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As climate change continues to take the centre stage among issues of global discuss,
carbon heavy industries including construction and agriculture continue to discover
possible ways to foster the implementation of cleaner production technology as well
as non-hazardous and sustainable waste disposal solutions. While previous studies
have made commendable progress in proposing solutions, much more is still desired.
A hybrid approach involving the principles of circular economy and material fusion
by adsorption was employed on eggshells. Waste eggshells were valorised and up
cycled with its major constituents finding effective use along the chain. This study
examined the efficient separation of eggshells from its membrane, the recovery of

valuable biochemical compounds and the optimized calcination of the bare shell to
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produce calcium oxide which is a viable cement replacement material. In addition,
the adsorption kinetics of the shell membrane with silver nanoparticles and the
effectiveness of the nanocomposite as a cytotoxic additive in cement mortar was
investigated.

The results demonstrated that in seventeen minutes, acetic acid efficiently weakened
the bond between the shell and its semipermeable membrane while minimizing the
dissolution of calcium and maximizing the leaching of valuable compounds and
proteins like collagen. The calcined, leached, and separated shell produced calcium
oxide of comparable quality to that derived from limestone during cement production.
Further up the value chain, the separated membrane was employed as an adsorbent
for silver nanoparticles and the antimicrobial property of the nanocomposite was
exemplified on Pseudomonas aeruginosa and Bacillus subtilis.

Pseudo-first order, Pseudo-second order, Two-phase adsorption, Crank internal mass
transfer model, and Weber and Morris (W&M) kinetic models were employed to
further understand the adsorption process. All the models were adequately fitted with
R? values ranging from 0.922 to 0.990 for both AgNPs and AgNOs. Both Langmuir
and Freundlich Isotherm models were also fitted.

The adsorption process was optimum at a pH of 6, 25 -C, and after 48 h of agitation.
Compared to previous studies, a remarkable antimicrobial activity against
Pseudomonas aeruginosa and Bacillus subtilis was exhibited resulting in 27.77% and
15.34% cell death, respectively. Analysis of variance and Tukey multiple comparison
statistical tests were carried out to highlight the significance of the cell inhibition
results at P<0.05 and 95% confidence level. B. subtilis exhibited significant tolerance
to metabolic inhibition while P. aeruginosa was significantly inhibited.

Following this impressive outcome, the cytotoxic property of the nanocomposite was
tested in concrete mortar. This is to combat the ever-increasing infrastructure budget
relating to the maintenance of concrete structures damaged by microbial attacks in
moist environments. Waste activated sludge obtained from a local domestic
wastewater treatment plant, Pseudomonas aeruginosa, and Bacillus subtilis were

studied in both aerobic and anaerobic conditions. Waste activated sludge was most
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susceptible to the nanocomposite with up to 50% cell death recorded for a 2% cement
replacement. In contrast, Pseudomonas aeruginosa and Bacillus subtilis experienced
a maximum of 9% and 5% cell death, respectively. For the same cement replacement
approximately 5% reduction in compressive strength and no significant change in
Tensile strength were measured. This minimal loss in compressive strength is
negligible compared to be antimicrobial benefits.

Furthermore, considering that about 8.7 million metric tons of eggshell was produced
globally in 2021, this alternative use of the shell and its membrane is of great
importance to the environment. This include reduction in needed landfill, cost saving
and reduction in the generation of GHGs. This study presents a multifaceted approach
to the valorisation of waste eggshells, demonstrating their potential as a valuable
resource in addressing environmental and industrial challenges. This research
underscores the importance of exploring innovative solutions that not only reduce
waste but also contribute to the development of cleaner and more sustainable
practices in various industries. As we continue to grapple with the pressing issues of
climate change and resource conservation, such initiatives pave the way for a more
environmentally responsible and economically viable future.

This specific upcycling of eggshell and its membrane is of particular economic
importance. To start with, the cost associated with managing over 8 million tons of
eggshell waste could be invested in more profiting ventures. Through the valorisation
process, the shell membrane and other biochemical compounds recovered are
valuable sources of income due to the high demand of some of these substances, e.g.,
collagen. Also, against the backdrop of escalating infrastructure budgets worldwide,
employing eggshell membrane as an antimicrobial additive in concrete could result
in up to 40% savings in maintenance cost.

To achieve these benefits however, it is paramount for the construction and waste
industry to start looking into the possible challenges. These include collection,
logistics, large scale implementation and more. Likewise, new policies surrounding

waste disposal and reusage need to be implemented. Finally, new standards and safety

© University of Pretoria



&
g

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

regulations need to be developed while critically exploring and understanding the
limitations of waste composites in concrete.

In conclusion, this research demonstrates novelty by proposing an optimised eggshell
calcination process by ensuring the recovery of the shell membrane and valuable
biochemical compounds such as collagen prior to calcination. This will not only
ensure the production of high-grade calcium oxide but will also in turn upcycle the
net worth of eggshells. Secondly, the study proposes a novel ESM/Nanosilver
antimicrobial composite through adsorption. This research also aims to enhance the
adsorption efficiency of chemically produced AgNPs and AgNO3 by utilizing the
eggshell membrane optimally separated from the shells. Thirdly, this research
incorporated the antimicrobial ESM/Ag nanocomposite into cement mortar with the
aim of producing an antimicrobial mortar. Lastly, this study demonstrated innovative

contribution to academia through 5 publications and 6 conference presentations.
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CHAPTER 1 GENERAL INTRODUCTION
1.1 PREAMBLE

The adverse impacts of climate change are arguably the prime focus of global
dialogues regarding the environment in the twenty-first century. Its impacts are real,
demanding urgent and decisive action to address [1]. The focus of managing climate
change has been and remains two-pronged. Firstly, learning to live with the adverse
impacts of this phenomenon - the essence of adaptation and secondly, retarding or
halting the increase of anthropogenic atmospheric greenhouse gases (GHGS) - the
essence of mitigation. The major source of anthropogenic GHGs is the burning of
fossil fuels for direct and indirect energy inputs in industrial and social activities
resulting in the release of carbon monoxide (CO>).

The global awareness for the reduction of CO2 emissions has encouraged further
investigations on the use of alternative cementitious materials or additives for
concrete production [2]. It has been argued and estimated that the construction
industry alone is responsible for approximately 80% of the world’s pollution. The
building industry is estimated to be responsible for about 40% of greenhouse gas
emissions (GHGs) globally and 40% of global energy consumption [3]. The general
pollution and (GHGSs) emissions of the construction industry vary across the industry
value chain. GHGs are the drivers of global warming which in turn drives climate
change [3]. Since the industrial revolution, the concentration of anthropogenic GHGs
in the atmosphere has increased leading to accelerated global warming and climate
change. Ordinary Portland cement (OPC) has long been traditionally and widely used
as a binder in the manufacture of concrete. However, using OPC as a primary
construction material has been questioned extensively over the last decades due to
the environmental impact of clinker production and the huge cost of maintenance
incurred over the lifetime of the structure. The production of Portland cement clinker
emits up to 1.5 billion tons of CO> annually, accounting for about 5% of the total
man-made CO; emission [4]. As versatile as it is, one principal dilemma of concrete
structures is its high cost of maintenance which has been seen to go as high as 45%

of the total infrastructure budget in the UK and EU [5]. This expensive maintenance
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has been necessitated due to environmental factors, human factors, use over time, and
microbial attack (especially in wet conditions) [6].

Other sources of GHGs includes farming and waste management practices that rely
on the traditional disposal of solid waste in dump sites. In these dumps, the waste
decomposes thereby releasing methane - an extremely potent GHG. Contemporary
approaches to managing waste involve recycling, alternative uses of some waste
materials, and ultimately advocating a zero-waste community (circular economy) [7].
The last few decades have witnessed a tremendous increase in waste generation due
to industrialization, automation, urbanization, and rapid development of economics
[8]. According to Kaza et.al [9], global waste generation was estimated at 2.01 billion
tons in 2016 with a projection of 3.40 billion tons by 2050. In South Africa, the
Department of Environmental Affairs (currently known as the Department of
Fisheries, Forestry and the Environment) [10] reported that 42 million tons of general
waste was generated in 2017 and only 11% was recycled. The report further
particularized that biomass waste (from the sugar mills, sawmills, and paper and pulp
industry) is the largest contributor generating up to 35% of the country’s waste niche.
Organic waste shadows closely at 16%, followed by construction and demolition
waste at 13%, scrap metals at 8%, and commercial and industrial waste at 7%. It is
on this fatal increasing trend that the pursuit for a circular economy finds its anchor.
Circular economy seeks to eliminate waste by the continual use of resources. It
engages the principles of reuse, sharing, repair, renovation, remanufacturing and
recycling to create a closed system, curtailing the use of resource input and the
creation of waste, pollution and emissions [7], [11]. In essence, All “waste” should
become “food” for another process [12]. Example of these wastes include paper, tin
cans, plastics, scrap metals etc.

It is in this vein, that researchers in the concrete industry have invested enormously
into reusing food, agricultural and industrial waste as prospective Cement
Replacement Material (CRM) [2] or additive in concrete. These wastes include
sugarcane bagasse ash [13], bottom ash [14], fly ash [15], ground granulated blast

furnace slag [16], palm oil clinker powder [17], palm oil fuel ash [15], rice husk ash
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[18], eggshells [19], phlogopite [20]. CRMs and additives do not only improve the
environmental credibility of the industry but may also improve concrete strength and

durability depending on the pozzolanic activity of the CRM and the concrete.

1.2 PROBLEM DEFINITION

Firstly, in a world that is seeking to manage the climate change phenomenon, the
construction industry, like many other industries is seeking ways to reduce its carbon
footprint. One of the proposed instruments to achieve this is reducing the carbon
content of the industry’s input goods and services. The highest carbon content input
in the construction industry is ordinary Portland cement (OPC) which is a binder
substance that sets, hardens, and adheres to other materials, binding them together.
The cement industry accounts for approximately 5-8% of global carbon dioxide
(CO2) emissions [21]. The production of cement generates both direct and indirect
GHG emissions. Half of the industry’s GHG direct emissions are from a process
called calcination. The process involves the heating of limestone, i.e. calcium
carbonate, which when heated forms calcium oxide and carbon dioxide. Indirect
emissions include the burning of fossil fuels to heat the industry kilns usually heated
by coal, natural gas, or oil, and the combustion of these fuels all of which produce
GHG emissions. This accounts for approximately 40% of cement emissions [3].
Secondly, As versatile as it is, another principal dilemma of concrete and concrete
structures is their high cost of maintenance which has been seen to go as high as 45%
of the total infrastructure budget in the UK and EU [5]. This expensive maintenance
has been necessitated due to environmental factors, human factors, use over time, and
microbial attack (especially in wet conditions) [6].

The need to prolong the life of concrete while reducing the cost of maintenance has
therefore necessitated various research with some aimed at inhibiting bacterial
growth and biofilm formation. Among many other antimicrobial agents, silver and
silver nanoparticles (AgNPs) is one of the most promising bacteria inhibitors [6,22].
Lastly, the concerning upward trajectory of waste production provides the basis for
the concept of a circular economy. Circular economy aims to eliminate waste through

the perpetual use of resources. This approach involves implementing practices such
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as reuse, sharing, repair, renovation, remanufacturing, and recycling to establish a
closed system that minimizes the utilization of resources and the production of waste,
pollution, and emissions [7,11]. Essentially, the idea is that all "waste™ should become
"food" for another process [12]. Example of these wastes include paper, tin cans,
plastics, scrap metals etc.

One of such waste is the eggshell. Globally, whole chicken egg production continues
to rise with each passing year and with this increase comes the need to manage the
shell waste. In 2008, 62 million metric tons was recorded. This grew to 76.7 million
metric tons in 2018 and 86.3 million metric tons in 2021 [19,23,24]. Worthy of note
Is the approximately 10 million metric tons increase recorded between 2018 and 2021
(4 years), an increase that previously took about 13 years. With a shared mix of
452,000 tons of eggs in 2018, the South African poultry industry is not left behind.
With a 10.2% shell content, these figures calls for a fast and decisive action especially
when all other waste are put into context [25].

If the construction industry is to increase its contribution to reducing global GHG
emissions, it must tackle the issue of cement linked emissions, maintenance of
concrete infrastructure and the reuse of waste materials. This research explores the
interconnectivity of these three issues with the principal focus on eggshell waste and
its valorisation. The use of eggshells in concrete will not only exemplify the reuse of
waste materials but also lead to reduction in maintenance cost and the associated

GHG emission.

1.3 OBJECTIVES

Given the aforementioned challenges, the research seeks to meet three specific
objectives encapsulated in the overarching objective of improving the cement and
concrete production process by the use of waste eggshells, eggshell membrane, silver,
and silver nanoparticles (to be used as additives, fine aggregate replacement, and
antimicrobial agents) thereby resulting in greener cement/concrete with improved
value chain, and yet possessing properties that compare favourably with OPC or

transcends it. These are:
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(i) Optimized calcination of waste eggshells to produce calcium oxide (CaO)
while also upcycling the shell by membrane separation and protein
leaching before calcination.

(i) Production of optimised antimicrobial nanocomposite of separated
eggshell membrane and silver nanoparticles. This is essential to produce
an antimicrobial concrete mortal to drive down concrete maintenance cost.

(iii)  Production of a Cytotoxic concrete mortar from the antimicrobial eggshell

membrane in objective (ii).

1.4 LIMITATIONS

Due to the broad nature of waste and concrete research, this study will be primarily
focused on eggshell as a waste material and its valorisation. The shell waste will be
separated from its membrane while recovering other compounds before calcination.
The separated membrane will used to produce an antimicrobial nanocomposite which
will further be incorporated into cement mortar to produce an antimicrobial mortar.

This research is not focused on concrete nor improving its mechanical properties.
However, the optimised antimicrobial mortar will ensure that mechanical strength is

not sacrificed for antimicrobial properties.

1.5 FRAMEWORK OF THE THESIS

This thesis consists of 7 chapters, of which the literature review and four results
chapters have been published. Chapter 2 was published in CRC Press Book by Taylor
& Francis Group, Chapter 3 was published in Chemical Engineering Transactions,
Chapter 4 was published in Biointerface Research in Applied Chemistry, Chapter 5
was published in Molecules and Chapter 6 was published in the International Journal
of Molecular Sciences. As a result, the materials and methods section in each of the
chapters may appear repetitious. The chapters are presented as they appear in the
journals, so they are presented with brevity and limitation in tables and figures.
Appendices have been used to expound the chapters in this case. As an author of the

journal articles already published, the publishers give me the right to fully use my
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articles in a thesis without requests for special permission. The thesis is arranged
following the outline below.

Chapter 1 provides a brief introduction to the research study in terms of motivation,
objectives, and framework.

Chapter 2 gives a comprehensive description of past literature focusing on eggshell
and its membrane, membrane separation techniques, eggshell valorisation, waste
valorisation, and circular economy.

Chapter 3 gives a brief insight into eggshell membrane separation through leaching,
and shell calcination to produce calcium oxide.

Chapter 4 provides an in-depth look at eggshell valorisation via acid leaching and
shell calcination, leaching and calcination optimisation, as well as the recovery of
leached collagen and other valuable compounds.

