which
organism was taken from. Insects of this family have the capacity to store Cadmium through the
metallothionein genes which bind this metal and prevent its excretion. Additionally, Cadmium can be
transported by Calcium ions channels in heated conditions thus allowing its passage directly through
the body tissues (Diener et al., 2015; Van Der Fels-Klerx et al., 2016). This explains the persistent
accumulation of this metal in BSF larvae considering their high Calcium content compared to other
insects’ species. Overall previous reports observed the highest BAF value for cadmium in BSFL,

followed by arsenic and lead (Alagappan et al., 2022).



This study employed adsorption technique where bioavailability and accumulation of the contaminant
heavy metal Cadmium was studied in the larvae of BSF using biochar as remediate adsorbent. Biochar
which is a cost effective and an ecofriendly carbonaceous product of pyrolysis was incorporated in
BSF larvae feed spiked with different levels of Cadmium (Lyu et al., 2016). Biochar has unique
physicochemical properties, with high affinity to binding inorganic and organic contaminants in
different ecosystems capable of adsorbing various pollutants such as heavy metals, mycotoxins,
pesticides (Mahdi, 2019). A number of studies have confirmed the potential effectiveness of biochar
in remediating heavy metals in aqueous solutions and soils (Komkiene & Baltrenaite, 2016; Li et al.,
2017; Lyu et al., 2016; Tan et al., 2015; Wu et al., 2018).

According to Sakhiya et al. (2020) Biochar can effectively immobilize, adsorb and sequestrate a
number of heavy metals including Chromium, Lead, Cadmium, Nickel, Mercury, Copper, and Zinc
from soils and water. Recently, impressive discoveries of blending biochar with organic matter like
manure, cattle urine and compost have been made by various researchers (Kalus et al., 2019; Schmidt
et al., 2019). This prompted studies on not only mixing biochar with manure, but also its inclusion in
animal feeding systems. These results indicated an improvement in nutrient intake efficacy and a
general animal health improvement. This suggests that there are plenty of potential relationships
between various parameters that biochar can achieve given its remarkable properties (Kalus et al.,
2019).

This study investigated the adsorption potential of biochar from rice husks and coconut shells
produced using the Top Lid Updraft Drum (TLUD) technology. Rice husks and Coconut shells are
lignified type of agricultural waste that take long to decompose thus they are abundantly available.
Using them however, as feedstock for biochar production for different purposes is a solution that can
prevent heaping of underutilized large masses of such waste. Moreover, the thermal decomposing
technology employed for biochar production in this study is simple and less expensive, making it
affordable for farmers of different classes. The TLUD is not just recommended for its simple and
inexpensive design but its capacity to burn pyrolytic gases such as carbon monoxide, methane and
aerosols up to 75% thus it is ecofriendly (Mathu et al., 2017).

Results from the optimization studies conducted here were used as guiding conditions in spiking BSF
larvae substrate/feed correspondence with the average Cadmium concentration levels present in
organic wastes (supposedly feed for the BSF larvae) around some selected parts of Kenya. Thereafter
the bioaccumulation of Cd metal in the harvested BSF larvae and the frass (residue) after feeding was
studied through monitoring and comparing the Cd concentration levels before and after feed with

respect to the biochar type.



1.2 STATEMENT OF THE PROBLEM

Utilization of organic waste poorly disposed especially in cities to raise BSF larvae for animal feed,
presents an innovative strategy that answers to the food feed competition surrounding soya beans and
fish besides addressing the environmental concerns of waste accumulation.

However, using organic waste (municipal waste) for BSF rearing as feed/ingredient is challenged by
the food safety concern which presents the diversity of contaminants in the waste. Of major concern
are the heavy metals reported to accumulate in BSFL at levels higher than the initial concentration
spiked in the feed (Diener et al., 2015). Particularly, Cadmium has been reported to accumulate more
(91.3%) in BSFL than other metals like Cu (Nan 2020). These metals can easily enroute into the
targeted waste (organic) through poor disposal, as other types of waste like electronic waste (E waste),
Phosphate fertilizers, Polyvinylchloride plastics, paints and batteries in which contaminants like
Cadmium are used as stabilizers get mixed with municipal organic waste (Genchi et al., 2020).
While there is growing body of research assessing the heavy metal accumulation in BSF larvae, little
is known about remediation strategies to rid this industry of the heavy metal risk and constant
monitoring of heavy metal content in the feed is technically unattainable by small holder farmers.
Thus, this study fills the knowledge gap by quantifying the potential of biochar as a low-cost

adsorbent that can adsorb Cadmium from BSF feed waste.

1.3 OBJECTIVES

1.3.1 Main objective

To contribute towards management of heavy metals in BSF larvae using selected agricultural waste
biochar for feed safety.

1.3.2 Specific objectives

To determine the adsorption behavior of RHB and CSB for Cadmium remediation in BSF Larvae fed
on contaminate organic Waste.

To evaluate the effect of selected biochar on Cadmium accumulation in BSF larvae.

1.4 HYPOTHESES

Ho: Rice husks and Coconut shells biochar are not potential adsorbents of Cadmium

Ho: Rice husks and Coconut shells biochar have no effect on Cadmium accumulation in BSF larvae
1.5 JUSTIFICATION

The potential bioaccumulation of heavy metals in BSFL fed on contaminated organic waste limits
the substrates to be used in BSFL rearing. Considering the threat that heavy metal contamination in
BSFL poses to food safety and food security, addressing the issue of heavy metal bioaccumulation

5



justifies the need for this study. This study sought to remediate Cadmium reported to accumulate in
the larvae using biochar. Hence two types of agricultural wastes that is rice husks and coconut shells
often considered to be of less economical value and nuisance to the environment were used for
biochar production. This provides a basis for promoting utilization of highly lignified agricultural
wastes which take long to decompose for biochar production which can then be used as remediator
for heavy metals in BSF larvae feed or other media like soil.

Moreover, the use of biochar as a feed additive in animal farming is well documented. Despite most
results and experience being concentrated in cattle and chicken, biochar is also administered to other
livestock like sheep, goat, horses, pigs cats, rabbits ,dogs and fish farming (Kammann et al., 2017)
and a great potential to improve animal health, feed efficiency and livestock housing climate like
reducing greenhouse gas emissions is reported. Results enhances food security by suggesting a
remediation measure that is not just affordable and eco-friendly but reduces the risk of using untreated

waste.

1.7 SIGNIFICANCE OF THE STUDY

This study contributes to achieving three of the United Nations Sustainable Development Goals (UN
SDGs). It focuses on combating the chemical food safety threat in BSF rearing industry using organic
waste polluting the environment in cities, there by contributing to ending hunger, good health and
well-being as well as ensuring city sanitation. The results from this study can help in sensitization,
monitoring and policy formulation supporting the use municipal waste in black soldier fly rearing for
food and feed. It provides a basis for promoting the use of various organic waste types accumulating
in cities as feed substrates for BSF larvae rearing. This study contributes to the understanding of
heavy metals in edible insects particularly the BSF and suggest remediation measure thus enhancing
food safety by breaking the en routing of heavy metals along the food stream using an afford
remediate. The study brings to the body of knowledge and literature for other scholars interested in

heavy metal contamination in, not just edible insects but other ecosystems.