Chapter 5 describes the production of silver nanoparticles, adsorption of the
nanoparticles on eggshell membrane and evaluation of the toxicity of an eggshell
membrane/nano silver composite on microbes.

Chapter 6 evaluates the possibility of producing an antimicrobial concrete mortar
from the membrane/nano silver composite.

Chapter 7 presents the overarching conclusions and recommendations arising from

the thesis.
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CHAPTER 2 REVIEW OF LITERATURES
From Waste to Best: Valorisation and Upcycling of Chicken Eggshells

Published in Waste Management (CRC Press): Refer to; Aina, S. T., Du Plessis, B.
J., Mjimba, V., & Brink, H. G. (2022). From Waste to Best Valorisation and
Upcycling of Chicken Eggshells. In Waste Management (1st ed., pp. 140-155). CRC
Press. https://doi.org/10.1201/9780429341106-8.

Chapter Abstract

As the concept of Circular Economy takes centre stage in the world of waste
management, it has consequently become more evident that environmental
sustainability requires conversion of the outputs of a process into inputs of other
processes. Circular Economy elevates the principles of reuse, sharing, repair,
renovation, remanufacturing, and recycling to create a closed system, curtailing the
use of virgin inputs as well as the creation of waste, pollution, and emissions. In a
nutshell, all “waste” should become “food” for other processes, or better put, “from
waste to best”.

One example of waste with enormous potential are eggshells produced by the
domestic chicken (Gallus gallus domesticus); these eggshells had an annual
production of 7.82 million metric tonnes globally in 2018. This chapter examines the
formation, structure, and constituents of the eggshell. It further discusses methods of
separation of the eggshell and its membrane as well as the valorisation of the shell
and membrane. It was concluded that eggshells stand as one of the most recyclable
and eco-friendly waste products with applications in bioremediation, agriculture,
food processing, health, construction, and renewable energy. A call was also made

for the effective collection and reuse of the waste product.

2.1 INTRODUCTION

Modern approaches to managing waste amidst the challenge of managing climate
change advocate for the alternative and continual use of resources in a bid to eliminate
waste. One such approach called the circular economy elevates the principles of

reuse, sharing, repair, renovation, remanufacturing and recycling to create a closed
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system, curtailing the use of virgin inputs and the creation of waste, pollution and
emission [11,26]. The tenet of the approach is that all “waste” should become “food”
for another process [12]. One such waste material is eggshell whose disposal creates
an acute ecological hazard [26,27].

Calcareous, porous, and bioceramic in nature, eggs are the reproductive means of all
birds and most reptiles. Oval in shape after years of adaptive evolution, the chicken
egg is just strong enough to fight physical and pathogenic attacks from the
environment and also not too hard to allow for the exchange of gas and water needed
for the development of a growing embryo inside the shell [28,29].

An eggshell (Figure 2-1) is made up of a calcified component (the shell) and a double
layer of shell membrane. It is one of the best and most abundant sources for naturally
occurring calcium (Ca) and Strontium (Sr) with up to 401 mg/g of Ca and 372 pg/g
of Sr [30].

With the publication of the chicken (Gallus gallus) genome sequence in 2004,
investigations into the composition, structure, and interactions of cellular molecules
of the avian species has proceeded to unprecedented levels. These studies include but
not limited to its breeding, biology, and physiology [31]. In 2008, the world
production of eggs from domesticated chickens (Gallus gallus domesticus) was
estimated at 62 million tonnes [23]. Through deliberate human efforts, ten years later,
this value has grown to 76.7 million metric tonnes in 2018 [32].

In this mix, the Chinese poultry industry is the largest producer of eggs globally with
a yield of about 458 billion eggs annually accounting for 42% of global production,
followed by the United States (7%) and India (6%) [33].

In South Africa, the production of eggs in 2018 was 452,000 tonnes [25]. With
production constantly rising, disposal of the waste shells will always be of huge
concern. The shell makes up approximately 10.2% of the whole egg.

Eggshell comprises about 98% calcium carbonate (CaCO3) and other trace elements
such as magnesium and phosphorus. Shell membranes comprises 69.2% protein,
2.7% fat, 1.5% moisture and 27.2% ash.
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Figure 2-1: Longitudinal section of a chicken egg [31].

The membranes protein is about 10% collagen [28,31,34]. Eggshells have been
effectively used as fertilizer in agriculture, soil stabilizer in construction, calcium
supplement in health and medicine. Likewise, shell membrane collagen when
extracted has diverse uses in medicine, biochemical, pharmaceutical, food and
cosmetics industries. Collagen is a tough protein that connects and supports bodily
tissues, such as skin, bone, tendons, muscles, and cartilage.

Traditionally collagen for industrial applications has primarily been extracted from
swine skins, bovine and bones. However, following the outbreaks of bovine
spongiform encephalopathy, foot and mouth disease, autoimmune and allergic
reactions, restrictions on collagen usage from these sources have increased [31,35].
The fact that eggshell membrane collagen is very low in autoimmune and allergic
reactions as well as high in biosafety but also has some of its characteristics similar
to other mammalian collagen sources avails it to industrial application as an
alternation to the traditional sources. An eggshell and its membrane can be separated
by a wide variety of techniques including chemical, mechanical, steam, microwave
and vacuum processes [29,34].

An interesting discovery is that calcium oxide can be produced through calcination

of the shells. This avails eggshells as a plausible substitute for lime in cement
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production and more important and relevant to this research, an alternative source of
calcium addictive to geopolymer concrete with high early strength. This presents the
possibility of a significant reduction in the cement-linked high carbon footprint of the
construction industry. Elsewhere, results of studies carried out by [20,36—-38] showed
that eggshells proved to be a good alternative to conventional foaming agents in the
production of foam glass.

Given the foregoing, this chapter examines the formation, structure, and constituents
of the eggshell. It further discusses methods of separation of the eggshell and its
membrane as well as the valorisation of the shell and membrane with applications in
bioremediation, agriculture, food processing, health, construction, and renewable

energy.

2.2 FORMATION AND STRUCTURE OF THE EGGSHELL

As stated earlier and perhaps commonly known, the eggshell is the outer covering of
the avian egg as well as the shield for the growing embryo. Located at its centre is
the yellowish yolk which is surrounded by the egg white, (known as albumen), inner
and outer membrane, and the calcium-rich shell at the exterior [29,31]. Once
ovulation takes place, the yolk moves through the oviduct to the uterus. The various
components of the egg are added to the yolk during this journey [35,39] (Figure 2-1).
The calcified shell which is made up of 98% CaCOs is a matrix of three distinctive
layers [31] (Figure 2-2). The 100 pum thick mammillary layer initiates the formation
of the calcified crystals. It is the innermost layer with an array of cones and infiltrates
the outer membrane. Next is the palisade layer which is approximately 200 um thick.
This layer has pores which are responsible for the exchange of gases and water
vapour. The calcite crystals or columns of the palisade layer are perpendicular to the

shell membrane and eggshell surface [35,39].
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Figure 2-2: Schematic diagram of the structure and different layers within the
eggshell [39].

The final outer layer of the shell which is also denser than the other two is the vertical
crystal layer. It is a very thin layer of about 8 um thick and provides a face for the
development of the cuticle and also resists the propagation of cracks on the shell. The
cuticle covers the eggshell. It is a thin organic proteinaceous layer, 10 — 30 pm thick,
with protein content up to 90% [29,31].

An avian eggshell membrane is made up of collagen types I, V, and X [35]. The
eggshell constitutes an inner and outer membrane. Each layer is a complex network
of several layers of interwoven fibres. They are indispensable in the formation of the

egg as they retain the albumen and prevent penetration of pathogens [28,39,40].

2.3 CONSTITUENTS OF EGGSHELL AND EGGSHELL MEMBRANE

A study by Balch and Cooke (1970) on the composition of eggshell membrane
exemplifies the age-long interest in the make-up of eggshells. Elementally, an
eggshell is about 98% CaCOz with up to 91.89% calcium (Ca) [41] and other
elements as in Table 2-1. The membrane is known for its nitrogen content (Table
2-2). The calcined shell yields CaO with a purity as high as 98.3% (but 53.51%

including loss on ignition) [26].
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Table 2-1: Percentage elemental composition of eggshells

Element / Source [42] [43] [44] [45] [41] [46]
Ca 195 774 - - 91.86 33.13
Al - 0.4 - - 1.45 -
Mg - 024 - - - 0.36
@) 57.3 129  29.46 27.32 - -

Fe - - - - - -

K - 8.6 - - 0.52 0.04
Na 2.1 0.4 - - 0.51 0.04
Si 1.1 0.06 - - 4.32 -

C 6.3 - 13.09 10.61 - -

S - - 0.03 - - -

N 116 - 0.54 - - -

Cl 1.1 - - - - -

P 1 - - - - 0.07
H - - 0.35 0.71 - -

F - - - - 0.44 -

Table 2-2: Percentage elemental composition of eggshells membrane

Element / Source [42] [44] [45]
9 20.5 12.03 10.41
C 53.7 475 42.74
S 12.6 3 -

N 13.3 15.34 -

H - 6.78 6.45

Beyond the elemental and oxide composition of eggshells, investigations into its
biochemical and molecular component has been of great importance. The emergence
of the chicken (Gallus gallus) genome sequence in 2004 created further success in
understanding these components [29,31,35].

The chicken eggshell has been found to be a complex matrix of proteins and
carbohydrates with 70% of it been proteins. Some of the amino acids (proteins)
include ovalbumin, ovocleidin — 17, ovocleidin — 116, ovocalyxin — 25, ovocalyxin —
32, ovocalyxin — 36, osteopontin, clusterin, lysozyme, ovotransferrin and collagen
with some of the composition proportions outlined in

Table 2-4.
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Table 2-3: Percentage oxide composition of eggshells

Oxide / Source [47] [48] [49] [26]
CaO 26.55 - 50.7 53.51
Si02 0.11 - 0.09 0.02
Al203 0.03 0.207 0.03 0.01
MgO 0.01 - 0.01 0.66
Fe203 0.03 0.093 0.02 -
Na20 0.14 - 0.19 0.12
P205 0.26 - 0.24 0.3
CaCO3 - 99.9 - -
SO3 - 0.467 0.57 0.55
K20 - 0.029 - 0.03
SrO - - 0.13 -

NiO - - 0.001 -
LOL - - - 44.79

Table 2-4: Amino acid composition of decalcified eggshell and eggshell membranes
(Mol%)

. . Outer shell
Amino acid  Eggshell Inner shell membrane membrane [28]
Asx 8.1 8.4 8.8
Thr 6.2 6.9 6.9
Ser 9.7 9.2 9.2
Glx 11.8 111 11.9
Gly 13 111 10.6
Ala 6.9 4.6 4.1
Val 7.3 7.2 7.9
Met 2 2.3 2.3
lle 2.6 3.3 34
Leu 6.1 5.6 4.8
Tyr 1.8 2.2 1.7
Phe 2.1 1.6 1.5
His 4.2 4.1 4.3
Lys 3.6 3.6 3.4
Arg 5.9 5.7 5.8
Pro 8.3 11.6 12
Hyp 0.3 1.5 1.4

Uronic acids, sialic acids, chondroitin sulphate A and B, dermatan sulphate,
hyaluronic acids, and keratan sulphate are some of the polysaccharides

(carbohydrates).
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Ovalbumin, lysozyme, ovotransferrin are egg white proteins. Ovalbumin is reported
to be confined to the mammillary layer of the shell while lysozyme and ovotransferrin
can be found in both the mammillae and the shell membrane [29,50].

Ovocleidin — 17 is a homologous protein with composition as high as 40 ug/g in the
shell. It was the first eggshell protein to be discovered. It is present throughout the
shell matrix but concentrated in the mammillary layer. Ovocleidin — 116 is the first
eggshell protein to be cloned and the most abundant (80 ug/g). Ovocleidin — 116 and
Osteopontin are localized to the palisade region of the eggshell. Ovocalyxin — 32 is
confined in the external region of the palisade layer, the cuticle, and the crystal layer
of the eggshell. Ovocalyxin — 36 mostly occurs in the membrane and inner
mammillary region of the shell [29,31,35,40,50]. Eggshells have also been found to

contain certain hormones such as calcitonin and progesterone in nano measures [30].

2.4 SEPARATION OF EGGSHELL MEMBRANE AND EGGSHELL

The eggshell and its constituent membrane are proven store houses of several
valuable bio-reactive compounds. Where these compounds are effectively harvested
they are often put to profitable use thus accentuating the need for a means to
efficiently separate the shell and its double layered membrane [51].

In [52], Inoue et al. patented a method and device for breaking and separating shell
membrane from the eggshell with emphasis on taking advantage of the variation in
the specific gravity of both materials. The shells are crushed in a pulveriser and
separated by the centrifugal force of a liquid cyclone. The force pushes the shell to
sink while the membrane floats to the upper part of the cyclone where it is collected.
Monferrer and Pons, [53] secured a patent almost similar to that of [52]. The
inventors demonstrated the use of a crusher to break the shells in a liquid medium
with the option of employing additives. The liquid medium is then agitated to aid
separation of the shell and membrane and also to force the separated shell to the
bottom of the tank. The shell is collected from the bottom of the tank and the
membrane from the top. The wet membrane and shell are then dried with the use of

chemical or enzymes.
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Another patent was published by MacNeil [51] seeking to increase the efficiency of
the shell-membrane separation process and decrease energy intensity. This MacNeil
approach, Figure 2-3, employs an abrading hopper to partially disrupt the linking
structure between the shell and membrane, and also reduce the shell to sizes varying
between 0.4mm and 0.5mm. The abraded constituents are then sent into a liquid tank,
preferably water, where a sweep arm assembly (with the use of a motor) is used to
stair the water and the slightly separated membrane-shell. This stirring completely
separates the shell and membrane. The shell sinks to the bottom of the tank while the
membrane floats at surface of the liquid medium.

The floating membrane is suctioned out of the tank, screened on a mesh belt to
dewater it and subsequently dried and stored. The bottom shells are collected and
transported to a second recovery device that involves drying after which the shells

collected and use in a variety of applications.

Membrane
Particles

< Water Pump
— _JT? Hopper
"t L }Reducing

Device

Drying Unit 2 | Rl EHE '?':"- «—Membrane
) \ ' J Particles
\ 23 <« Tank
N
— Sweeping
= R s I Arm
f»'x < Clean Eggshell Assembly

Particles T

Shell Particles

Figure 2-3: Apparatus for separation of eggshell and membrane [51]

Departing from the norm, Adams [54] patented another separation method
emphasising the use of steam, mechanical abrasion and vacuum treatment. In his
invention, Adams feeds broken eggshells to a processor which crushes the shells and

employs steam to bake and moisturize the shells. At required moisture content, the
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shell and membrane flakes are pulled by a vacuum into a cyclone device where the
cyclonic action of the device forces the lighter membrane away from the heavier
shells.

In 2011, Vlad and Ames [55] patented a method of separating eggshells and its
membrane using acetic acid solution and cavitation force. The unseparated shells are
placed in a fluid tank containing the acid solution. The acid solution weakens the
bond between the shell and the membrane. Cavitation is then applied to the solution
to pull the membranes away from the shell. The separated shell sink to the bottom of
the tank where it is collected while the less dense membrane floats rises to the top
where it is also collected. The method also includes a process of drying the separated
shell and membrane and also grinding the shell before storage.