CHAPTER TWO: LITERATURE REVIEW
2.1 INTRODUCTION

The intensification of agriculture to meet the increasing demand for food by half the world’s
population found in urban areas has presented a tremendous increase of solid waste in cities. Despite
the substantial efforts to reduce waste accumulation in cities by the relevant authorities, waste
management still remains one of the pressing issues of global concern. This impacts many aspects of
social and economic development thus addressing this issue is a step towards achieving 50% of the
Sustainable Development Goals (SDGs). Waste management has revolutionized from traditional
methods like open air burning and dumping to programs that emphasize reuse and recycling of
resources as well as reduction of consumption (Ashikuzzaman & Howlader, 2019; Mohammad, 2020;
WHO, 2021)

However, despite the greater percentage of solid waste in many developing countries being organic,
recycling programs have been directed towards the inorganic wastes like scrap metal due to the
perceived high value of the products obtained there of when compared to organic waste products
(Joly & Nikiema, 2019). Researchers have since explored various technologies and processes of
managing waste materials which Lohri ef al., (2017) groups into four major categories namely direct
use, biological treatment, physico-chemical treatment and thermo-chemical treatment. Of these
technologies, biological treatment particularly, Blac soldier fly bioprocessing stands out to be the
most promising technology capable of solving environmental pollution and provide an alternative
animal protein within a short time at low cost (Charlton et al., 2015; Diener et al., 2015; Lohri et al.,
2017).

2.2 BLACK SOLDIER FLY

The black soldier fly, Hermetia illucens (Linnaeus) is a non-pest Diptera of the Stratiomyidae family
native to the neotropics also known as South America region, one of the six major biogeographic
areas of the world. Currently, BSF is distributed in tropical and subtropical regions around the World
between 46° N and 42° S (Diener, 2010). These insects occur naturally in some African countries like
Zambia, South Africa, Guinea and Ghana whereas in other countries like Kenya, it was introduced as
brood stocks, imported for rearing purposes following the rising attention that it has continually
received (Nyakeri,2018). The capacity of the BSFL to bio convert organic waste into a protein rich
biomass leaving a very rich frass/manure valuable for soil fertilization has made it popular in the
recent past (Tomberlin ef al., 2002). In fact, Mutafela, (2015) presented the use of BSF in waste
management as being more viable economically than direct using of raw manure. A comparison
study on this, presented BSFL by products (protein, fat and compost) as being 100- 200 times more
economically valuable at US$200 per ton with unprocessed or raw manure which stood at US$10-20

per ton.



2.2.1 The life cycle of BSF larvae

The Black soldier fly undergo a complete metamorphosis i.e., it passes through 4 distinct stages (egg,
larvae, pupa and adult) to complete its life cycle. Under optimal rearing conditions, the cycle is
estimated to be complete within 40 -43 days period otherwise it can be extended up to 6
months(Mutafela, 2015; Nyakeri., 2018). Just like any other insect, the cycle starts with mating and
this is achieved by males congregating in certain areas away but near the substrate and call to the
females. This is so because females need to oviposit their eggs near a food source for the off springs
to thrive on. Each female lays a cluster of between 500-900 eggs into dry cracks and cervices which
then hatches into larvae 3-4 days after (Diener, 2010).

The larvae turn into prepupa in 14 days and within the same period of time, the prepupa changes into
pupa which burrows into dry medium where it undergoes further exoskeletal casing for at least two
weeks. The cycle is closed by emergence of an adult fly from the casing which breaks at the tip
allowing its release. The newly emerged flies are slightly larger, greenish bodies with undeveloped
folded wings which gradually unfold within 2-3 hours and 2 days later, these become adults which

are able to mate. Interestingly, the adult BSF do not have functional feeding parts hence they do not

feed instead live on stored fat during their life span of 5-12 days(Mutafela, 2015).
Adult

Figure 1: Life cycle of the Black soldier fly. Source: Entofood Sdn Bhd, (2016)

2.2.2 Importance of Black soldier fly

As the world population continues to grow, resources become scarcer, posing humanity with a
challenge of providing the growing population with healthy diets from sustainable food systems.
Apparently, the global food production of energy dense foods has kept pace with the rising population
but a good number of people still face protein crisis and suffer a double burden of overweight with
hidden hunger and malnourishment and the bigger percentage is mostly women and children. This
informed programs like the Scaling Up Nutrition (SUN) Movement, a Global initiative uniting
multisectoral efforts to end Under- Nutrition in women of productive age and child stunting. In this

regard, governments have sought to promote sustainable production of nutrient dense foods and insect
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farming presents a sustainable solution to the protein crisis with limited carbon prints among other
benefits like insect frass to support another soil nutrition (FAO, 2021)

The BSF is one insect that have so far presented versatile economic benefits. Black soldier fly larvae
are rich in lipids, proteins, polysaccharides and Calcium hence their great potential to be used in
animal feed. BSF meal which is a whole BSF processed into a meal product is among the common
marketable BSF ingredients, Besides, the BSF can also be extracted and separated, a defatted protein
meal with a protein content up to 60% and an extracted oil part of on average 30%, remain. When
extracting the oil and protein part of the BSF, some byproducts are released. These by-products
mainly consist of enzymes, chitins and antimicrobial peptides (Bakker, 2020).

From the defatted BSF exoskeleton is one of the fast growing biopolymer called chitin which is said
to have a positive effect on the functioning of the immune system (Huis, 2012). The chitin can further
be processed into chitosan another high value product that has potential application in agriculture as
pest-control and other industries like textiles, water treatment, food preservation and many more
(Meticulous Research, 2020). Additionally, after rearing, residue by-product called frass remain. The
residue mainly includes fecal matter, residues of organic waste and BSF skins which has great

potential to be used as biofertilizer (Zahn, 2017).

Fertilizer P y Larvae me

Oil
Economic products of the Black soldier fly

Black soldier fly larvae can solve environmental problems associated with organic waste thus
reducing the cost of waste disposal and treatment. The composition of BSFL’s gut microbiota is made
in such a way that it can consume and break down different organic types thus reducing the waste
biomass and prevent environmental contamination (Mutafela, 2015). So many studies have shown
the potential of this insect in waste reduction and how it can be used in waste processing to overcome
the challenge of waste accumulation in cities (Diener, 2010; Joly & Nikiema, 2019). Furthermore,
colonization of BSF on organic matter is said to successfully reduce offensive odors and control

population of vectors like common house flies by 94-100% (Mutafela, 2015).



2.3 FOOD SAFETY CONCERNS RELATED TO THE USE OF BSF LARVAE AS FEED
Entomophagy of some insects like the BSF larvae has been challenged on safety grounds despite its
potential to contribute greatly to human nutritional requirements where malnutrition is a challenge
(Belluco et al., 2013; Imathiu, 2020; van der Fels-Klerx et al., 2018). Top on the list of concerns is
the issue of microbiological and chemical healthy risks that insect derived foods pose along the food
chain. Such hazards present a challenge to the food industry when legislators and food safety
authorities use them as critical points to protect the general public through restrictions of certain
activities (Belluco et al., 2015).

Research on BSF has significantly gained attention over the past few years due to versatile benefits
that the BSF offers. Most important of them all is the ability of the larvae of this species to bio convert
organic waste into feed source rich in essential amino acids and fatty acids among other
micronutrients vital for animal nutrition (Biancarosa, Liland, Biemans, et al., 2017). Owing to the
fact that BSF thrive inclusively on a diet that is high in number and diversity of microbes, safety
concerns in relation to its use as food or feed have been raised. So many studies present the larvae of
this insect as one that can scavenge on different organic matter including human excreta (Banks et
al., 2014; Diener, 2010; Nguyen et al., 2015).

Transfer and accumulation of microbial and chemical substances that the BSF substrate is said to be
rich in poses a challenge to this industry( Lalander et al., 2013; Wang & Shelomi, 2017). Waste
material that have so far been reported to be suitable for BSF rearing are either animal based (manure,
blood) and risk having pharmaceuticals or fruits and vegetables wastes which may also have some
pesticides residues (Gold et al., 2018; Lalander et al., 2016). The same applies to poorly stored grains
as they may harbor mycotoxins whereas municipal waste may have heavy metals and other toxins
like polyromantic hydrocarbons (PAHS), dioxins, polychlorinated biphenyls (PCBs) etc.

2.3.1 Microbial contaminants of BSFL

Interestingly BSFL is noted to reduce microbiological contaminants in their substrates(Wang &
Shelomi, 2017) .According to Lalander et al., (2013) and Wang & Shelomi, (2017) the larval activity
of this insect sanitizes the waste by inactivating some zoonotic Enterobacteriaceae such a Salmonella
spp. and Escherichia coli. Additionally, previous researchers reported that BSFL do not accumulate
mycotoxins, pharmaceuticals, dioxins, PCBs, PAHs and some selected pesticides (Bosch et al.,
2017; Lalander et al., 2016; Purschke et al., 2017). This shows that BSFL are free of microbial
contaminants, actually Lalander et al., (2013) said that inoculating BSF substrate with 9omicrobes
increases the larval performance process. However, Wang & Shelomi, (2017) cautions that hygiene

practices must be observed for the larvae can be contaminated after harvesting.
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2.3.2 Chemical contaminants of BSFL

On the contrary chemical hazards especially heavy metals accumulation in the larvae has recently
been raised as an issue of concern in BSF farming. According to Wang & Shelomi, (2017) different
heavy metals like Chromium, Arsenic, Nickel and Mercury were reported to accumulate in the larvae
of the BSF but the levels of Cadmium were reported to be higher than what was contained in food
substrate. Similarly, Van Der Fels-Klerx et al., (2016) conducted a study where Lead, Arsenic and
Cadmium were spiked in the BSF substrate. Cadmium and Arsenic were found in the larvae at
concentration higher that the European Commission limit for feed material.

However, the bioaccumulation factor (BAF) of Arsenic in BSF was less than one and the majority of
Arsenic consumed was excreted. On the contrary, Van Der Fels-Klerx et al., (2016) reported that
Cadmium accumulate in the larvae at BAF greater than one and it is also said to accumulate in other
fly species like fruit flies and marsh mosquitoes. Members of this family have the capacity to store
Cadmium through the metallothionein genes which bind this metal and prevent its excretion.
Additionally, Cadmium can be transported by heat which shocks proteins thus allowing Cadmium to
pass through Calcium ions channels (Diener et al., 2015; Van Der Fels-Klerx et al., 2016). This
explains the persistent accumulation of this metal in BSF larvae considering their high Calcium
content compared to other insect species.

These results concur with the findings from other studies where BSF was provided with feeding
substrate spiked with Cadmium (Charlton et al., 2015; Diener et al., 2015; Gao et al., 2017).
According to Biancarosa et al., (2017) Cadmium concentrations in the substrate have a direct effect
on the levels of its accumulation in the BSF larvae. In their study, they reported a simultaneous
increase of Cadmium levels in the larvae to increasing concentrations in the seaweed enriched feeding
media. Diener et al.,(2015) and Van Der Fels-Klerx et al., (2016) reported a higher Cadmium
accumulation than in the case of Biancarosa et al., (2017). However, the variation was due to
exposure of higher Cadmium levels or spiked media having much more available Cadmium than sea

weed enriched media (Biancarosa, Liland, & Araujo, 2017).

2.4 REMEDIATION OF HEAVY METALS IN INSECTS

Contaminants (microbes and chemical) present in the waste used to rear BSFL may remain in the gut
or even tissues of this valuable larvae even after harvest and they may be taken up by livestock if
used as feed (Diener et al., 2015). This poses a health risk to the general public as these toxic
substances may accumulate in the food chain and eventually reach humans as consumers. Therefore,
effective elimination measures of toxic persistent contaminants like heavy metals are imperative to
this new industry of BSF larvae for feed if it is to stand the test of time and be approved by the

government.
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According to Diener et al., (2015) defecation has so far been reported as an effective way of
eliminating heavy metals in insects particularly the metals that accumulate in the lining of the gut.
Meal worms are a best example of insects where this has worked effectively for, they discard the mid
gut epithelium after four days. However, Schrogel & Wétjen, (2019) urges that accumulation of heavy
metal ions occur to a varying extent depending on the insect species, metal type and stage of
development. Hence the need for specific species information regarding different types of heavy
metal accumulation and elimination. Moreover, some metals ions go beyond the tissues lining in the
gut and therefore, defecation alone may not be an effective method of eliminating heavy metals in
edible insects. In fact, Schrogel & Watjen, (2019) recorded separation technique of metal ions along
the gut from those in the body tissues by starvation from the contaminated diet to uncontaminated
one for two days or starving the larvae prior to harvesting. With respect to the above heavy metals
elimination techniques Gao et al., (2017) reported that heavy metal accumulation in BSFL may have
no removal strategies. Hence harvesting of this insect at pupa stage was recommended rather than the
prepupa or larval stages due to exceedingly higher heavy metal accumulation in the latter stages
compared with China (GB 2762-2012) and European Regulations (EC, 2003). Considering the
consistency in reports about Cadmium accumulation in BSFL (Imathiu, 2020) and presented benefits
of BSF larvae to the feed industry and waste management, innovative remediation measures are

needed.

2.4.1 Biochar as an adsorbent for remediation of Cadmium

Biochar is a charcoal like substance that is made by burning organic materials from agricultural and
forestry waste(biomass) in a controlled process called pyrolysis. In agriculture, biochar has for some
time been recommended for soil amendment and mixing it with bulky organic manure has shown
even better crop yield across a broader spectrum of soil types and climate (Kammann et al., 2017;
Schmidt et al., 2019; Woolf, 2008). Owing to the vast potential application and non-toxicity of
biochar, researchers have sort to use it as feed additive and a general improvement in animal health
(Inyang et al., 2015; Kalus et al., 2019; Man et al., 2020; Schmidt et al., 2019; European Biochar
Foundation (EBC), 2012). The non-digestibility of biochar makes it effective in preventing
assimilation of orally ingested harmful toxins by having them attached to the adsorption sites there
by passing through the gut.