Following Vlad’s [55] invention, Akikusa and Cao Qiu [56] also published a patent
for a separation method with high recovery efficiency and without denaturation of
the membrane proteins and also with a notable low energy consumption. The method
begins by washing the eggshells to remove excess egg white and egg yolk. The
washed shell is then immersed in a water tank and agitated. The agitation through a
mixing blade causes turbulence in the tank, the water is pressurized with carbon
dioxide to produce a concentrated agqueous solution. A microbubble generation
process is used to produce microbubbles on the surface of the shells which in turn
dissolves the papillary nucleus of the eggshell and weakens the bond between the
shell and its membrane.

The combination of the turbulence from the mixing blade and papillary nucleus
dissolution causes the membrane to separate from the shells. Separated membrane
floats to the top of the tank and collected while the shells settle at the bottom and also
collected. The method also provides for drying and storing the shells and membrane
separately.

In 2013, another method of separation was patented by New, [57]. New’s system used
an airflow through a venturi to pulverize the eggshells and thereby separate the shell
from the membrane. The process utilizes shock waves and pressure changes within

the venturi to separate the brittle shells from the more elastic membrane. Separated
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shells and membrane are then feed into a separation apparatus designed to collect the
shells separately from the membrane.

The downside of these inventions includes energy intensity, high water consumption,
incomplete separation, reduced usefulness of membrane due to milling,
denaturalization and leaching of eggshell protein due to use of acid.

Moving away from patents, [29] proposed a method of separation of eggshell from
its membrane using a microwave by taking advantage of the dielectric properties of
the eggshell and membrane. In his research, Hussain discovered that shell membrane
responds more to microwaves than the shells because the membrane has higher
dielectric constant and loss. This in turn lead to the separation of both components.
The separation is premised on the fact that the membrane absorbs more electro-
magnetic wave than the shell due to its high moisture content. This therefore causes
a differential heating of the shell and membrane producing a weakening effect on the
shell-membrane bond. The membrane is manually peeled off the shell.

The separated eggshells and its membrane have found tremendous application in
construction, health, agriculture, food production, and remediation of water pollution.

Six of these applications will be discussed in the next section.

2.5 VALORISATION OF EGGSHELL AND EGGSHELL MEMBRANE

2.5.1 Industrial Processes

Trends in industry-based research shows a growing focus on cost reduction, material
sustainability and eco friendliness. In their research, Dwivedi et al. [58] investigated
the use of carbonized waste eggshells in reinforcing 2014 aluminium alloy (AA2014)
green metal matrix composites. The study showed that at a 12.5 wt.% addition,
carbonized waste eggshells produced AA2014 alloy of better physical and
mechanical properties when compared to AA2014 alloy reinforced with commercial
CaCOas. Likewise, Hayajneh et al. [27] examined the use of eggshells in the
production of green metal composite. Eggshell particles were used to create an

aluminium/eggshell green metal matrix composite. The outcomes revealed that the
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aluminium-eggshell metal composite possess improved mechanical, microstructural,
and tribological properties when compared to aluminium. At 3% addition of eggshell
particles, wear resistance improved by 65%, compressive strength by 40%, and
hardness increased by 15%. A similar study with corresponding result was also
conducted by Shin et al. [59].

In the field of rubber technology, Bhagavatheswaran et al. [60] investigated the
improvement of interactions between filler and acrylonitrile butadiene rubber (NBR)
composite. The effect of two fillers (eggshell and CaCO3) was studied. The addition
of the functionalized filler resulted in an improvement in the maximum torque,
Young’s modulus, and elongation at break of the eggshell-NBR composite. A
corroborating study earlier conducted by [61] exemplifies the use of eggshells as bio-

filler in epoxidized natural rubber (ENR).

2.5.2 Agriculture

Due to its calcium and nitrogen content, ground eggshells have been identified as
effective liming agent. This therefore makes eggshells an inexpensive and
environmentally friendly fertilizer for plant growth [23,34,62]. According to
PlantingScience.org [63], red clover plants showed a 10mm increase in growth when
fertilized with eggshell powder as compared to other fertilizing agents. This
fertilizing ability of eggshells was also confirmed by [23,64]. Oliveira, [9] also
proposed a system for utilizing eggshells in the production of animal feed due to its

high protein and calcium content.

2.5.3 Health and Food Production

Eggshell particles and its membrane are fast receiving wide acceptance in the health
and food industry. Eggshells have been used as calcium supplements, treatment of
osteoporosis, improvement of bone mineral density (BMD), [34,65,66]

Due to the numerous restrictions and difficulties accompanying the use of free

enzyme, enzyme immobilization is a preferred alternative. In view of this and with
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the aim of a cost effective immobilization technique, [67] studied the porogen effect
of eggshell membrane powder as on the physicochemical structure and protease
immobilization of chitosan-based macroparticles. It was observed that an addition of
up to 20% eggshell membrane powder resulted into improved pore size of mesopores
in chitosan which led into an increased diffusion of substrates into its internal spaces.
Elizondo-Villarreal, [68] successfully synthesized hydroxyapatite (HAp) using CaO
from eggshells and commercial calcium dibasic phosphate (CaHPO4.2H20).
Hydroxyapatite is an essential mineral in the human bone and teeth. These
compounds are responsible for the rigidity of the teeth. Results shows that
hydroxyapatite from eggshells is suitable for dental prosthesis applications. Similarly,
[69] investigated the use of calcined eggshells in the synthesis of HAp using the wet
chemical precipitation route. Their findings was in consonant with those of [23,68].

In [70], Ding eggshell membrane-templated gold nanoparticles was used as a flexible
surface-enhanced Raman scattering (SERS) substrate for the detection of
thiabendazole (TBZ) pesticide in Oolong tea. Due to its non-destructive nature and
trace detection capability, SERS is gaining attention. The outcomes showed that
eggshell membrane-templated gold nanoparticles were able to detect TBZ at a
concentration of 0.1 ppm.

With focus on food preservation and post processing, [71] valorised eggshells into
calcium chloride (CacCl,) for the post processing of sweet potato chips. The eggshell
CaCl, was used in comparison to commercial CaCl,. The results showed that the
eggshell CaCl> behaved similarly to the commercially sourced CaCl..

Collagen is a tough protein that connects and supports bodily tissues, such as skin,
bone, tendons, muscles, and cartilage. Collagen has primarily been extracted from
swine skins, bovine and bones. However, following the outbreaks of bovine
spongiform encephalopathy, foot and mouth disease, autoimmune and allergic
reactions, restrictions on collagen usage from these sources were enforced. Eggshell
membrane collagen is very low in autoimmune and allergic reactions as well as high

in biosafety and is of similar characteristics to other mammalian collagens. [29,34].
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Collagen from eggshell membrane has found wide usage in production of adhesives
[34], plastic surgery [72], improving skin health and joint pain relive [73], cosmetics
and pharmaceutical industries [74]. Partial hydrolysis of collagen produces gelatine,

a flavouring agent in food production [23,75,76].

2.5.4 Construction

The versatility and universality of concrete rests in its ability to withstand harsh
environments, attain enormous strength and durability. It is obtained by mixing
cementitious materials, water, aggregate and sometimes admixtures in required
proportions [77]. Calcium oxide (quicklime) derived from the calcination of
limestone has been proven to be responsible for the early strength development of
concrete at room temperature. This is achieved by the hydration of CaO to form
Calcium hydroxide causing evolution of heat and therefore high early strength
[77,78].

The average value of quicklime in 2018 was $124.60 per tonne [79], resulting in a
potential market value of eggshell derived quicklime of $550 million globally in
2018. The current lime production in South Africa is 1.2 million metric tonnes per
year [79], meaning the local production of 452,000 tonnes of eggshells, potentially
yielding 252,000 tonnes of lime, has the potential to substitute as much as 21% of the
South African lime market. Currently, most of these waste eggshells are disposed of
in landfills that have inherent high management cost [80]. According to [78], while
the percentage composition of CaO in ordinary Portland cement can be as high as
66.89%, it ranges between 0.02% and 8.4% in cement replacement materials (CRMSs)
except for ground granulated blast furnace slag where it can be as high as 45.38%.
This low composition of CaO has therefore necessitated the curing of geopolymer
concrete at elevated temperatures ranging between 60 and 70 °C. Research has shown
that a 2% addition rate has an equivalent cure strength at 50 °F as plain concrete at
70 °F [81]. This claim was also backed up by Huang et al. [82] when he opined that
up to 5% increase in calcium content of geopolymers will result in considerable

increase in early strength development at room temperature. In addition, to substantial
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increase in early strengths, calcium in chloride form improves workability, and
reduces settlement [81,83].

Evaluating the quality of CaO derived from calcined eggshells, [26] lectured that
calcium oxide from eggshells belonged to the most reactive class of lime (R5-60 °C
in 10 min), which is the class of calcium oxide from limestone. Jaber, [84] realised
the same using calcined and un-calcined eggshells as cement replacements in mortar.
These results show that the replacement of cement with eggshells improves the
strength and workability of the mortar. However, calcined eggshells, CaO gave more
promising results.

In the same vein, Ofuyatan et al. [85] investigated the use of eggshell powder as a
partial replacement for cement in self-compacting concrete. The results revealed that,
at 20% partial replacement, compressive strength was 41 kN/mm? and flexural
strength was 3.2 kN/mm? after 28 days.

Further, [86] explored the use of eggshell powder as a partial replacement for cement
in a grade 20 concrete. Results showed that, at a 5% replacement level, the
mechanical properties of the concrete improved. Compressive strength at 0% and 5%
replacement was 21 and 26.30 N/mm? respectively after 28 days while the split tensile
strength at 0% and 5% replacement was 2.45 N/mm? and 2.98 N/mm? respectively
after 7 days.

Raji and Samuel [87] also examined the use of eggshell powders as full replacement
of fine aggregate (sand). The result was not adequate for a normal weight concrete as
compressive strengths were low. They concluded that eggshells should only be used
as full replacement of fine aggregate where lightweight concrete is desired.

Cree and Pliya [88] investigated the use of eggshell powders for masonry applications
and concluded in favour eggshell powder. They concluded that eggshell powder can
be used as alternative supplementary cementitious material (SCM) in mortar at a
replacement level as high as 20% and still be within ASTM standards.

Still in the move of valorising eggshells, Tiong et al. [48] effectively incorporated

eggshells into lightweight foamed concrete. Lightweight concrete incorporated with
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eggshell powder exhibited increased compressive strength and ultrasonic pulse
velocity (UPV) at a replacement level of 7.5%.

In the field of transportation engineering, eggshell lime has been found to be an
effective stabilizing agent. Bensaifi et al. [89] investigated the use of calcined
eggshells in stabilizing marl. From there investigation, CaO form eggshells
significantly improved the mechanical properties of marl. At 15% composition the
stabilized soil had 22 times increase in CBR index and an improvement in cohesion
and internal friction angle.

Casting the focus on dielectrics and high voltage insulation, Abdelmalik et al. [90]
explored the use of eggshell composite polymer for power insulation. The composite
polymer was mixture of eggshells and epoxy resin in contrast to a mixture of titanium
oxide nanoparticles TiO2 and epoxy resin. The eggshell composite displayed better
dielectric and insulation properties than TiO2 composite. The dielectric constant was
directly proportional to the percentage of eggshell particles added with values as high
as about 7 at 5% eggshell content. The insulation property was derived as a measure
of the conductance of the composites. Eggshell composite had the lowest
conductance (i.e. best insulation property) at 3% content with a conductance of about
2.70x10° S. The TiO2 composite had a conductance of about 4.90x10° S. [42,43]
and [91] also conducted a similar study with agreeing results.

Arunya [92] further testified to the reusability of eggshell powder in the bid of
promoting circular economy and environmental friendliness of the construction

industry.
2.5.5 Renewable Energy

As petroleum price continues to rise and the need for energy soars, there is a daring
need for a cheap and sustainable source of energy [93-95].

In their research, Ajala et al. [93] used thermally modified chicken eggshells as
heterogeneous catalyst for palm kernel biodiesel production. Employing a definitive
screening design of optimization technique, 4% calcined eggshell as catalyst yielded
a 97.10% pure biodiesel fuel. The produced biodiesel was found to be of ASTM
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standard. In the same vein, Gupta and Rathod [94] derived a solid based catalyst for
biodiesel production from eggshells and waste cooking oil. Results yielded up to
96.07% pure biodiesel under optimized conditions with a reusability of up to 5 cycles.
Kavitha et al. [95] produced biodiesel from scum oil and nano calcined eggshell
yielding 96% pure biodiesel in 3 hours with methanol: oil ratio of 6:1 and 2.4% by
weight of catalyst at 65°C. The fuel had low NOx and high cetane number. Similarly,
Wong and Ang [96] also produced a high quality biodiesel from used cooking oil and
calcined waste eggshells. The yielded fuel was optimum at 65 °C temperature, 2%
catalyst, and methanol oil ration of 4:1. Using eggshells as catalyst for biodiesel
production has also been proposed by [23].

While the refining of petroleum has given rise to numerous valuable products, it is
also responsible for a number of harmful ones. Among these are volatile organic
compounds (VOCs). These carcinogenic gases are not only poisonous to humans but
also detrimental to the environment. They have been found partly responsible for
greenhouse effects and stratospheric ozone depletion [97]. In the bid of solving the
problem of VOCs, Li investigated the use of eggshells CaCOs as a catalyst with
C030s4 in the oxidation of VOCs in comparison with commercial CaCOs. Results
revealed that the catalyst produced using eggshells had higher VOC oxidation power

than commercial CaCOs.

2.5.6 Bioremediation, and Removal of Metals and Non-Metals.

Rapid industrialization and improvements in mining technology came with the
problem of various forms of contamination of water bodies and the soil [45]. The
removal of these toxic pollutants has been extensively researched. The research is
centred around the use of various methods including osmosis, adsorption,
precipitation, photodegradation, and electro-dialysis, among others. Irrespective of
the method, the process of decontamination can be very expensive [45,98]. This raises
the impetus for finding low-cost decontaminants.

Seeking to alleviate the problem dye pollution from textile industries, Tsai et al. [44]

evaluated the adsorption properties of eggshells and shell membrane on basic blue 9
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(Methylene blue). The eggshell particle was able to take up to 0.80 mg/g while the
membrane had lower adsorption of 0.24 mg/g. A similar investigation was carried out
by [99]. The authors examined the use of eggshells in the removal of direct blue 78
dye form wastewater. The eggshell adsorbent was 95% effective at pH 5. Maximum
capacity of adsorption was 13 mg/g. In 2018, Al-Ghouti and Khan [100] investigated
the application of eggshell wastes for boron remediation from water. Results showed
that calcined eggshells had the best boron removal property of 96.3% at pH 6.
Additionally, Borhade [101] further examined the use of eggshells calcined at 120 °C
for 2 hours in the removal of Rhodamine B, Eriochrome black T and Murexide dyes
from aqueous solutions. The results showed that calcined eggshells can be used as
adsorbents for the dyes with an adsorption capacity of 2 mg/L. As photocatalysis
continues to gain a wider usage spectrum, Sree et al. [102] successfully valorized
eggshells for use in photodegradation. Nanoparticles of CaO from calcined eggshells
were synthesized and examined for photocatalytic dye degradation of Methylene blue
and Toluidine blue solution. The investigation revealed that at pH 7, 50 mg of catalyst
loading, and 20 ppm dye concentration, CaO nanoparticles optimally degraded
Methylene blue within 15 min and Toluidine blue within 10 min.