Recent studies have shown that biochar has high adsorption capacity for different toxins like
mycotoxins, plant toxins, pesticides, toxic metabolites and pathogen in animal feed (Schmidt et al.,
2019). Several studies have since used biochar in animal husbandry as feed, veterinary and bedding.
However, there is limited information on the use of biochar in insect farming. This study therefore,

used biochar as an insect feed additive to remediate Cadmium in BSF feed, a persistent heavy metal
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that accumulates in the BSF larvae. Cadmium has strong toxicity, solubility, mobility and biological
accumulation which can led to kidney and bone damage after long exposure (Tan et al., 2015; Wu et
al., 2018). In insects, particularly BSF, this metal increases the duration and pupation rate (Gao et al.,
2017).
Considering the potential toxicity of Cadmium, different methods have been used to get rid of it. Of
the common methods used to remediate heavy metals, adsorption is considered the simplest, most
economical and effective way of removing heavy metals even at low concentrations (Seng, 2018; Tan
et al., 2015). However, the efficiency of biochar depends largely on the type of the parent stock used
for making this biochar. The parent stock influence physicochemical properties like, active functional
groups, aromatic components, cation exchange capacity, microporous structure and a relatively high
pH which are vital to adsorption ( Wang et al., 2019; Woldetsadik et al., 2016). To a greater extent,
these properties are affected by feedstock used for biochar production (Liu et al., 2015).
Thus, the reason for using two feed stocks namely rice husks and coconut shells. These feed stocks
complied to the International Biochar Initiative (IBI) standards which recommend making biochar
from toxic free stock with no competition for other vital options like food. The IBI recommends crop
residue, forestry wastes and animal manures for biochar production rather than burning or leaving
them to rot thus releasing greenhouse gases (carbon dioxide and methane) in the atmosphere.
Coconut shells and rice husks are among the many agro wastes that attract very little management
strategies in Africa. Despite a number of products that can be obtained from coconut shells, they are
considered a nuisance once the edible inner pulp is removed. For instance, Amoa, (2016) reported a
total of 200 to 300 thousand metric tons of coconut waste yearly that are littered around the streets,
backyards or burnt in open spaces in Ghana.
Similarly, rice husks which comprise of about 20% of the whole grain weight are often heaped around
the milling areas. Masoud et al. (2016) recorded an estimation of 100 million tons of husks from 500
million tons of rice produced every year in developing countries. Traditionally, rice husks have a
low-value application (chicken litter, animal roughage) owing to their poor nutritive value,
indigestibility and abrasive character. Hence, their availability exceeds the local need for use and are
still in excess. Therefore, without proper utilization options in place, rice husks pose a growing
challenge of environmental pollution and space (Masoud et al., 2016). Biochar from coconut shells
and rice husks have been used for heavy metals remediation in a number of studies.
A study by Prapagdee et al.( 2016) reported that rice husks biochar can effectively remove Cadmium
up to 97 % within the contact time of 180 minutes from aqueous solution. According to Suman &
Shalini, (2017) converting coconut shells to biochar is a potential option which can lead to utilization
of these wastes for sustainable purposes. Recently Chen et al. (2019) reported that coconut derived
biochar performed better than rice straw biochar on Cadmium remediation. However, biochar
13



amount increment for both types yielded the same results in the long run. Liu et al. (2015) also
reported similar results where coconut and bamboo biochar showed a much higher capacity to adsorb

Cadmium than rice husks biochar.

CHAPTER THREE: MATERIALS AND METHODS
3.1STUDY AREA
Morphological characterization of RHB and CSB was conducted at the National Centre for
Nanostructured materials, Council for Scientific and Industrial Research (CSIR) in South Africa.
CSIR is a scientific and technology research organization covers a wide spectrum of Scientific and

Technological clusters that impacts towards accelerating socioeconomic prosperity. Adsorption
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capacity of the aforementioned adsorbents on Cadmium was thereafter investigated through
adsorption optimization studies which were conducted at the Chemistry laboratory of Technical
University of Kenya (TUK). TUK has equipped facilities that offer different, industrial and analytical
chemistry laboratory services. Results from the optimization studies conducted here were used as
guiding conditions in the applicative remediation

part (BSF feeding experiment) of this study which was conducted at Jaramogi Oginga Odinga
University of Science and Technology (JOOUST) insect farm and the research laboratory. JOOUST
is located in the township of Bondo in Siaya County of Western Kenya at geographical coordinates
0f 0.09°S, 34. 26°E.These coordinates provide warmer conditions which are most favorable for BSF
rearing.

3.2 MATERIALS

3.2.1 Biochars

The agricultural waste used as biomass for Biochar production in this study were rice husks (RH) and
coconut shells (CS). These materials were cleaned by washing with tap water and dried to removed
impurities from the dumping site. Thereafter, they were sun dried for 4 days before pyrolysis. Rice
husks (RH) and coconut shells (CS) were collected from Ahero in Kisumu County and the coast of
Mombasa respectively. The method used for pyrolysis in this study was Top Lid Updraft Drum
(TLUD) technology under limited oxygen conditions. This technology is mostly preferred for its
efficiency to pyrolyze feedstock without much smoke released to the atmosphere. Moreover, the
TLUD is simple and its design is inexpensive thus highly recommendable to small holder farmers
who cannot afford sophisticated machines (Van et al., 2020).

Plate 1: Setting of the TLUD (@), before and after pyrolysis of rice husks (b), coconut shells (c)

The TLUD technology burns pyrolytic gases such as carbon monoxide, methane and aerosols up to
75 % (Mathu et al., 2017). In the present study, this equipment was constructed using a 200 L metallic
drum, perforated at the base as a primary air intake section, a piece of iron sheet for chimney which
was fitted on the drum lid and two iron bars as shown in Figure 2 below. The TLUD was filled with

selected agricultural wastes, one type at a time and fire was started at the top material. Once flames
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were well established, the drum was covered to reduce oxygen supply and biochar started forming
under limited oxygen. Combustion started with white smoke for about 30 seconds and there after it
was entirely “clean combustion” (i.e., no smoke).

The process was closely observed by the intensity of the flames which eventually became low while
tossing some water at the sides of the drum. The tossing of water was to indicate that the biochar was
ready at instant puffs of steam as well as to prevent ash formation by maintain temperature. Pyrolysis
process took 2 hours and 1-hour 30 mins for rice husks and coconut shells respectively, thereafter
Biochar was cooled by sprinkling water as described by Van et al. (2020) and sun dried before

crushing them and labelling them according to the feedstock parent material used.
3.2.2 Reagents and instrumentation

High purity Cadmium standard 1000ppm was purchased from ChromAfrica operations in Kenya
sulphuric acid (98%), Nitric acid (69%), Hydrochloric acid (37%) and Sodium hydroxide (analytical
grade). All solutions preparations and rinsing of used apparatus was done using distilled water. An
analytical weighing balance was used to measure sample mass, magnetic mechanical shaker was used
for stirring and laboratory heat digestor was used for sample digestion. Samples were filtered before
running them on with an Atomic Absorption Spectrophotometer (AAS: Shimadzu AA-7000) to
measuring Cadmium concentration. Whatman filter paper number 1 was used, pH adjustments were
done using AP85. Plastic tins (18x9) were purchased from shoppers to serve as BSF feeding trays,
20 liters plastic buckets were used for feed collection and packaging. Box of gloves, a sieve and a
wooden stand was purchased within Bondo.

3.2.3 Black soldier fly

Black soldier fly larvae (BSFL) used in this study were obtained from the black soldier fly unit
maintained at JOOUST. Female black soldier flies were attracted to lay eggs on the cardboard using
fruit waste. Eggs laid on the cardboards within 4 days were collected and transferred to a plastic
vessel container containing chick mash for hatching. The hatched neonates were fed on chick mash
for five days in order to speed up their growth rate. A wire mesh of diameter 1.2mm was used to
separate (sieve) the larvae and the residues on the 6™ day of age. The counted larvae were used for
the experiment according to the respective treatments.

3.3 EXPERIMENTAL METHODS
3.3.1 Activation of Biochar
Prior to adsorption studies, both coconut shell and rice husks biochar were activated in an acid. This

was simply to improve the physical properties of biochar in order to increase its adsorption capacity.
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Despite the potential that biochar has to adsorb heavy metal ions from contaminated solutions, its
efficacy is often enhanced by activation. In fact, recent studies have focused on biochar activation to
enhance its capacity to achieve desired results. According to Sakhiya et al. (2020) activation is the
process of increasing specific surface area and pore density which consequently improves adsorption.
Several methods can be used to activate biochar but the present study employed physical and
chemical activation methods.

Biochar was ground using an electric grinder into smaller particle size. With respect to the nature of
the study where biochar was used as a feed additive, grinding the biochar to fine particles was
necessary so that it can easily be scooped at the required dosages and incorporated into the substrate.
Furthermore, small size particle adsorbents tend to have increased surface area and can easily interact
with the substrate. Then biochar was later chemically activated using sulfuric acid where both types
i.e., coconut shells and rice husks biochar were soaked in 1 molar sulphuric acid for 24 hours.
Thereafter, the samples were washed with distilled water to remove the excess acid from the surface
before oven drying them at 150 °C. The oven dried biochar was packed in air tight containers for
adsorption experiments.

3.3.2 Morphological characterization of rice husks and coconut shells biochar

The surface properties of the selected biochar were investigated using scanning electron microscope
(SEM: JEOL JSM-7500F). The biochar samples were selected and carefully mounted on aluminum
studs using conductive glue. Preconditioning was done by coating with a thin layer of carbon
thereafter analyzed in a vacuum chamber, then the whole area of the biochar was scanned and
photographed for analysis. SEM provides high resolution electronic images of the sample surface
whose contrast provides information about pores, fissures, and other surface materials depending on
the characteristic electron emitted (Novak & Johnson, 2019). Since adsorption of porous materials
like biochar happens in the pores of the adsorbent, understanding the pore distribution and volume
give characteristic information on the ability of adsorbent material to adsorb molecules thus an

important parameter in adsorption studies.

3.3.3 Adsorption behavior of RHB and CSB for Cadmium remediation in BSF Larvae fed on
contaminate organic Waste.

3.3.3.4 Calibration studies

Cadmium working standard of 1 ppm was prepared from 1000 ppm by measuring 0.5ppm into a 500
mL volumetric flask and this was diluted to the final volume of the flask with distilled water. The
formulated Cd working standard was used to determine the capacity of Coconut shells biochar (CSB)
and Rice husks Biochar (RHB) to adsorb Cadmium at different parameters including biochar dosage,

solution pH, contact time and temperature.
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Plate 2:Preparation of Cd working standard

3.3.3.5 Batch adsorption studies

Adsorption studies were caried out by first optimizing the parameters that influence adsorption such
as contact time, pH, temperature and adsorbent dosage. The effect of contact time on Cd removal was
studied by shaking 5 g of each the adsorbents in 50 mL of Cd working standard solution at intervals
of 5 mins, 10 mins, 20 mins, 30 mins, 60 mins and 120 mins keeping other parameters constant.
Furthermore, adsorption kinetics which describes the influence of reaction time governing rate of
adsorbent uptake was investigated on both CSB and RHB using Pseudo-first order and Pseudo-second
order models. The values of linear regression coefficients (R?) obtained from Equation 1 (PFO) and

2 (PSO) were used to predict the most suited kinetic model and isotherm for the process

IN(ge — qr) = IN0e = Ryt oo (1)

t 1 t
a ka2 Qe

Where ¢ is the amount of Cd adsorbed at equilibrium (mg/g), and g is the amount of Cd adsorbed at
time t (mg/g). ki (min™) and k2 (g mg*min) are the equilibrium rate constants.

The effect of biochar dosage on Cadmium adsorption, was studied by agitating different amounts of
each biochar (0.259,19,2¢g,5gand 10 g) in 50 mL of Cd standard solution. An analytical weighing
balance was used to measure the required amounts of the adsorbent.

The effect of solution temperature was investigated at intervals of 10 °C, 20 °C, 25 °C (room
temperature), 30 °C and 40°C. The effect of pH on Cd removal was investigated on varying solution
pHat 1.5, 3,6, 7 and 12. The adsorbents (CSB and RHB) were agitated for 60 minutes and 20 minutes
respectively with 50 ml of 1 ppm Cd standard solution. The pH adjustments were made using either
1 M of NaOH or 5 M of H.SO4. The effect of initial concentration on adsorption capacity of the two
selected biochar types was monitored by varying Cadmium concentrations from 0.25 to 3 ppm
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keeping other parameters constant. This experiment was conducted at the recorded optimum contact
time for each biochar type that was 30 minutes and 60 minutes for Rice husks biochar and coconut
shells biochar respectively. A magnetic mechanical shaker was used to stir the mixtures for the
required time before filtration.

The adsorption isotherms for the adsorptive removal of Cadmium by the two types of biochar was
obtained using the Langmuir and Freundlich isotherm models. Generally, the Langmuir model
describes a monolayer adsorption of the adsorbate onto the localized adsorption sites. It assumes
energies of adsorption as uniform with no transmigration of the sorbate in the plane of the surface.

The linearized form of Langmuir isotherm is expressed as;
1 1 1 1

de N KL max  Ce Omax

Where gmax represents that maximum adsorption capacity (mg/g) and K. (L/mg) is the Langmuir ‘s

isotherm constant which shows the binding bond between Cadmium and biochar.
The dimensionless Langmuir constant also known as the separation factor (R.) was calculated using

equation 4 below;

RL S e (4)

1+Cj XKy,

Where R is the Langmuir constant which indicate the adsorption possibility as favorable if its (0 <
RL> 1), unfavorable (RL> 1), linear (RL = 1) or irreversible (R.=0).

Equation 5 represents the linearized form of Freundlich isotherm model which describes adsorption
processes that is non- ideal and reversible. The model applies to multilayer adsorption with non-

uniform distribution of energies and affinities over heterogeneous surfaces (Foo & Hameed, 2012).

Where Ks is the Freundlich’s constant and used to measure the adsorption capacity and 1/n is the
adsorption intensity. The value of 1/n demonstrates the adsorption process either favorable or
unfavorable if 0.1< 1/n< 0.5 and 1/n> 2 respectively.

All adsorption experiments were performed in 3 replicates under same conditions and the means plus
or minus (£) standard deviation were presented as data. The mixtures of biochar and the Cd solution
were shaken at 30 rpm and removed at respective times and thereafter, biochar residues for both
biochar type at all parameters were separated from the filtrates using Whatman filter paper No.1.
Concentration of the filtrates was determined using the flame Atomic Absorption Spectrophotometer
(AAS) shown below (Plate 3).
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Plate 3:Atomic Absorption Spectrophotometer
(AAS: Shimadzu AA- 7000)

3.3.3.6 Data analysis
Adsorption at equilibrium ge (mg/g), was calculated from the mass balance equation as in eq. 6;

Where C, is the initial concentration in (ppm), Ce is the Cd concentration at equilibrium (ppm), V is
the solution volume (L) and m is the mass of biochar dosage (g).