Likewise, the adsorption properties of sonicated raw eggshells was found impressive
by Ahmad et al. [103]. The adsorption capabilities of sonicated raw eggshells for
Sulphur dioxide (SO2) and Hydrogen sulphide (H2S) was studied. At a constant gas
flow rate of 300 ml/min, 80 °C sonication temperature and 3 hours contact time,
sonicated raw eggshells adsorbed 2.4 mg/g of SO, and 1.85 mg/g of H.S.

The concern for the treatment of waterbodies and soils contaminated with heavy
metals is globally gaining attention due to its adverse effect on the life of humans,
plants and microorganisms [104]. In this regard, Ashrafi et al. [105] studied the effect
of using eggshell and banana stem amendments to immobilize lead (Pb), cadmium
(Cd) and zinc (Zn) in a contaminated soil. The study revealed that eggshell powder
was able to reduce the concentration of Pb, Cd, and Zn in the contaminated soils by
transforming their readily available forms to less accessible fractions while banana

stem reduced only Cd. These claims have also been backed up by [106,107].
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Mashangwa, [86] and his team demonstrated the adsorption power of eggshells over
Pb, Zn, copper (Cu), nickel (Ni), and other heavy metals. At pH 7, 7 g adsorbent, 100
ppm metal ion and 360 min contact time. Pb, Zn, Cu, and Ni had percentage
adsorption of 97%, 80%, 95%, and 94% respectively. Other metals such as aluminium
(Al), iron (Fe), and potassium (K) recorded adsorptions of over 75%. Rahmani-Sani,
[87] on the other hand employed chicken feathers and eggshells in the synthesys of a
novel magnetized activated carbon for sorption of heavy metal ions. The results on
the sorption of Pb?*, Cd?*, Cu?*, Zn?*, and Ni?* ions testified of the adsorption
efficiency of eggshells. Furthermore, Oke et al. [108] examined the adsorption
kinetics for arsenic removal from aqueous solutions by untreated powdered eggshell.
The result revealed that 63 pum eggshell powder at a pH of 7.2 removed up to 99.6%
of 1.5 mg/L of arsenic ion in synthetic water in 6 hours. 100% removal was recorded
in 8 hours. It was also observed that particle size affected the rate of arsenic removal
and smaller particles yielded a faster rate of removal.

Using a hybrid system of calcined eggshells and microalgae (Chlorella vulgaris),
Choi and Lee [41] demonstrated the removal of heavy metals form acid mine drainage
(AMD). The hybrid system in an optical panel photobioreactor had a biomass
productivity of more than 8 times its initial concentration and light transmittance of
95 % at a depth of 305 mm. Iron (Fe), Cu, Zn, Cd, Arsenic (As), and Manganese (Mn)
was effectively removed from the AMD. Calcined eggshells had about 80% removal
capacity while the hybrid system reported as high as 100% removal efficiency of the
metals. Following the growing concern for the depletion and irreplaceable nature of
phosphorus, [109] discovered a Novel eggshell based adsorbent for the removal of
phosphorus from liquid effluents. The adsorbent showed 50% efficiency in an acid to
neutral environment.

Other studies on the valorisation of eggshells includes, co-precipitation of chromium
(Cr) VI [110], oxidation of methane [111], and water/wastewater decontamination
[45].

The continuous use of eggshell and its membrane in all these applications pose an

eminence benefit environmentally and economically.

Department of Chemical Engineering
University of Pretoria

© University of Pretoria

40



Pt
&
ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
P ¥

UNIBESITHI YA PRETORIA

Chapter 2

26 CALCIUMSILICATE HYDRATE GEL

The main reaction product of cement hydration is the Calcium Silicate Hydrate (CSH)
gel with chemical formula CasSisO1sH2.nH2O, which constitutes over 60% of the
volume of hydrated Portland cement [112,113]. This gel plays a crucial role in the
durability and strength of both cement and concrete. Despite its widespread presence,
the structure of CSH is not completely understood. The varying stoichiometry poses
challenges in accurately characterizing its nanostructure. However, it has been
reported that CSH gels exhibit a three-dimensional atomic structure resembling
naturally occurring tobermorite. This structure features a layered geometry primarily
composed of calcium silicate sheets, containing chain units of silicates connected by
calcium ions [112,114]. CSH is a porous gel with gel pores ranging from 5 A to 100
A and capillary pores exceeding 100 A. These pores function as conduits for the
transportation of water molecules and ions [115].

The efficacy of concrete depends on the nanoscale organizational structure of the
hydration products constituting concrete, as opposed to the material itself.
Consequently, it is plausible to enhance concrete performance by controlling the
nanoscale structures of cement hydration products. This adjustment alters the
mechanical properties and durability of concrete without escalating the cement
content. In essence, it reduces the need for cement while ensuring the desired
performance, showcasing significant potential for reducing the carbon footprint in the
concrete industry [116,117].

2.7 CONCLUSION

After examining the developments in egg production and applications, it is evident
that the production will increase to meet growing global demand. Simultaneously,
waste from the industry will grow. The demonstrated alternative uses of all the
components of eggshells offers avails opportunities to minimise the number of
eggshells that are disposed of in municipal waste dumps or other disposal sites. These

uses inter alia include application in aluminium alloys and rubber production, uses in
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the agriculture industry, in the energy sector, and the use of eggshells and membrane
to remove various metals, non-metals, and dyes from wastewater.

From these and other uses, it is evident that eggshells are not just a waste material.
Instead, they are and can be a useful input material in many industries. This is the
essence of the circular economy concept. In this context this fact gives eggshells a
monetary value to companies that generate this waste. The value is in the collection,
treating and use of this material. Industries in these activities can provide employment
and other industrial innovations that aid economic development. Also important is
that the shells have an environmental management value in that they reduce the use
of carbon-intensive materials in some industrial process most prominently in the
production of cement. This is key to the demands of sustainable development- a
growing requirement of the 21% century.

In this milieu, players in the egg industry (producers and consumers) are therefore
called upon for strategic collaboration among themselves to aid effective collection
and delivery of eggshells to organisations that use this ‘waste’ material as a raw
material. To this end, governments are also critical is formulating policies that can

direct the management of this product.
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CHAPTER 3 EFFECT OF MEMBRANE REMOVAL
ON THE PRODUCTION OF CALCIUM
OXIDE FROM EGGSHELLS VIA
CALCINATION

Published in Chemical Engineering Transactions: Refer to; Aina, S. T., Du-Plessis,
B. J., Mjimba, V., & Brink, H. G. (2020). Effect of Membrane Removal on The
Production of Calcium Oxide from Eggshells Via Calcination. Chemical Engineering
Transactions, 81, 1069-1074. https://doi.org/10.3303/CET2081179.

Chapter Abstract

In the pursuit of a circular economy and against a background of viable alternative
uses of avian eggshells and eggshell membranes, this research investigated the effect
of domesticated chicken eggshell membrane separation on the calcination process
and quality of Calcium Oxide (CaO) produced. Acetic acid was used to leach the
eggshells for 60 min to aid separation of the shell membrane. X-ray diffraction, red,
green, blue colour model, and thermogravimetric analyses were used to characterize
the calcined shells. Leached and separated shells produced CaO of comparable
quality and crystallinity to unseparated shells after calcination. Results showed that
while leaching and membrane separation did not affect calcination temperature,
residual ash from the membrane left impurities in the unseparated shells after
calcination. It was concluded that leaching and separating the membranes from
eggshells prior to calcination serves to upcycle eggshells by facilitating improved

CaO production and membrane value extraction.

3.1 INTRODUCTION

The adverse impacts of climate change are arguably the prime focus of the twenty-
first century’s global dialogues seeking to improve human economic and social
wellbeing. Climate change influences almost all human activities demanding urgent
and decisive action to address the adverse impacts while simultaneously exploiting

any opportunities to advance human wellbeing [1]. The focus of managing climate
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change has been and remains two-pronged: learning to live with the adverse impacts
of this phenomenon — the essence of adaptation on one hand —and retarding or halting
the increase of anthropogenic atmospheric greenhouse gases (GHGs) — the essence
of mitigation on the other hand.

A major source of anthropogenic GHGs (also called carbon emissions) is the burning
of fossil fuels for direct and indirect energy supply in commercial and social
activities. Other sources include farming and waste management practices that rely
on the traditional disposal of solid waste in dump areas. In these dumps, the waste
decomposes releasing methane - an extremely potent GHG. The contemporary
approach to managing waste and (tacitly) climate change encourages recycling,
alternative uses of some waste materials [1], and ultimately advocating a zero-waste
community (circular economy).

The global awareness for the need to reduce carbon emissions has encouraged
investigations on the use of alternative cementitious materials for concrete production
[2].This focus arises from the realisation that the production of Portland cement
clinker emits up to 1.5 Gt carbon (often expressed as carbon dioxide — CO2) annually.
These emissions account for approximately 5 % of the total man-made CO- global
emissions [4,118]. CO: in the atmosphere is now above 400 ppm and by far exceeds
the pre-industrial benchmark levels [119]. Simultaneously, the last few decades have
witnessed a tremendous increase in waste generation due to increased
industrialization and urbanization [8]. According to [9], global waste generation was
estimated at 2.01 Gt in 2016 with a projection of 3.4 Gt by 2050. In South Africa,
[10], the Department of Environmental Affairs reported that 42 Mt of general waste
was generated in 2017.

Traditional approaches to the management of waste are disposal in dumpsite or
incineration. Both methods contribute to GHG emissions. Modern philosophies of
managing waste and the challenges of managing climate change advocates for the
continual optimization of resource utilisation in the bid to eliminate waste. One such
approach, called the Circular economy, elevates the principles of reuse, sharing,

repair, renovation, remanufacturing, and recycling to create a closed system,
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curtailing the use of virgin inputs and the creation of waste, pollution, and emission
[11]. The tenet of the approach is that all “waste” should become “food” for another
process [12].

Currently, the major contribution of CO> in the production of Portland Cement is the
calcination of CaCOzs to quick lime (CaO), releasing one mole of CO2 per mole of
CaO produced (786g CO2/kg CaO produced). A plausible alternative binder to
cement is a class of alkali alumino-silicates called geopolymers or alkali-activated
materials (AAM) [120]. AAMs presents a dual advantage. Firstly, they help reduce
the carbon footprint of the construction industry as a result of their production from
agricultural and industrial by-products and secondly, they aid in reducing the cost
associated with waste management and disposal. However, because of their low
calcium oxide content, geopolymers need to be processed at high temperatures to
achieve comparably high early strength to conventional cement used in the
construction industry. Where this heating process is fossil fuel-driven, the process
directly contributes to GHG emission. Therefore, it remains necessary to find a means
of reducing or eradicating this heating process. Investigations by [78] showed that
CaO is responsible for the early strength development of conventional concrete at
room temperature. In the same vein, [77] opined that the addition of CaO to
geopolymers aids early strength development in room temperature.

The production of CaO through the calcination of eggshells makes it a plausible
substitute for lime in general. The world production of eggs from domesticated
chickens (Gallus gallus domesticus) was estimated at 76.7 Mt in 2018 [19] while the
local South African production of eggs in 2018 was 452,000 t [25]. The calcified
eggshell and double layer membrane of the egg makes up approximately 10.2 % of
the whole egg (i.e. 7.82 Mt globally and 46,100 t locally in 2018). The average value
of quicklime in 2018 was $124.60/t [79], meaning a potential market value of
eggshell derived quicklime of $550 M globally in 2018. The current lime production
in South Africa is 1.2 Mtly [79], meaning the local production of 452,000 t of
eggshells, potentially yielding 252,000 t of lime, has the potential to substitute as

much as 21 % of the South African lime market. Currently, the majority of these
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waste eggshells are landfilled with a high associated management cost [80]. However,
research works involving the calcination of eggshells have often been done by
calcinating the entire shell [121], including its constituent proteins and membrane
[122].

Eggshells consist of about 98 % calcium carbonate and other trace elements such as
magnesium and phosphorus. The remaining mass consists of the shell membrane
comprising of 69.2 % protein, 2.7 % fat, 1.5 % moisture and 27.2 % ash. The
membrane protein consists of about 10 % collagen [34]. Eggshells have been used as
fine aggregate in concrete [87], fertilizer in agriculture, soil stabilizer in construction,
and calcium supplements in health and medicine. Likewise, extracted shell membrane
collagen has diverse uses in medicine, biochemical, pharmaceutical, food, and
cosmetics industries. Collagen is a tough protein that connects and supports bodily
tissues, such as skin, bone, tendons, muscles, and cartilage. Collagen has primarily
been extracted from swine or bovine skins, hooves, and bones. However, following
the outbreaks of bovine spongiform encephalopathy, foot and mouth disease, and
autoimmune and allergic reactions, restrictions on collagen usage from these sources
were enforced. Eggshell membrane collagen is very low in autoimmune and allergic
reactions as well as high in biosafety and is of similar characteristics to other
mammalian collagens [34]. Eggshells and its membrane can be separated by a wide
variety of techniques including chemical, mechanical, steam, microwave, and
vacuum processes [29].

Against the backdrop of the importance of CaO to the construction industry and
alternative use of eggshell membranes, this research seeks to evaluate the potential of
producing CaO from eggshells via acetic acid leaching and calcination,
simultaneously upcycling the eggshell by separating its membrane for other uses
before calcination. The process was evaluated and characterized by pH, X-ray
diffraction (XRD), red, green, blue colour model- (RGB), and thermogravimetric
(TGA) analyses to assess how membrane separation and leaching affects the

calcination and subsequent CaO quality.
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3.2 MATERIALS AND METHODS

3.2.1 Experimental Methods

Eggshells were collected from eateries within the Hatfield campus of the University
of Pretoria and the Hatfield Plaza mall, in Pretoria, South Africa. To decontaminate
the shells, they were washed repeatedly in ultra-pure water, dried at 60 °C for 60 min
in an EcoTherm oven and stored within 24 h of collection.

For the leaching rate experiments, 20 g of eggshells were leaching in 13 sacrificial
reactors containing 500 mL of 1 mol Acetic acid each. After pH measurement, the
entire contents of each reactor were sieved and washed with distilled water and dried
to constant weight at 60 °C. The pH of a 14" reactor was measured in parallel for 180
min to monitor the CaCOz loss over time.