The percentage of Cadmium ion removal was calculated as in equation (7) below;
Removal (%) = (C"C;Ct) X 100, .. (7

where, Co and C; are the initial and the final Cd concentration (mg/l) at time t, respectively.

Origin lab software version 9.1 was used for statistical analysis, model fitting and graphical
representation of the effect of sorbent dosage, contact time, pH, solution temperature and initial metal
concentration onto the two types of biochar. Regression analysis was used to evaluate the best fit

isotherm and kinetics models.

3.3.5 Effect of RHB and CSB on Cadmium accumulation in BSF larvae.

3.3.5.1 Experimental set up

To assay the effect of selected biochar on Cadmium accumulation in BSF larvae, a completely
randomized design experiment with a 2x 2 factorial arrangement in 3 replications was conducted.
The experimental treatments included (1) biochar factor at 2 levels of type that is coconut and rice
biochar, (ii) metal factor at 3 concentration levels, 0,1 and 3 ppm. The concentration of Cadmium
used in this study was determined based on the typical wastewater concentration of Cadmium metal
in developing countries. On a dry weight basis, 5g biochar with respect to type was blended in the
115¢g Irish potato peels meal making a 3 days feed ration of 120g for 200 larvae as per experimental
unit. This mixture was then spiked with Cadmium metal solution according to the levels of treatment.
Weighing, blending of biochar and feed substrate as well as spiking of the feed was done at Jaramogi
Oginga Odinga University of Science and Technology post graduate research laboratory. The feeding
trial experiment was conducted at the university insect farm in the BSF larvarium and a wooden cage

was made to hold the feeding trays according to the treatments. Feeding went on for 16 days and just
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before harvesting the insects were starved for 24 hours to prevent gut content interference with data

collection.

3.3.5.2 Sampling and analysis

Simple random sampling was used to pick samples according to the experimental units which were
later blanched and sun dried. The dried samples, food as well as frass residue as per treatment were
packaged in plastic zip lock and kept in the refrigerator, for Cd analysis. To prepare samples for
analysis 5¢g of the dried BSF larvae was digested using acid digestion method where in a mixture of
Hydrochloric and Nitric acid was added to the samples before placing them in a laboratory microwave

digester for two hours.

=
Plate 4:Sample digestion (a) and filtration of digests (b)

After digestion, the sample was filtered to remove the remaining residue and an orangish solution
was diluted with distilled water then analyzed using the atomic absorption spectrophotometer (AAS).
The bioaccumulation factor was calculated according to Walker (1990);

BAF= CONCETRATION IN ORANISM (C1) (8)
- CONCETRATION IN WASTE SUBSTRATE (CZ) --------------------------------------------------

3.3.5.3 Statistical analysis

Statistical analysis of experimental data was conducted using Origin Lab software version 9.1 a. One
way ANOVA test was done to determine if there was any variation in the means of RHB and CSB
adsorption capacities across Cadmium concentration levels. Fishers’ LSD post hoc test analysis was
then carried out as a mean separation procedure to indicate where the difference lies. All tests were

performed with confidence level of 95% (o = 0.05)
CHAPTER FOUR: RESULTS AND DISCUSSION

4.1. Scanning Electron Microscope (SEM) analysis

The morphological features of RHB and CSB were examined using SEM and the micrographs of the
respective biochars at X5000 magnifications are shown in Figure 2. From these results, it can be seen
that the surface of RHB (Fig. 2a) had plenty of clear irregular crystals which covered the surface
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while a hollow nature of uneven pattern was observed from CSB (Fig. 2b) image. The roughness and
coarse irregular crevices of distinct dimensions observed in both biochar types, indicate the presence
of unevenly distributed different sized pores which are imminent adsorption sites. These cavities also

serve as channels of adsorption giving access to the active adsorption sites of meso and micropores to

.

Figure 2 (b): SEM images for coconuts shells biochar (CSB)

Despite being subjected to same pyrolytic conditions, CSB developed a well-defined pore structure
whereas RHB showed more irregular pore structure with different sizes and shapes. This could be
due to lignin richness content of the biomass material. According to Mahdi et al. (2018), highly
lignified feedstocks tends to produce macroporous biochars than feedstocks rich in cellulose which
produce microporous and in this case, coconut shells are more lignified than rice husks thus one
reason for the variation. Moreover, previous studies attributed increased porosity of biochar to
formation of internal pores as biomass volatilize during pyrolysis ( Mahdi, 2019). However, both
biochars portrayed a heterogeneous distribution of pores and rough texture which is in agreement

with Freundlich isotherm observed under kinetics studies in this work.
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4.2 ADSORPTION BEHAVIOR OF Cd** ON RHB AND CSB FOR HEAVY METAL
REMEDIATION IN BSF LARVAE FED ON CONTAMINATED ORGANIC WASTE

4.1.1 Effect of contact time

The adsorption of Cadmium onto RHB and CSB was monitored at varying time intervals of 5 mins,
10 mins, 20 mins, 30 mins, 60 mins and 120 mins keeping other parameters constant. Cadmium was
rapidly adsorbed onto RHB and CSB in the first 30 minutes as observed in figure 3. Thereafter, CSB
showed a relatively low increase in the subsequent absorption of Cd before reaching saturation or

equilibrium at 60 minutes while RHB showed a slight reduction before levelling up.
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Figure 3: Effect of contact time on adsorption capacity of Cd, plotted
based on the mean = SD of the 3 replicates used.

This trend in adsorption is ascribed to two-phase adsorption phenomena that is the prominently rapid
phase and the relatively low phase. The explanation owing to the two-phase adsorption phenomenon
is the abundant availability of active adsorption sites on adsorbent surface which gradually become
saturated with time (Chaukura et al., 2017; Lou et al., 2016; Zhao et al., 2020). However, a slight
decrease in adsorption shown by RHB from 30 minutes before saturation was attributed to desorption
of weakly bounded Cd ions as adsorption sites on the adsorbent decreases. Similar results were
reported for Pine sawdust biochar on Cu (II) ions (Lou et al., 2016). In this study, RHB was more
effective in adsorption of Cadmium than CSB because it took lesser time. Despite uniform
experimental conditions that both adsorbents were subjected to, RHB and CSB reached adsorption
equilibrium at different times of 30 and 60 minutes respectively. This means that CSB needed longer
time (60 minutes) to reach equilibrium adsorption while RHB adsorption of Cadmium only took 30

minutes at slightly higher Qt than that of CSB. One reason for variation in reaching equilibrium of
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the two biochars produced under same pyrolytic conditions is difference in pore structure as RHB
show a more porous structure than CSB.