For the calcination experiments, 1 mol of acetic acid was used to leach the shells and
aid membrane separation using 250 g of eggshells in 1,000 mL of the solution under
gentle stir in a plastic jug. Leaching was carried out for 60 min at room temperature.
The membrane separation was done by removing the membrane from its shell by
hand. Samples of 20 g shells (unseparated and separated by leaching for 60 min) were
calcined using a Carbolite CWF1100 furnace in the presence of oxygen at 700 °C and
900 °C for 30 min, 1 h, 3 h and 5 h. Unseparated shells and shells separated after 60

min are hereafter referred to as US, and S60.
3.2.2 Analytical Methods

The pH was measured instantaneously using GOnDO software (GOnDO Electronic)
with a special purpose pH probe connected to an Ezodo PL-700PC meter. The change
in mass was determined by the difference in the initial and final mass for each
sacrificial reactor. Thermal analysis was conducted with the use of TGA5500
thermogravimetric analyser. The change in mass was measured with an increase in
temperature from room temperature to 950 °C at a heating rate of 10 °C/min in the

presence of nitrogen.
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RGB colour analysis was performed using Image J software to observe the colour
change in the samples due to change in temperature. A 13-megapixel digital camera
was used to take pictures of the samples after calcination at constant distance and
lightning condition. The software separated the images into their red, green, and blue
colour spectrum. The red component was used for the analysis due to the additive
nature of the colours; a value of 255 indicates a pure white sample.

The raw shells and samples calcined for 5 h at 900 °C was subjected to X-ray
diffraction (XRD) analysis to determine the mineralogy of the shells before and after
calcination. The samples were prepared according to the standardized Panalytical
backloading system, which provides a nearly random distribution of the particles. The
samples were analysed using a Panalytical X’Pert Pro powder diffractometer in 66
configuration with an X’Celerator detector and variable divergence - and fixed
receiving slits with Fe filtered Co-Ka radiation (A=1.789A). The mineralogy was
determined by selecting the best-fitting pattern from the ICSD database to the
measured diffraction pattern, using X’Pert High score plus software. The relative
phase amounts (weight% of the crystalline portion) were estimated using the Rietveld
method using Autoquan/BGMN software employing Fundamental Parameter

Approach.
3.2.3 Chemical Model used to Estimate CaCO3 Mass Leached

The model assumed that all reactions in the leaching process were limited by the rate
of CaCOs dissolution to the medium (reaction 3.1):

CaCO; — Ca®* + CO3%~ (3.1)
Therefore, it was assumed that the interactions between the carbonic species, the

acetic species, and the medium were at pseudo equilibrium conditions (Eq 3.2-3.4):

HAc = H* + Ac™,pK, = 4.76 (3.2)
HCO; = H* + CO¥,pK, = 10.25 (3.3)
H,CO; = H* + HCO3, pK, = 3.60 (3.4)

The system of equations used to predict the amount of CaCO3 leached at each time

step are shown in equations:
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[Acl _ | G-arerpn

(HAc] 10-*+76+p (3.5)
[6032_] — 10—10.25+pH

[HCO;Z ] o _3.6040H

co~ 10 7
[Ca?t] = [CO37] + [HCO3] + [H,CO4] (3.8)

The concentration of calcium in solution would be equivalent to the amount of CaCO3
leached (in molar units) and was therefore used to determine the mass of CaCOs3

leached from the eggshells.

3.3 RESULTS AND DISCUSSION

As expected, 1M Acetic acid leaches CaCO3 from the shell into the solution and this
results into an increase in pH and mass loss in the eggshell. The mass loss was

measured over 60 min and plotted with the change in pH as seen in Figure 3-1a.
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Figure 3-1: Leaching kinetics. a) Change in pH and measured mass loss of eggshell

in acetic acid, b) Parity plot of the measured mass loss and the predicted mass loss
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using Eq 3.5-3.8, ¢) Predicted mass loss estimated from the measured pH using Eq
3.5-3.8.

This reveals that after 60 min of leaching, about 6 g (30 %) of CaCO3 was dissolved
into the solution. The predicted amount of CaCOs lost using Eq (3.5) — Eq (3.8)
correlated well with the m easured values as shown in Figure 3-1b. The pH and
predicted CaCOs mass loss Eq (3.5) — Eq (3.8) from the measured pH values are
shown in Figure 3-1c revealing that about 15 g (75 %) of CaCOswas dissolved in the
solution after 180 min of leaching. These results show that one of the most potentially
significant limitations of the leaching method for membrane removal would be the
amount of CaCOz lost to the solution as a result of the leaching.

Thermal analysis plots comprising of the TG spectra of US and S60 shells, as well as
the membrane, are seen in Figure 3-2. US and S60 samples began with a linear
reduction in weight due to loss of moisture up to 300 °C after which US samples
records a nonlinear reduction due to the volatilization of its membrane constituent.
Both shell samples continued the linear path until about 650 °C. All water, protein,
and carbon constituents of the shells are evaporated, and actual calcination sets in. As
seen in the plot, separated shells were fully calcined at 720°C while unseparated shells
became fully calcined at 735 °C. On the other hand, the shell membrane which is less
dense than the shells turn completely into ash after 300 °C, leaving approximately

10% weight at >700°C. A potential source of impurities in the US samples.

us
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Figure 3-2: Thermogravimetric analysis of the US, S60, and membrane only in the
presence of nitrogen

RGB results in Figure 3-3 shows the trend of the colour change of the calcined US
shells from light brown (242) to dark brown (127), grey (148), and finally, light grey
(245) at 900 °C; the carbon in the samples undergo carbonization during the initial
stages of calcination (darkening) followed by combustion to CO2 (whitening). In
contrast, it was observed that the samples leached for 60 minutes did not get as dark
as the US samples at either 700 °C or 900 °C. This can be due to the reduced carbon
content of the S60 samples. Both US and S60 eventually attained a “white” colour
spectrum at 900 °C; S60 had an RGB value of 253 while US samples measured 248
after 5 hours at 900 °C. The observation that neither samples became “white” at 700
°C indicates incomplete calcination (supported by Figure 3-2).

The XRD qualitative results in Figure 3-4 demonstrates that before calcination, US
and S60 shells indicated only the presence of CaCOz. After calcination, shells leached
for 60 min had slightly higher CaO intensity compared to the unseparated shells.
Quantitative results in Figure 3-5 reveals that both separated and unseparated shells
had about 99% CaO content after calcination. This implies that leaching and
membrane separation did not impact the quality of CaO product. It should be noted
that the US samples showed significantly more additional peaks, potentially the result

of residual impurities from membrane ash remaining in the sample.
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Figure 3-3: RGB colour analysis of calcined eggshells. (a) at 700 °C; (b) at 900 °C.
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Figure 3-4: XRD pattern of eggshell after calcination at 900°C

Department of Chemical Engineering
University of Pretoria

© University of Pretoria

52



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBE SITHI YA PRET ORIA

(0§C£:¢

Chapter 3

120 -~
100 -

80 A

60 A

%Ca0

40 A~

Time (H)
Figure 3-5: XRD quantitative analysis of calcined eggshells at 900°C

3.4 CONCLUSIONS AND RECOMMENDATION

From the experimental results and analysis carried out, it was concluded that acetic
acid effectively weakened the bond between eggshells and its membrane thereby
aiding separation of the membrane and valorisation of the eggshells to CaO thereby
facilitating the profitable use of shell membrane and constituent protein.
Additionally, the separation of the eggshell membrane before calcination does not
harm the quality of CaO produced. Results revealed that both separated and
unseparated shells yielded CaO of similar purity and crystallinity at a similar
temperature. It should be, however, noted that eggshell membrane turns to ash above
300 °C consequently becoming an impurity (<1%) in the CaO produced from the
unseparated shells.

Further research is recommended to optimize the process for maximum CaCQOs,
membrane, and constituent protein recovery. Besides, the optimized process should

be costed to assess the economic scalability.
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CHAPTER 4 EGGSHELL VALORISATION:
MEMBRANE REMOVAL, CALCIUM
OXIDE SYNTHESIS, AND
BIOCHEMICAL COMPOUND
RECOVERY TOWARDS CLEANER
PRODUCTIONS

Published in Biointerface Research in Applied Chemistry: Refer to; Aina, S., du
Plessis, B., Mjimba, V., & Brink, H. (2021). Eggshell Valorisation: Membrane
Removal, Calcium Oxide Synthesis, and Biochemical Compound Recovery towards
Cleaner Productions. Biointerface Research in Applied Chemistry, 12(5), 5870—
5883. https://doi.org/10.33263/BRIAC125.58705883

Chapter Abstract

As climate change continues to rank high among issues of global concern, industries
such as agriculture and construction continue to unearth possible ways to curb carbon
dioxide generation and encourage the use or reuse of a variety of by-products and
waste materials thereby fostering the implementation of cleaner technologies.
Eggshells form a notable component of this waste making up more than 7.6 million
metric tonnes annually. Research works involving the calcination of eggshells have
often been done by burning both shell and its constituent proteins and membrane to
produce calcium oxide, CaO. This research investigated a cleaner means of CaO
synthesis through the recovery of the shell membrane and some valuable chemical
compounds from eggshells before calcination. Atomic absorption (AA),
thermogravimetric analysis (TGA), scanning electron microscope (SEM), X-ray
fluorescence analysis (XRF), X-ray diffraction (XRD), Ultra-performance-liquid
chromatography quadrupole-time-of-flight mass spectrometry (UPLC-Q-TOF-MS),
and RGB colour analysis were all employed. Acetic and Nitric acid was used to
weaken the shell-membrane bond thereby aiding membrane separation. Shell

membrane was easily separated after 17 minutes of soaking time. Calcium oxide,
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CaO was synthesized from separated shells after calcination for 3 hours at 900 °C.
99% CaO with an RGB value of 253 was produced. Collagen, as well as other
chemical compounds, were recovered. Eggshell was successfully valorised for CaO
production. The shell membrane, collagen, and other recovered compounds which
would have been burnt off and left as an impurity in the CaO can now the put to more

profitable use.

4.1 INTRODUCTION

Global discourse in the twenty-first century is more than ever before aimed at
adapting to and mitigating the effects of climate change with the improvement of
human economic and social wellbeing at its core. This is because the effects of
climate change impact almost all human activities and thus demand urgent and
decisive action to address the adverse impacts simultaneously with the exploitation
of any arising opportunities to advance human wellbeing [1]. The focus of managing
climate change has been and remains two-pronged: learning to live with the adverse
impacts of this phenomenon - the essence of adaptation on one hand — and retarding
or halting the increase of anthropogenic atmospheric greenhouse gases (GHGS) — the

essence of mitigation on the other hand [123-125]. A major source of anthropogenic

GHGs (also called carbon emissions) is the burning of fossil fuels for direct and
indirect energy supply in commercial and social activities. Other sources include
farming and waste management practices that rely on the traditional disposal of solid
waste in dump areas. In these dumps, the waste decomposes releasing methane - an
extremely potent GHG. Contemporary approaches to managing waste and (tacitly)
climate change encourages; recycling, alternative uses of some waste materials and

ultimately advocating a zero-waste community (circular economy) [12,126-128].

The global awareness of the need to reduce carbon emissions has encouraged
investigations on the use of alternative cementitious materials for concrete production
[2]. This focus arises from the realisation that the production of Portland cement

clinker emits up to 1.5 billion tons of carbon (often noted as carbon dioxide- CO-
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annually. This accounts for about 5% of the total man-made CO> emission [4].
Simultaneously, the last few decades have witnessed a tremendous increase in waste
generation due to increased industrialization and urbanization [8,129,130]. According
to Kaza et.al, [9], global waste generation was estimated at 2.01 billion tonnes in 2016
with a projection of 3.40 billion tonnes by 2050. In South Africa, reports show that
42 million tons of general waste were generated in 2017 [131]. 62 million tonnes of
eggs were produced from domesticated chickens (Gallus gallus domesticus) in 2008
[23]. Over ten years, this statistic grew to 76.7 million metric tonnes in 2018 [19]. In
this mix, the South African poultry industry produced 452,000 tonnes of eggs in 2018
[25]. With shells comprising about 10.2% of the whole egg and a constant increase
in production, disposal of the waste shells will always be of huge concern.

The traditional approaches to the management of waste are disposal in dumpsite or
incineration. Both approaches contribute to GHG emissions. Modern approaches to
managing waste again the challenge of managing climate change advocates for the
continual use of resources in the bid to eliminate waste. One such approach called
the Circular economy elevates the principles of reuse, sharing, repair, renovation,
remanufacturing and recycling to create a closed system, curtailing the use of virgin
inputs and the creation of waste, pollution and emission [7,11]. The tenet of the
approach is that all “waste” should become “food” for another process [12,127].
Calcareous, porous, and bioceramic in nature, eggs are the reproductive means of all
birds and most reptiles. Oval in shape after years of adaptive evolution, the chicken
egg is just strong enough to fight physical and pathogenic attacks from the
environment and also not too hard to allow for the exchange of gas and water needed
for the development of a growing embryo inside the shell [28,29]

An eggshell is made up of a calcified shell and a double layer of shell membrane. It
Is one of the best and most abundant sources of naturally occurring calcium (Ca) and
Strontium (Sr) with up to 401 mg/g of Ca and 372 pg/g of Sr [30]. Eggshell comprises
about 98% calcium carbonate and other trace elements such as magnesium and

phosphorus. Shell membranes comprise 69.2% protein, 2.7% fat, 1.5% moisture and
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27.2% ash. The membranes protein is about 10% collagen [28,31,34]. Beyond the
elemental and oxide composition of eggshells, investigations into their biochemical
and molecular component have been of great importance. The emergence of the
chicken (Gallus gallus) genome sequence in 2004 created further success in
understanding these components [29,31,35].

The chicken eggshell is a complex matrix of proteins and carbohydrates with 70% of
it been proteins. Some of the amino acids (proteins) include ovalbumin, ovocleidin —
17, ovocleidin — 116, ovocalyxin — 25, ovocalyxin — 32, ovocalyxin — 36, osteopontin,
clusterin, lysozyme, ovotransferrin and collagen. Uronic acids, sialic acids,
chondroitin sulphate A and B, dermatan sulphate, hyaluronic acids, and keratan
sulphate are some of the polysaccharides (carbohydrates).

Eggshells have been effectively used as fertilizer in agriculture, soil stabilizer in
construction, calcium supplement construction, health and medicine. Likewise, shell
membrane collagen when extracted has diverse uses in the health, biochemical,
pharmaceutical, food and cosmetics industries. Collagen is a tough protein that
connects and supports bodily tissues, such as skin, bone, tendons, muscles, and
cartilage [132-136].

Collagen is mainly extracted from pigskin, cowhide and bone skin. However, with
the outbreak of mad cow disease, foot-and-mouth disease, autoimmune and allergic
reactions, the use of collagen from these sources has been restricted. Eggshell
membrane collagen has very low autoimmune and allergic reactions, high biological
safety, and has similar properties to other mammalian collagen. Eggshells and their
membranes can be separated by a variety of techniques, including chemical,
mechanical, steam, microwave, and vacuum processes. [29,34,137].

Calcium oxide derived from the calcination of limestone has been proved to be
responsible for the early strength development of concrete at room temperature. This
is achieved by the hydration of calcium oxide (CaO) to form Calcium hydroxide

causing the evolution of heat and therefore high early strength [77,78]. This process
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of decomposing limestone to form calcium oxide is responsible for 70% of the total
CO2 generated at cement plants [138,139].