4.1.2 Effect of dosage

The effect of RHB and CSB dosages on adsorption of Cadmium was as shown in Figure 4. Cadmium
adsorption increased with increase in dosage of the respective adsorbents. This can be attributed to
an increase in the total number of adsorption sites present on the surface of the adsorbents which, in
turn, increases the overall binding of Cadmium ions. While this remained true for rice husks biochar,
coconut shells biochar only increased adsorption up to 2 g before a slight reduction of approximately
0.001 and thereafter remained constant. This could mean that there were no more Cadmium ions in
the working standard that extra sorbent could bind, rather the metal ions in the solution were less than
the exchangeable sites on the biochar thus less Cadmium uptake (Ramalingham et al., 2020).
Considering the SEM micrographs of the two adsorbents, RHB showed numerous irregular pores
than CSB. Therefore, increasing the dosage directly increases adsorption sites thus the reason for
continued increase in adsorption of RHB.
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Figure 4:Effect of adsorbent dosage on Cd adsorption,
plotted data presents the mean + SD of three replicates

4.1.3 Effect of pH

The adsorption of Cd?* on RHB and CSB was studied over a pH range of 1.5 to 12 and the results are
illustrated in Figure 5. Adsorption of Cd was relatively low at lower pH value of 1.5 to 2 but a rapid
increase in Cd?* removal was observed when pH increased from pH 3. However, increasing pH to 12
yielded no large changes for both biochar types due to possible reduction of the adsorption sites at
basic pH. The Cd removal of CSB and RHB at acidic pH that is less than 2 was low but increasing

pH from 3 to 5 and 6 respectively increased the rate of adsorption before reaching equilibrium. This
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was as a result of high competition between metal ions and hydrogen ions for the sorbent sites that

happens at low pH thus decreased overall removal of the contaminant (Jia et al., 2018).
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Figure 5:Effect of pH on adsorption of Cd, plotted on the
mean £ SD of three replicates

The rapid adsorption observed with increasing pH value (from 3) was due to reduced competition
between metal ions and hydrogen ions for the sorbent sites as deprotonation of functional groups of
the adsorbents discharged additional binding sites resulting in higher adsorption of the adsorbate
(Mahdi, 2019). The graph though showed a reduction in the rate of adsorption as pH values
approached 12, this entails that at higher pH, adsorption is less due to precipitation which leads to

formation of hydroxide complexes whose solubility is much lower (Kotodyn’ska et al., 2012).

4.1.4 Effect of adsorption temperature

Temperature is another parameter that affects adsorption capacity and kinetics rate of any adsorbent
(Ramalingham et al., 2020). Thus, adsorption capacity of Cadmium on CSB and RHB was
determined as a function of temperature. The sorption capacities of both biochars increased with
increasing temperature which is an indication of endothermic type of adsorption process as presented
in Figure 6. While both biochar types portrayed a endothermic adsorption process, the best
performance on CSB and RHB was observed at 40 "C. Taghlidabad et al. (2020) reported similar

results where the optimum temperature for best performance on the used biochars was 40 °C.
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Figure 6:Effect of temperature on adsorption of Cd,
plotted data is based on mean + SD of three replicates

4.1.5 Effect of initial concentration

Cadmium adsorption onto RH and CS biochar showed an increase with increasing metal ion
concentration, thus the removal capacity of the total metal ion increased from the lowest
concentration as shown in Figure 7. This behavior can be attributed to an increase in the mass transfer
driving force which is as a result of increasing number of collisions between the sorbent and the metal
ions as the concentration increases (Zhao et al., 2020). Therefore, at optimum conditions, it could be
concluded that the highest Cadmium adsorption occurred at the highest initial metal concentration
which was 3 ppm. These results concur with previous work of Gebrekidan & Mihretu, (2020).
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Figure 7:Effect of initial concentration on adsorption of CD,
data is plotted based on the mean + SD of three replicates
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4.1.6 Application of Isotherms
4.1.6.1 Adsorption isotherms

This study employed Langmuir and Freundlich models to fit the equilibrium data. The models were

constructed using effect of biochar on Cadmium initial concentration data at equilibrium points of

other parameters of influence. From these results and based on the experimental data for Cadmium

adsorption onto RHB and CSB, Freundlich model best fitted the adsorption process for both biochar

types. The isotherm parameters for both models determined in this study are presented in Table 2.
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Figure 9:Rice husks biochar adsorption isotherm models.

These parameters together with the linear regression values indicated that Freundlich model fits the

data better than Langmuir model. Furthermore, the 1/n value which is the heterogeneity factor of CSB

and RHB was in the range 0 and 1 which is also an indication of favorable adsorption (Van, Hien et

al., 2020). This trend was also reported by Taghlidabad et al. (2020) for biochar produced from apple

and grape pruning residues, Puglla et al. (2020) also reported similar findings for Cadmium and lead

onto peanut shells, Chonta pulp and corn cob biochar.
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Table 1:Langmuir and Freundlich isotherm parameters and correlation coefficients for Cd
adsorption onto CSB and RHB

Langmuir Freundlich

Biochar OJmax ki Ri R? 1/n Kt R?
RHB 0.0023 4640.43 | 95.9547 | 0.9205 0.4882 0.0052 0.9967
CSB 0.0225 28.2924 | 12.1191 | 0.9222 0.3444 0.0347 0.9877

Previously Doumer et al. (2016) described a similar trend for biochar produced from five different
feedstocks namely sugarcane bagasse, eucalyptus forest residues, castor meal, green pericarp of
coconut, and water hyacinth. Despite that, these results were opposite of other previous biochar
adsorption studies which supported Langmuir isotherm model like Wu et al.( 2019) who conducted
adsorption studies using biochar from mushroom substrate. Khan et al.(2017) used rice husks biochar
on Cadmium from soils with different water conditions and their results fitted on Langmuir model In
this case the variation to our rice husks findings could be attributed to pyrolysis condition activation
and experimental conditions.

This therefore informs that biochar from different feedstocks produced at different temperatures have
different adsorption capacities and mechanisms with regard to sorbate of interest (Hien et al., 2020;
Khan et al., 2017). In this study, Cadmium adsorption on rice husks and coconut shells biochar was
best described or fitted using the Freundlich model, which implied that adsorption process occurred
on a heterogeneous multilayered surface. This can be seen from the 1/n and R? values. The value of
1/n for both biochar types demonstrates the adsorption process favorable to the Freundlich model as
1/n is less than 2 in the both rice and coconut shells biochar while as the R? in Freundlich are greater
than those in Langmuir.

4.1.6.2 Adsorption kinetics

The adsorption kinetic parameters of Cadmium on CSB and RSB was further evaluated using Pseudo
1% order and Pseudo 2" Order equations. The results of the fitting of both kinetic models to the
Cadmium adsorbed are shown in Figure 10 and 11. The corresponding results of the Kinetic

parameters are presented in table 1.
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0.0 4 - 140 =

-0.5 = L]

In(ge-qt)= Inge-kqt /gt = 1/k,q? +t/q

-1.0 =

-1.5

Inge - gt

-2.0

2.5

-3.0
[ ]

PSO MODEL FOR RHB
-20 T T

r
T
120 o

PFO MODEL FOR RHB
T T T

r r r r r r r
0 20 40 60 80 100 20 40 60 80 100 120

Time Time

Figure 11: Adsorption kinetic models for rice husk biochar

Pseudo second order kinetics was observed to be the best fitted model in explaining the kinetics of
Cadmium adsorption on both biochars. This model showed higher value of linear regression
coefficient (R?) of 0.9904 and 0.9934 for RHB and CSB respectively when compared to Pseudo first
order model with respective R? values of 0.5441 and 0.8102. Furthermore, pseudo second order model
was also shown by the closeness of the calculated adsorption capacity (ge) and the experimental (qe).
Based on these results, adsorption of Cd on coconut shells biochar and rice husks biochar occurred
through chemisorption mechanism which is controlled by chemical processes like valence forces
sharing or exchanging electrons between adsorbent and adsorbate (Zhao et al., 2019) and
electrostatics.