An interesting observation is that calcium oxide can be produced through the
calcination of the eggshells [135]. This avails a plausible substitute for lime in cement
production while also halting the depletion of natural limestone resources and
presenting the possibility of a significant reduction in the cement-linked high carbon

footprint of the construction industry [140-142].

Against this backdrop, this research seeks to produce CaO from eggshells separated
from its membrane by a chemical process as well as to recover substances leached
from the shells during membrane separation. Leachate characterization was carried
out with the use of UPLCMS and AA analysis while XRD, XRF, RGB, TGA, and
SEM analysis were used to aid microstructural characterization of the
separated/unseparated shells and membrane.

This research is novel in that it examines the recovery of eggshell membranes and
other valuable compounds from the shell before the calcination of the shells to

produce CaO for the construction industry.

4.2 MATERIALS AND METHODS

4.2.1 Experimental methods

Eggshells were collected from eateries within the Hatfield surrounds, including the
University of Pretoria, in Pretoria, South Africa. To decontaminate the shells, they
were washed repeatedly in ultra-pure water, dried at 60°C for 60 minutes in an
EcoTherm oven and refrigerated at 4°C within 24 hours of collection.

1M of acetic and nitric acid was used to leach the shells and aid membrane separation
as outlined in [143]. Membrane separation was possible after 17 min of leaching yet,
leaching was carried out for up to 60 min. The separation was done by peeling off the

membrane from its shell by hand.
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Three groups of 20 g shells (unseparated, separated after 17 minutes, and separated
after 60 minutes) were calcined using a Carbolite CWF1100 furnace in the presence
of oxygen at 300, 500, 700, and 900 degrees for 30 minutes, 1 hour, 3 hours and 5
hours. Unseparated shells, shells separated after 17 minutes, and shells separated after
60 minutes are hereafter regarded as US, S17, and S60, respectively.

To determine the leaching rate, 20 g of eggshells were leached in 13 sacrificial
reactors containing 500 ml of 1 mol Acetic acid each. After pH measurement, the
entire contents of each reactor were sieved and washed with distilled water and dried
to constant weight at 60 °C. The pH of a 14th reactor was measured in parallel for

180 min to monitor the CaCQOs3 loss over time.

4.2.2 Analytical methods

Instantaneous pH measurement was carried out to evaluate the rate at which CaCOs
and other shell constituents were being leached into the acid medium. Looking
specifically at the concentration of calcium in the leached liquid, an atomic absorption
spectrometer (AA) (Perkin EImer AAnalyst 400, Waltham, Massachusetts) was used
to measure the concentration of calcium in the leached liquid with an SJ hollow
calcium lamp. CaCl> was used to generate the standard linear calibration curve while
1M KCI was used to inhibit ionization of Ca in water. The samples were diluted with
ultra-pure water to the Ca concentration within the instrument’s 5 mg/1 linear range.
The analysis was carried out using 3 different eggshell particle sizes for 17- and 60-
minutes soaking time.

Thermal analysis (TGA) was conducted to examine the change in mass with an
increase in temperature during the calcination process. Image J software was also
simultaneously being used to monitor the change in colour with an increase in
temperature.

A scanning electron microscope (SEM) was used to understand the morphology of

the calcined and uncalcined shells and membranes. Oxide compositions were
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obtained using X-ray fluorescence (XRF) analysis while X-ray diffraction (XRD)
was used to determine the mineralogy of the shells.

Ultra-performance-liquid  chromatography  quadrupole-time-of-flight ~ mass
spectrometry (UPLC-Q-TOF-MS) with MassLynx V4.1 software was used to

identify collagen in the leachate.

4.3 RESULTS AND DISCUSSION

4.3.1 Physical properties

Results in Table 4-1 are inconsonant with the findings of [29,122]. The density was
measured using the Archimedes principle. The reduced density is due to the removal
of the highly porous membrane layer. However, this porosity is responsible for its use
as a dye absorbent [44,144].

Table 4-1: Characteristics of Eggshell and membrane

Characteristics Value
% Composition of the shell 96.65%
% Composition of the membrane 3.35%
Density of unseparated shell (g/cm?) 2.01
Density of separated shell (g/cm?) 1.53

4.3.2 Effect of acid on shell membrane and calcium content

Acetic and nitric acid was used to weaken the bond between the shell and its
membrane. Conversely, while the bond was getting weakened, eggshell calcium was
gradually being leached into the acid medium. An atomic absorption spectrometer
(AA) was used to measure the concentration of calcium in the leached liquid using 3
different eggshell particle sizes for 17 and 60 minutes soaking time.

It was evident that smaller particles released their calcium content much faster than
bigger ones as expected (Figure 4-1). In addition to this, nitric acid (N) leached as

much as twice the amount of calcium leached by acetic acid (A).
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Figure 4-1: Calcium concentration in acid leachate. A17: acetic acid 17 minutes;
N17: nitric acid 17 minutes; A60: acetic acid 60 minutes; N60: nitric acid 60 minutes.
Due high leaching rate of nitric acid, acetic acid was adopted for further study. The
AA analysis result was also corroborated by pH experimental analysis in Figure 4-2
About 6 g (30%) and 15 g (75 %) of CaCOs was dissolved into the medium after 60
and 180 minutes of leaching, respectively.

Equation (4.1) depicts the model that governs the rate at which calcium is dissolved
into the acidic medium. This gives an insight into the mass loss of CaCOz during the

leaching process for up to 180 minutes. The model is further explained in [143].

[Ca?*] = [CO2™] + [HCO3] + [H,CO5] (4.1)

These results demonstrate that the amount of CaCOs lost in the solution is the most
significant limitation to the leaching method and agent for membrane removal [143].

This observation will be crucial in recommending an optimum leaching time.
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Figure 4-2: Change in pH and measured mass loss of eggshell in acetic acid

4.3.3 Thermal analysis

A TGA5500 thermogravimetric analyser was used to study the effect of increased
temperature on the separated and unseparated eggshells as well as the shell
membrane. The change in mass was measured with an increase in temperature from

room temperature to 950 °C at a heating rate of 10 °C/min in the presence of nitrogen.
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Figure 4-3: Thermogravimetric analysis.
Thermal analysis plots comprising of the TG spectra of US, S17 and S60 shells, as
well as the membrane, are seen in Figure 4-3. The three shell samples began with a

linear reduction in weight due to loss of moisture up to 300 °C after which US samples

Department of Chemical Engineering
University of Pretoria

© University of Pretoria

62



Pt
&
ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
P ¥

UNIBESITHI YA PRETORIA

Chapter 4

records a nonlinear reduction due to the volatilization of its membrane constituent.
All shells samples continued the linear path until about 650 °C at which point water,
protein, and carbon constituents of the shells are evaporated, and actual calcination
sets in. As seen in the plot, separated shells were fully calcined at about 720°C while
unseparated shells became fully calcined at 735 °C. On the other hand, the shell
membrane which is less dense than the shells turn completely into ash after 300 °C,
leaving approximately 10% weight at >700°C which eventually becomes a potential
source of impurities in the US samples.

Calcination was carried out in a carbolite CWF1100 furnace at 300, 500, 700, and
900 degrees for 30 minutes, 1 hour, 3 hours and 5 hours. Mass loss with an increase
in temperature was recorded and plotted in Figure 4-4. (a), (b), and (c), logged a wide
difference between the leached and unseparated samples. This is due to the presence
of shell membrane which burns out faster in the unseparated samples. Nevertheless,
this disparity was largely decreased at 900 °C with the formation of membrane ash.
Unseparated shells had a 47% mass loss while separated samples lost 45% of their
initial mass. This is consistent with readings from the TGA analysis.

While calcination was carried out, Image J was used to conduct an RGB colour
analysis of the calcined shells. Pictures of the calcined shells were taken with a 13-

megapixel camera at a constant distance and illumination (Figure 4-5).
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Figure 4-4: Calcination analysis
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The data revealed the trend of colour change from brown at 300 °C to dark brown,
grey, and finally white at 900 °C [122]. It was also detected that the samples leached
for 60 minutes did not get as dark as much as the raw samples and those leached for
17 minutes. This can be due to the reduced carbon content of the S60 samples. All
three categories of samples attained a constant white colour spectrum after 3 hours of
calcination. The lack of white colour at 700 °C and the result of the XRD analysis

imply that calcination was only optimum at 900 °C [121,122]. S17 samples were
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observed to behave similarly to S60 samples while calcination was complete after 3
hours. Leaching beyond 17 minutes and more than 3 hours of calcination, therefore,

seems not to aid calcination.

4.3.4 Microstructural analysis

The morphology of the shell and membrane samples was studied in a Zeiss Ultra
PLUS FEG scanning electron microscope (SEM). Samples were dried before being
sputter-coated with carbon in a Quorum Q150T ES coater for imaging. The
morphology results as seen in Figure 4-6(a-c) disclosed that the eggshell is porous,
crystalline in nature, and characterized by an angular pattern. The formation of
agglomerates was also observed [145]. CaO on the other hand as spotted in (d-f)
exhibits a honey-comb like porous surface with rod-like particles [107,146]. SEM
image of the shell membrane revealed that the membrane has an enormous surface
with fibre-like pores. This porous fibril structure makes the shell membrane a good
adsorbing agent [147].

Oxide composition of shells calcined at 900 °C for 3 hours was investigated by X-ray
Florescence (XRF) analysis and outlined in Table 4-2. The Thermo Fisher ARL
Perform'X Sequential instrument with Uniquant software was employed. The
samples were roasted in alumina refractory crucibles at 1000 °C to determine Loss
on Ignition (LOI). 1 g roasted sample was then placed together with 6 g of Li2B4O7
into a Pt/Au crucible and fused into a glass bead at 1050 °C. The software analysed
for all elements in the periodic table between Na and U, but only elements found
above the detection limits were reported. The results were normalised, to include LOI
for the sample to indicate crystal water and/or oxidation state changes. Blank and

certified reference materials are analysed with each batch of samples.
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Figure 4-6: SEM image of eggshell, CaO, and membrane. (a)US shells, (b) S17
shells, (c) S60 shells, (d) US CaO, (e) S17 CaO, (f) S60 CaO, (g) membrane
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Table 4-2: Oxide composition of the calcinated shell

Oxides US S17 S60
MgO 1.366 1.279 1.138
P20s 0.618 0.419 0.416
CaO 97.435 97.663 97.700
SOs 0.023 0.039 0.052
SrO 0.025 0.021 0.022
BaO 0.237 0.211 0.256

Oxide composition from the XRF analysis in

Table 4-2 as well as the XRD quantitative analysis results in Figure 4-7 both gave
similar data of CaO composition to be about 98% after 17 minutes soaking time and
3 hours calcination. Calcination therefore, effectively transforms CaCO3 into CaO
[121,122].

X-ray diffraction (XRD) analysis was used to determine the mineralogy of the shells
before and after calcination. The samples were prepared according to the standardized
Panalytical post-loading system, which provides a nearly random particle
distribution. The PANalytical X Pert Pro powder diffractometer was used to analyze
the sample in the 0-0 configuration, which is equipped with an X" Celerator detector
and variable divergence and fixed receiver tank, with Fe filtered CoKa radiation (A =
1,789A). The mineralogy is determined by using the X Pert Highscore plus software
to select the most suitable pattern for measuring the diffraction pattern from the ICSD
database. The relative amount of phase (weight% of the crystalline part) was
estimated using the Rietveld method by utilizing the basic parameter method of the
Autoquan/BGMN software.

Figure 4-7 and Figure 4-8 exemplifies the transformation of CaCO3 in uncalcined
shells to CaO after 3 hours of calcination. Uncalcined shells were characterized by
peaks of CaCOs though, unseparated shells showed slightly higher peaks compared
to separated ones. After calcination, peaks of CaO were observed. Due to the
hygroscopic nature of CaO, faint peaks of portlandite, Ca(OH)2 identified. Soaking

time had no significance in the formation of CaO in S17 and S60 samples.
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4.3.5 Recovery of collagen and other compounds

UPLC was performed using a Waters Acquity UPLC system (Waters Corp., MA
USA) equipped with a binary solvent delivery system and an autosampler. The

Waters Synapt G2 high-resolution QTOF mass spectrometer equipped with an ESI
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source is used to acquire negative and positive ion data. The system was powered by
MassLynx V 4.1 software (Waters Inc., Milford, Massachusetts, USA) for data
acquisition. By generating molecular formulas from MassLynx V 4.1 based on iFit
values and comparing MS / MS fragmentation patterns with those of matching
compounds from the PubChem, ChemSpider, and Massbank libraries, the compounds
were initially identified. Furthermore, the precise masses obtained are compared with
the precise masses of known compounds in the compound database.

All the compounds listed in

Table 4-3 were identified in Nitric acid leached shells while, compounds 6, 8, and 11
were not identified in shells leached with acetic acid. This can be associated with the
already observed high leaching power of nitric acid. It should however be noted that
other forms of these compounds (5,7,10) were identified in acetic and nitric acid
leached shells.

Collagen was identified in both S17 and S60 samples in both positive and negative
modes. Three forms of collagen were observed as in

Table 4-3. This illustrates the possibility of recovering eggshell collagen and other

valuable compounds before calcining the shell for CaO.

Department of Chemical Engineering
University of Pretoria

© University of Pretoria

70



Chapter 4

(0333\

YUN

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
IBESITHI YA PRET ORIA

Table 4-3: Identified compounds.

Presenc  Presenc
Molecular e in ein
SIN Molecular Nitric Acetic Referenc
Name mass, . ;
0 formula (g/mol) acid acid e
g leached leached
effluent effluent
1 Collagen CsH/FO3 170.1378 + + [148]
Collagen
2 ointment C18H28N20 288.4277 + + [149]
Collagen
3 (type Il C13H24N404 300.3541 + + [150,151]
fragment)
4 lysozyme  CasHetN7O19  895.4022  + + [152]
5 Uronic acid CsH11NOsg 193.0586 + + [153]
6 Uronic acid Ci2H17ClIz0s  411.6170 + - [154]
7 Sialicacid  Ci11H19NOg 309.2699 + + [155]
8 Sialicacid  C2HzsN2017  576.5030 + - [156]
Chondroiti
9 nsulphate  Ci4H2sNO1isS  477.3951 + + [157]
A
Dermatan 2
10 sulphate C14H21NO15S% 475.3792 + + [158]
Dermatan
11 sulphate C1sH31:NO14sS  517.5020 + - [159]
12 ';'gg'“m”'c CaHsiN:Oz  846.7815  + " [160]
13 Keratan C2sHasN20322S  1052.934 N N [161]
sulphate 4 9
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4.4 CONCLUSION

The evidence provided in this article has shown that firstly, acetic acid efficiently
weakened the bond between the eggshell and its membrane as opposed to nitric acid
thereby aiding membrane separation. Similarly, 17 minutes socking time is just
enough to minimise loss of calcium into the solution. Membrane separation before
calcination serves to valorise the eggshell as the membrane can be put to more
beneficial use. Secondly, the process of leaching and membrane separation does not
impair the quality of CaO produced after calcination, instead, it validates it as the
supposed membrane impurities have been eliminated. Finally, collagen and other
compounds identified in the leachate gives rise to more research as to how they can

be efficiently salvaged before calcination.
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CHAPTER 5 SYNTHESIS AND ASSESSMENT OF
ANTIMICROBIAL COMPOSITES OF AG
NANOPARTICLES OR AGNO3 AND EGG
SHELL MEMBRANES

Published in Molecules: Refer to; Aina, S. T., Kyomuhimbo, H. D., Ramjee, S., Du
Plessis, B., Mjimba, V., Maged, A., Haneklaus, N., & Brink, H. G. (2023). Synthesis
and Assessment of Antimicrobial Composites of Ag Nanoparticles or AgNO3 and Egg
Shell Membranes. Molecules, 28(12), 4654.
https://doi.org/10.3390/molecules28124654

Chapter Abstract

Engineering research has been expanded by the advent of material fusion, which has
led to the development of composites that are more reliable and cost-effective. This
investigation aims to utilise this concept to promote a circular economy by
maximizing the adsorption of silver nanoparticles and silver nitrate onto recycled
chicken eggshell membranes, resulting in optimized antimicrobial silver/eggshell
membrane composites. The pH, time, concentration, and adsorption temperatures
were optimized. It was confirmed that these composites were excellent candidates for
use in antimicrobial applications. The silver nanoparticles were produced through
chemical synthesis using sodium borohydride as a reducing agent and through
adsorption/surface reduction of silver nitrate on eggshell membranes. The composites
were thoroughly characterized by various techniques, including spectrophotometry,
atomic absorption spectrometry, scanning electron microscopy, transmission electron
microscopy, Fourier transform infrared spectroscopy, and X-ray photoelectron
spectroscopy, as well as agar well diffusion and MTT assay. The results indicate that
silver/eggshell membrane composites with excellent antimicrobial properties were
produced using both silver nanoparticles and silver nitrate at a pH of 6, 25°C, and
after 48 hours of agitation. These materials exhibited remarkable antimicrobial
activity against Pseudomonas aeruginosa and Bacillus subtilis, resulting in 27.77%

and 15.34% cell death, respectively.
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5.1 INTRODUCTION

Composites are now a highly regarded material due to their ability to combine two or
more distinct materials, creating a superior product that embodies the strengths of
each constituent material [162-164]. To further enhance the benefits of these

materials, engineers and scientists seek to minimize the drawbacks of each material
during the fusion process, resulting in a final product that optimizes the advantages
of the individual materials [162,165,166]. Consequently, composites have enabled
the engineering of materials with tailored physical, microstructural, chemical, and
mechanical properties, making them ideal for a broad range of applications
[162,165,167].

Metal nanoparticles possess unique physicochemical properties due to their surface
area-to-volume ratios and shapes, making them highly sought after for their
antimicrobial, anti-cancer, chemical stability, electronic, magnetic, catalytic, and

optical properties [168-170]. There are several types of metal nanoparticles currently

available, including mercury, iron, gold, cerium, silver, platinum, and thallium.
Among these, silver nanoparticles (AgNPs) are the most extensively researched and
utilized in various applications, owing to their desirable characteristics such as a high
surface area-to-volume ratio, exceptional surface plasmon resonance, ease of
functionalization and modification, potent toxicity against pathogens and cancer

cells, and catalytic capabilities [171-177].

Silver nanoparticles (AgNPs) have been observed to occur in different shapes,
including oval, spherical, cubic, cylindrical, and triangular, which are influenced by
the synthesis method employed [167,178]. There are various methods of synthesizing
AgNPs, including physical, chemical, and green techniques. The chemical approach
involves the use of reducing agents and stabilizers such as formaldehyde, hydrazine,
and sodium borohydride [168].

Over the past decade, the South African poultry industry has continued to enjoy
consistent growth. Statistic has revealed that domestic chickens (Gallus gallus

domesticus) generated sixty-two million tons of eggs in 2008, and 10 years later, this
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figure has grown to 76.7 million metric tons [19,23]. With a shared mix of 452,000
tons of eggs in 2018 and a 10.2% shell content, the management of this domestic
waste now raises concern [25].

Eggshells are characterized by their oval, porous, bioceramic, and calcareous nature.
Chicken eggs possess adequate strength to resist physical and pathogenic attacks
while also facilitating the exchange of water and gases, which are critical for embryo
development [28,29,179]. The nutritional profile of eggshells is complex, with
approximately 70% amino acids and several polysaccharides. Some of the proteins
found in eggshells are ovalbumin, ovocleidin-17, ovocleidin-116, ovocalyxin-25,
ovocalyxin-32, ovocalyxin-36, osteopontin, clusterin, lysozyme, ovo-transferrin, and
collagen. The carbohydrates present include uronic acids, sialic acids, chondroitin
sulphate A and B, dermatan sulphate, hyaluronic acids, and keratan sulphate
[29,31,35]. Of these amino acids, ovocalyxin-36 is particularly noteworthy as it is
primarily responsible for the antimicrobial properties of the eggshell [180,181].
According to research [182], the ability of ESM to adsorb metal ions is due to the
presence of electrostatic, hydrogen bonding, and van der Waals forces that come into
play when ESM is immersed in these ions. Additionally, ESM is a fibrous biomaterial
that possesses a high surface area and desirable adhesion ability, making it a suitable
candidate for use in composite materials. One particular protein found in ESM, OCX-
36, has been identified as having bactericidal properties similar to
lipopolysaccharide-binding protein (LBP) and palate, lung, and nasal epithelium
clone (PLUNC) proteins [180]. Its ability to resist microbial growth makes it an
attractive component for developing antimicrobial materials.

Several studies have demonstrated the utility of composites, eggshells, eggshell
membranes, and metal nanoparticles. For instance, Shin et al., Hayajneh et al., and
Dwivedi et al. utilized eggshells to produce green aluminum metal composites with
exceptional microstructural, tribological, physical, and mechanical properties when
compared to pure aluminum, as reported in [27,58,59]. Additionally, an eggshell-
rubber composite has been shown to surpass natural rubber in terms of maximum

torque, Young’s modulus, and elongation, as discussed in [60]. In [70], a composite
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of eggshell membrane-templated gold nanoparticles was employed to detect
thiabendazole pesticides in Oolong tea.

ES and ESM have been utilized in construction applications, including full or partial
replacement of fine aggregate, masonry, production of lightweight foamed concrete,
aggregate stabilization, and power insulation [42,48,85-90]. Additionally, these
materials have been employed in renewable energy as a catalyst for palm kernel
biodiesel production [93,95,183] and an oxidizing agent for volatile organic
compounds [97]. Moreover, eggshells and their membrane have been utilized in
conjunction with osmosis, adsorption, precipitation, photodegradation, and
electrodialysis, among other techniques, to decontaminate water bodies polluted with
metals and non-metals. ESM has been found to have a high affinity for certain metals
such as silver and mercury [44,47,98,102,144].

Given the constant drive for progress and change within the field of materials science,
the combination of materials will continue to be significant. Consequently, this study
proposes a novel ESM/Nanosilver antimicrobial composite. This research also aims
to enhance the adsorption efficiency of chemically produced AgNPs and AgNO3 by

utilizing the eggshell membrane.

5.2 MATERIALS AND METHODS

5.2.1 Preparation of Eggshell Membranes (ESM)

Eggshells were sourced from eateries within the University of Pretoria and its
surroundings. Within 24 h of collection, all shells were washed and dried at 60°C for
60 minutes. Decontaminated shells were stored in plastic bags until separation. To
aid membrane separation, the shell was soaked in 1 mol/L acetic acid for 17 minutes,
and thereafter, the ESM was removed from the shell by hand [219]. All separated

membranes were washed in deionized water, dried, and stored.
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5.2.2 Synthesis of AgQNPs

AgNPs were synthesized by chemical reduction of AgNO3z with sodium borohydride
(NaBHg4) as well as by direct membrane reduction.

The method described in [180] was employed to carry out the chemical reduction.
NaBHs functioned as a reducing agent, while trisodium citrate dihydrate
(NasCsHs07-2H.0) was used as a ligand. Initially, 100 mL of Na3CsHsO7-2H.0
solution (0.01 M), 50 mL silver nitrate (AgNO3) solution (0.01 M), and 50 mL 0.01
M NaBH. were prepared in deionized water. Then, 20 mL of deionized water, 1 mL
of AgNOg, and 1 mL of NazCsHsO7-2H20 from the prepared solution were added to
a 100 mL beaker placed in an ice bath. To prepare a nanosilver solution, the AgQNOs-
NazCeHsO7 solution was stirred for 5 min using a magnetic stirrer, and then 1.2 mL
of NaBH4 was added dropwise until the colour of suspension changed to bright
yellow. The reactor was stirred continuously for two hours to ensure a complete

reduction reaction.

5.2.3 Detection and Characterization of AgNPs

The synthesized silver nanoparticles were characterized using a spectrophotometer,
atomic absorption spectrometry (AA), scanning electron microscope (SEM),
transmission electron microscopy (TEM), and Fourier transform infrared
spectroscopy (FTIR).

The UV-vis absorbance spectra of the nanoparticles were measured from 300 nm to
600 nm with the use of the VWR UV-1600PC spectrophotometer. The Zetasizer
Nano-ZS90 instrument (Malvern Instruments, Malvern, UK) was used for particle-
size analysis.

An atomic absorption spectrometer (Perkin Elmer AAnalyst 400, Waltham, MA,
USA) was used to measure silver concentration with an SJ hollow silver lamp.

AgNOs was used to generate the standard linear calibration curve. The samples were
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diluted with Distilled-deionized water to the Ag concentration within the instrument’s

1 mg/l linear range. The analysis was conducted in triplicates.

5.2.4 Production of ESM Composites

Both synthesized AgNPs and AgNOzwere adsorbed into ESM. Dried ESM of particle
sizes ranging from 1 mm to 5 mm were placed in 40 mL glass Polytops containing
double diluted AgNPs or AgNOs and agitated in an oscillator for adsorption to take
place. The process was optimized using UV-vis absorbance spectra and AA analysis
for pH (6.0-9.0), reaction time (30 min-48 h), temperature (25-65°C), and
concentration. pH was adjusted using HNO3z (0.1 M) or NaOH (0.1 M). The
concentration range for the AgNPs was limited by the concentration AgNPs
synthesized using the method described in Section 3.2, i.e.,, 35,5 mg/L. The
concentration range of AgNOz was limited by the solubility limit of AgNOs in water.
Transmission electron microscopy (TEM) images were obtained for post-adsorption
nanoparticle size determination. The Jeol 2100F FEG TEM with an EDS detector and

an accelerating voltage of 30 kV was used.

5.2.5 Characterization of ESM Composites

The morphology of the membranes before and after adsorption of the nanoparticles
was studied in a Zeiss Ultra PLUS FEG scanning electron microscope (SEM).
Samples were dried before being sputter-coated with carbon in a Quorum Q150T ES
coater for imaging. SEM energy dispersive X-ray analysis (EDX) was also conducted
to understand the distribution and elemental composition of the nanoparticles on the
membranes.

The Bruker ALPHA Il Compact FT-IR Spectrometer using the OPUS 7.0 software
was employed to determine all functional groups likely to be found in the
ESM/AgNO3 composite. All samples were dried and grounded prior to the analysis.

The chemical state of Ag absorbed on ESM was analyzed using X-ray photoelectron
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spectroscopy (XPS, Thermo ESCAlab 250X1, Monochromatic Al ka, 300W, Thermo
Fisher Scientific, Waltham, MA, USA).

5.2.6 Antimicrobial Activity of AgNPs, AgNOs, and ESM Composites

The antimicrobial activities against Bacillus subtilis and Pseudomonas aeruginosa
were determined using the agar well diffusion method and MTT assay. For agar well
diffusion, 8mm diameter holes were punched in agar plates containing the desired
bacteria and filled with 100 pL of 100 pg/L of AgNPs, AgNO3, AgNPs/ESM, and
AgNO3/ESM solution. Note the AgNPS/ESM and AgNO3/ESM were the composites
obtained at the maximum adsorption capacities, i.e., circa 0.6 mg/g and circa 16
mg/g, respectively. The agar plates were then incubated at 37 °C for 24 hours.
Streptomycin and ampicillin were used as positive controls for B. subtilis and P.
aeruginosa, respectively. Distilled water was used as a negative control.

MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay is a
dependable and responsive colorimetric assay used to evaluate the metabolic activity
of cells. This tetrazolium dye can be reduced into a purple-coloured insoluble
compound known as formazan by specific bacterium enzymes. The concentration of
formazan is determined by measuring its absorbance using a spectrometer within the
500 to 700 nm range. As the number of viable bacteria increases, the concentration
of formazan also increases, resulting in a more intense purple colour and a higher
absorbance value [220-222]. Overnight cultures of bacteria were grown in nutrient
broth at 37 °C while shaking at 150 rpm until an optical density of 0.4 was obtained.
The cultures were centrifuged, the supernatant was washed twice with distilled water
and resuspended in distilled water, and optical density was adjusted to ~1. Exposures
of bacteria (OD600 = 0.2) to AgNPs, AgNOs3, AgNPS/ESM, AgNOs/ESM, ESM,
residual AgNOs solution after ESM adsorption and residual AgNPs solution after
ESM adsorption was carried out in 96 well plates at a concentration 10 puL while
shaking at 85 rpm for 3 h. 10 uL of MTT solution was added to 90 pL of exposed

bacteria and incubated for 1 h in a thermostatic shaker at 37 °C for 200 rpm in the
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dark. 100 pL of DMSO was then added to the mixture and incubated at room
temperature for 1 hour in the dark while shaking at 70 rpm. The absorbance was
measured at 560 and 700 nm using a microplate reader. A stock solution of 5 mg/mL
of MTT in 0.1 M PBS (pH 7) was used.

5.3 RESULTS AND DISCUSSION

5.3.1 Synthesis and Characterization of AgNPs

The synthesized nanoparticle suspension was light yellow in colour (Figure 5-1a) and
had a conspicuous UV-vis absorbance peak at 390-400 nm, indicating the successful
synthesis of AgNPs (Figure 5-1b). The strong peaks recorded around 390 nm is a
function of surface plasmon resonance (SPR) vis-a-vis the absence of particle
aggregation [180,184]. The AgNOg resulted in a clear solution (Figure 5-1c) and
demonstrated maximum adsorption at around 300 nm in solution consistent with
results from the literature [185,186] (Figure 5-1d).

The particle size distribution of the synthesized AgNPs is shown in Figure 5-2. The
data were analysed as per [187], and the results are summarized in Table 5-1. It can
be seen that the AgNPs exhibited a multi-modal distribution with an overall average
particles size (dso) of 29.8 nm (Z-average particles size of 14.3 nm measured by the
Zetasizer)—the discrepancy between the dso calculated from the distribution curves
and the Z-average value relates to the limitations of the Zeta-sizer which requires that
the sample be mono-modal, near-spherical particles, in a narrow size distribution
[188]. However, TEM imaging of the AgNPs (Figure A5.1) confirmed that the
AgNPs were mostly in sub 50 nm range. According to [189], this particle size makes

it suitable for antimicrobial purposes.
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Figure 5-1. UV-vis absorbance spectrometry of AgNPs and AgNOs (a) Synthesized
AgNPs and UV-vis absorbance spectrometry of AgNPs, (b) UV-vis absorbance
spectrometry of synthesized AgNPs solution, (c¢) The dissolved AgNOz before
adsorption and UV-Vis adsorption spectrum of the AgNO3, (d) the UV-Vis adsorption

spectrum of the AgQNOs prior to adsorption.
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Figure 5-2. Log-normal distribution for the AgNPs in suspension.