Table 2: Data for linear PFO and PSO models of adsorption kinetics

Order of reaction Parameters RHB CSB
0, exp.(MY/Q) 0.8345+0.008 0.8461+0.057
Pseudo 1% order Qe, cat.(MQ/Q) 0.3926+0.008 0.4391+0.057
k1 (min-1) -0.0010 -0.0004
R? 0.5441 0.8102
Pseudo 2" order Qe, cat.(MQ/Q) 0.8399+0.008 0.8484+0.057
k2 (g mg-1min-1) 0.1857 0.1232
R2 0.9904 0.9934
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4.2 EFFECT OF RHB AND CSB ON CADMIUM ACCUMULATION IN BSF LARVAE.

Two types of biochar were used in this study to investigate the absorbance of Cd from waste spiked
with Cadmium. The initial concentration level used to spike the feed substrate were 3 ppm, 1 and 0
ppm. From the initial concentration levels, RHB removed 98.4 % from 1 ppm and 92.1% from 3ppm

whereas CSB adsorbed 99.3 % from 1 ppm and 94.7% from 3 ppm as shown in Figure 12.
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Figure 12:Cadmium removal percentages across the concentration levels

Analysis of variance (ANOVA) results presented in table 3, indicated that at o = 0.05, the means of
adsorption capacity of the two biochar types at different concentration levels were significantly
different. At 95% confidence level, Fisher’s LSD post hoc test confirmed a significant difference in
biochar adsorption across the concentration levels but no significant difference was found between
the biochar types (Table 4). This is also confirmed by the error bars indicated in figure 13 below
which overlapped at 3ppm concentration of both biochar types and the same is observed at 1 ppm
concentration treatment. However, the error bars did not overlap across the concentration levels at
each biochar type application indicating a significant difference in the amount of Cd removed at the
respective concentration levels.
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Figure 13: Error bars showing difference in adsorption capacities of RHB and
CSB, plotted data is based on mean + SD of three replicates.
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The results from this study proves the effectiveness of both biochar types in adsorbing Cadmium
from the waste used a BSF feed thus making it unavailable for accumulation in the harvested larvae.
The effectiveness of biochar in reducing the levels of heavy metals in water and soils where the
majority of animal feed is obtained is well documented. Abedinzadeh et al., (2020) observed a
reduction in Cd and Pb uptake of maize plants with application of biochar at various irrigation water
quality which entails that the Cd and Pb spiked in the soil was adsorbed by the biochar and thus not
accessible to plants.

Despite both biochars proving effective in adsorbing Cd at 5g dosage, a decrease in adsorption
capacity of both biochar types with increasing Cadmium ions from 1 to 3 ppm was observed. Similar
findings were reported by previous biochar adsorption studies like Van et al., (2020) who reported a
gradual decrease in the adsorption of bamboo, wood and rice husk biochars at higher metal
concentrations of zn?* when the dosage for all the biochar was constant. This shows a direct
proportional relationship between the adsorbate and the adsorbent which is in agreement with the
findings of Abhishek et al., (2020) who reported a higher removal efficiency with the increasing
biochar loading.

According to Lao & Mbega, (2020) the mechanism behind this biochar potential to adsorb heavy
metals is ascribed to electrostatic interaction between biochar, heavy metal and conditions of the
media of application. When added to the soil, Peng et al., (2011) reported that biochar induces the
cation exchange capacity which increases the negatively charged ions and because the metals have
positively charged ions, they then get bound to the biochar surface areas. The variation in removal
percentages between the lower (1ppm) and higher(3ppm) concentration levels can be attributed
adsorption sites of the 5g of the adsorbents being occupied thus a reduction in adsorption with

increasing concentration of Cd.

This explains why a dosage of 5 g biochar used in this study showed a higher Cadmium removal at 1
ppm and a slight reduction in the adsorption percentage when Cadmium ions increased to 3ppm. The
two biochar types have the potential to remediate Cadmium in BSF reared on contaminated waste.
The batch experiments confirmed the capacity of these adsorbents in binding the Cd metal and the
same trend was described by the application part of the study. Moreover, bio accumulative factor
(BAF) was lower than 1 for the BSF samples as well as the frass suggesting no accumulation of
Cadmium in the BSF tissue (Vanda et al., 2020).
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1 GENERAL CONCLUSIONS

The Agrowaste (rice husks and coconut shells) used in this study showed great potential towards
management of Cadmium accumulation in BSF larvae reared on contaminated waste. The adsorption
studies were done to determine the behavior of selected biochar on removal of Cadmium ions from
waste effluents at different adsorption parameters and it was found to be influenced by pH, biochar
dosage, contact time, temperature and metal initial concentration. However, both biochar types
showed a two-phase adsorption behavior at increasing temperature of up to 40 °C and the results well
fitted Freundlich isotherm model which suggested a non-uniform type of adsorption. This was
supported by SEM images which showed potential of heterogeneous adsorption by the representation
of the adsorption sites. The adsorbents had scattered and irregular adsorption sites which required 30
to 60 minutes contact time with respect to concentration levels and dosage of the adsorbent.

The RHB and CSB used in this study showed a high adsorption capacity of the targeted Cd metal ion.
Despite an insignificant statistical difference (p > 0.05) in the adsorption capacity of both biochars,
RHB presented a removal rate of about 98.4 to 92.1 % from feed spiked with 1 and 3 ppm respectively
while CSB 99.3 and 94.7% removal at the respective concentrations. The difference in adsorption
percentages was found to be statistically significant (p < 0.05) across the concentration effect.
Generally, the tested and applied high adsorption capacity of the selected biochars confirmed their
suitability for Cadmium management in BSF if contaminated municipal organic waste is to be used
for BSF farming. The remediation results for the heavy metal risk in BSF provides a pathway that

works towards reducing the food-feed competition which has skyrocketed livestock production.

5.2 RECOMMENDATIONS
Based on the findings of this study and the nutritional improvement properties that biochar presented
in other livestock from previous studies we recommend utilization of highly lignified agricultural
waste like coconut shells and Rice husks in formation and inclusion of biochar for remediating of
heavy metals like cadmium in untreated substrate that are used for BSF rearing.
Further research in;

e The effect of biochar as a feed additive on growth and nutritional parameters of BSF at

different life stages.
e Different other management strategies to remediate Cadmium as well as other heavy metals

accumulation in BSF larvae.
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APPENDICES

Table 3: The analysis of variance (ANOVA) table for the absorbance of Cd ions at different

concentration levels and biochar type

Source of variation DF Sum of Squares Mean Sum of Squares F P-Value
Concentrationinppm 1  0.007790 0.007790 76.202 2.32e-05*
Biochar 1 0.000154 0.000154 1.507 0.2545
Residual 8 0.000818 0.000102

* implies significance at 5% level

Table 4:summary statistics for adsorption levels at different concentration levels factors of

comparison
Concentration in ppm Mean £ SE
0 0.0000+0a
1 0.0276+0.008b
3 0.0627+0.019¢

Note: different LSD letters (least significant difference) indicates significant difference of

absorbance at various concentration levels

41