Table 5-1. Distribution properties of synthesised AgNPs.

Distribution 1 Distribution 2 Distribution 3 Total Distribution

(Red Peak) (Green Peak) (Blue Peak) (Dashed Line/Bars)
Z-average

dso (nm) dso (nm) dso (nm) dso (nm)

0 0 0

% of Total Predicted ! % of Total Predicted ! % of Total Predicted ! Predicted ! (nm) )
Measured

1.62 0.82 18.7 3.15 79.4 37.1 29.8 14.3

! As predicted from the distribution curves;

2 As measured directly by the Zetasizer

5.3.2 Ag/ESM Composite Adsorption Optimization, Kinetics, and Equilibrium

Behaviour

The adsorption process was optimized for the mass of ESM required per 10 ml of
solution, concentration, agitation time, pH, and temperature. This process was carried
out for both AgNPs and AgNOs. The slower adsorption of AgNPs compared to
AgNOs was evident, possibly because of reduced interactions caused by the
uncharged state of the AgNPs.

AgNPs became lighter in colour with increases in ESM load until 0.7 g, after which
the solution became colourless and no longer returned a peak at around 400 nm. This
change in colour indicates increased absorption, signified by a reduction in

absorbance (Figure 5-3a). AgNOs, on the other hand, was a colourless solution after
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preparation. However, with every increase in ESM mass, the solution became
colloidal with increased absorbance up until 0.4g (Figure 5-4a).

As observed in Figure 5-3c,d, increasing the concentration of AgNPs in solution
before absorption decreased the relative Ag removal linearly after absorption. In
contrast, the AgNOs saw an increased removal with increased initial concentrations
as illustrated in Figure 5-4c,d.

Figure 5-3e,f demonstrate that the adsorption of AgNPs initially increased rapidly,
with more than 60% of the adsorption taking place within the first 5 hours; this was
followed by a much slower phase in which the remainder of the adsorption towards
equilibrium took until 36 to 48 h. In contrast, the adsorption of AgNOs reached
equilibrium within the initial 5 hours with negligible further adsorption after this time.
The pH of the stock AgNPs was 6. This was adjusted from 4 to 10, and the effect on
absorption was plotted in Figure 5-3h. The optimization was limited to this range
because AgNPs turned dark grey and aggregated at pH less than 4 while it returned
no peaks at pH greater than 10. The aggregation at low pH is likely caused by the
high concentration of H* ions which lead to the protonation of the AgNP surfaces.
The weaker surface charge reduces repulsion, which may lead to aggregation and
precipitation. Absorbance and concentration readings were irregular at pH 4 and 5.
This is most likely because of how close the solution is to that of the aggregation pH.
However, at pH 6 and beyond, the change in pH had no effect on AgNPs absorption.
This is indicative of a chemical absorption attributed to the surface charge of the ESM
matrix and the ionic strength of the AgNPs [18,47]. The optimal absorption pH range
for AgNO3 was between 4 and 7. The solution returned no peak below pH 4 and
aggregated with a grey colour above pH 7 (likely Ag(OH)). Nevertheless, AgNOs

was immune to pH changes, as reported in Figure 5-4g,h.
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Figure 5-3. AgNPs/ESM absorption parameters at 394 nm. (a) Contour plot of UV—
vis absorbance spectrometry of AGNOs solution with change in ESM mass. (b) Effect

of change in ESM mass on absorption. (c) Contour plot of UV-vis absorbance
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spectrometry of AgNPs solution with change in initial AgNPs concentration. (d)
Effect of change in ESM mass on absorption. (e) Contour plot of UV-vis absorbance
spectrometry of AgNPs solution with change in agitation time. (f) absorption with
change in agitation time. (g) Contour plot of UV-vis absorbance spectrometry of
AgNPs solution with change in pH. (h) effect of change in pH on absorption. (i)
Contour plot of UV-vis absorbance spectrometry of AgQNPs solution with change in

temperature. (j) effect of change in temperature on absorption.

The adsorption temperature was varied from 25°C to 65°C. The results (Figure 5-3i,j)
revealed that absorption remained constant after 35°C. However, the concentration of
Ag in the solution increased with an increase in temperature. This signifies the
conversion of AgNPs to Ag™ at temperatures higher than 25°C. This is consonant with
the know properties of AgNPs and why they are always prepared in an ice bath and
stored at cool temperatures [180,190]. AgNO3 behaved opposite to the AgNPs, the
ESM turned dark brown at 45, 55, and 65 °C, and the concentrations of Ag in solution
significantly decreased with increased temperature (Figure 5-4i,j).

It was important to understand the kinetic behaviour of ESM absorption. The kinetic
models tested and the corresponding fitted kinetic parameters are summarized in
Table 5-2 and Table 5-3, respectively. The results of the fittings are shown in Figure
5-5.
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Figure 5-4. AQNOs/ESM absorption parameter at 294 nm. (a) Contour plot of UV—
vis absorbance spectrometry of AgQNOz solution with change in ESM mass. (b) Effect

of change in ESM mass on absorption. (c) Contour plot of UV—vis absorbance
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spectrometry of AgNO3 solution with change in initial AQNO3z concentration. (d)
Effect of change in ESM mass on absorption. (e) Contour plot of UV-vis absorbance
spectrometry of AgNOs solution with change in agitation time (f) absorption with
change in agitation time. (g) Contour plot of UV-vis absorbance spectrometry of
AgNOs solution with change in pH. (h) effect of change in pH on absorption. (i)
Contour plot of UV-vis absorbance spectrometry of AgNO3z solution with change in

temperature. (j) effect of change in temperature on absorption.

The results for the kinetics model fits demonstrate that the AgNPs adsorption was
best described by a 2-PA process with an R? = 0.982 (fast and slow adsorption in
parallel [191,192]); this likely indicates heterogeneous interactions between the
adsorbate and the adsorbent surface sites [191,192]. The adsorption kinetics of
AgNO:s is best described by the PFO model (R? = 0.990); this is supported by the
observation that the 2-PA model reduces to a PFO model with the same R? value.
This means that the system is likely significantly far from the saturation conditions,
and therefore, the system behaves effectively irreversibly, and the adsorbate—
adsorbent behaviour involves a single surface site per adsorbate molecule [193,194].
The CIMT model predicted an effective diffusivity value (De) of 2.78 x 107! m?.s™?
for the AgNPs. This does not compare well with results from the literature (Dagnes =
8.8 x 10712-9.34 x 10712 [195], 9 x 1017—4.67 x 10714 [196]); however, it should be
noted that due to the size and characteristics of nanoparticles, these tend to behave
more like particles than molecules and, therefore, more readily correspond to

Brownian motion predicted by the Einstein—Stokes equation (Equation 5.1) [197]:

kg.T
D=-2
é6nnr

with D the diffusion coefficient (m?-s7), ks the Boltzmann constant (1.380649 x 102

(5.1)

J-K™), T the absolute temperature (K), # the dynamic viscosity (Pa- s), r the radius of

the particle (m).
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Table 5-2. Kinetic models for the adsorption of AgNPs and AgNOs by ESM.

Kinetic Law Differential Form * Analytical Form *
Pseudo-first order dQ; _ kot
(PFO) [198] ¢ = k(@ — Qo) Qr = Q.(1—e™%)
Pseudo-second order Qe _ ke (0u — 0,)° 0, = (k2 Q2)t
(PSO) [198] dt  tiee TRt "7 14 kyQct
aqQ
Two phase % = kslow((l - d’)Qe - Qt,slae)
) aqQ, Qr = Qe (1 = P)(1 — e7Mrastt) + p(1 — e Hstowt)
adsorption (2-PA) % = kfast(¢Qe - Qt,fast) ' ¢ ( ( [201] ) )
[191,192,199,200] dQ; _ dQ¢ siow n th,fast
dt — dt dt
D z 1 D 2
t\2 1 —D,t\2
. oG], eos
Crank internal mass 30, D, d (r?0Q Qe R 2/\ R Qmax
t t -
transfer model W = T_;§< or ) Qmax 6 —D.m2t Q
(CIMT) [198] L 1-—exp (#) , >08
max

Weber and Morris
(W&M) [198,202]

[201]

e,

1
Q¢ = kwm,it2 + C kywp,i = Tz

[203]

* The definitions of the kinetic model parameters: General parameters: Qt—amount of dye adsorbed per unit of adsorbent at time

t (mg- g—1), Qe—equilibrium adsorption capacity of adsorbent (mg. g—1), r = the average radius of the adsorbent particles (a

conservative estimate of 16 pm was used as all particle diameters < 32 pm). Pseudo-first order (PFO) kinetics: k1—the PFO rate

constant (min—1) Pseudo-second order (PSO) kinetics: k2—the PSO rate constant (g- mg—1. min—1), Two-phase adsorption (TPA)

kinetics: kfast—the rate constant for the fast TPA adsorption (min—1), kslow—the rate constant for the slow TPA adsorption

(min—1), ¢—the fraction of adsorption taking place during the fast adsorption step (dimensionless) Crank internal mass transfer

kinetic model: De—the effective diffusivity of the adsorbate in the system (m2. s—1) Weber and Morris kinetic model: KWM,i—

the Weber—Morris intra-particle diffusion rate constant for adsorption phase i (mg. g—1), De,i—the effective diffusivity of the

adsorbate during adsorption phase i (m2. s—1).
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Figure 5-5. Kinetics of adsorption (a—f) AgNPs, (g—j) AgNOs. The model fits were
(a,f) PFO, (b,g) PSO, (c,h) 2-PA, (d,i) CIMT, (e,j) W&M. The shaded areas represent

the 95% prediction intervals [203].
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Table 5-3. Fitted kinetic and goodness-of-fit parameters for kinetic models presented
in Table 5-1.

Kinetic AgNPs AgNOs3
Law Fitted Parameters R?/RMSE Fitted Parameters R?/RMSE
PFO k1=0.339 min! 0.922/0.0316 mg-g™ k1= 0.848 min! 0.990/0.261 mg-g!
PSO k2=0.921 g.mg'-min-! 0.970/0.0196 mg-g* k2=0.113 grmg'.min! 0.942/0.634 mg-g!
2-PA kfast = 0.540 min-! 0.982/0.0154 mg-g* kpast = ksiow=0.848 min-! 0.990/0.261 mg-g!
kstow=0.0297 min~! ¢=N/A
¢=0.616
CIMT % =0.0111 h 0.940/ 0.0278 mg-g™ % =0.0565 h! 0.963/ 0.509 mg-g
D.=2.78 x 10-11 m2-s1 e=1.41 x 10710 m2-s1
W&M Dea =2.78 x 1011 m2-s1 0.986/0.0133 mg-g Dea =1.41 x 10710 m2-g-1 0.989/0.276 mg-g
De=1.24 x 1012 m2-s1 De2=2.80 x 10714 m2-s1
Des=0 m2s! Des=0 m2s!

For the system under consideration, values for D = 1.65 x 107t m?/s for d, = 29.8 nm
(the dso determined from the particle size distribution—Table 5-1) and D = 3.42 x
101 m?/s (the Z-average measured by the Zetasizer—Table 5-1) were calculated
using Equation 1. From these results can be seen that the De = 2.78 x 107! m?- s*
falls comfortably within the predicted range, and therefore, the diffusivity of the
nanoparticles is not significantly affected by the adsorbent particle characteristics
[204]. The effective diffusivity of the AgNO3 was determined as De = 1.41 x 10719 m?
- 571 significantly lower than the molecular diffusivity for AQNO3 of 1.71 x 107° m?
s 1 [205]; this indicates that the AgNOs was significantly limited by the internal
structure of the adsorbent. The initial phase of the W&M models corresponded well
with the predictions made by the CIMT models for both the AgNPs and AgNOs,
thereby supporting the observation made for the CIMT model [206].

To elucidate the equilibrium data for the AgNPs and AgNO3 adsorption, isotherm
models were fitted to the data, as summarized in Table 5-4 The resulting fitted

graphical fits are shown in Figure 5-6.
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Figure 5-6: The isotherm model fits for (a,b) AgNPs and (c,d) AgNOs. The models
fitted were (a,c) Langmuir, (b,d) Freundlich. The shaded areas represent the 95%
prediction intervals.

Table 5-4: I1sotherm models for the adsorption of AGNPs and AgNO3z by ESM.

AgNPs AgNOs
Isotherm Non-Linear Form
. Fitted Parameters R%RMSE Fitted Parameters R¥RMSE
Langmuir Q. = %’ k, =0.0050 L - mg™* 0.867/ k, =0.0127 L+ mg™* 0.947/
[198,207,208] Le Qmax =6.71mg-g™* 0.060 mg-g! Qmax =1741mg-g™? 0.935 mg-g
Freundlich [208] 0, = KFC:% Kz =0.0209 mg - g (L~ mg—1)n% 0.884/ Kr=1.07mg- g '(L- mg_l)nilr 0.942/
n = 0.856 0.067 mg-g™ ny = 2.19 0.977 mg-g™!

* The definitions of the isotherm parameters: Langmuir isotherm: kL—the Langmuir equilibrium constant (L. mg—1), Qmax,L—
the Langmuir maximum adsorption capacity (mg- g—1); Freundlich isotherm: KF—the Freundlich intensity parameter ((mg-
g—1)(L- mg—1)1/nF), NF—Freundlich isotherm exponent (dimensionless).

The isotherm data for the AgNPs exhibited significant variation, likely because of the

variability in the AgNPs sizes (Figure 5-2) and the heterogeneity of the surface
interactions. The data fitted the Freundlich model most closely supporting the
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heterogenous surface interactions reported for the kinetic data (2-PA model). It is
interesting to note that a Freundlich exponent of 0.856 was fitted, indicating an
upward-sloping isotherm with increasing adsorption as the concentration rises. These
results likely indicate multi-layer adsorption as previously reported for biosorption of
Cu-ions by Pseudomonas syringae [209].

The isotherm data for the AgNOz appeared to reach an initial maximum at a
maximum adsorption capacity of ~ 17 mg/g. This shape is characteristic of the
Langmuir isotherm model in which the surface is saturated with a monolayer of

adsorbate (consistent with the observations reported in the kinetic runs).

5.3.3 Characterization of Ag/ESM Composites

The fibre-like structures of ESM composites were analysed using SEM-EDS (Figure
5-7 and appendix Figures A5.2 — A5.4). This porous fibril structure responsible for
ESM’s absorption capacity [51] proved effective. As observed in the EDS map image
in Figure 5-7d,f (and appendix Figures A5.2 and A5.3 ), AgNOs and AgNPs were
evenly absorbed on the surface of the membrane. Both Ag solutions were
significantly absorbed into the ESM with weighted compositions of 15.68% and
4.87% for AgNO3z and AgNPs, respectively (Table 5-5).

Table 5-5: EDS elemental analysis of ESM composites.

Element ESM (Wt%) AgNO3/ESM (Wt%) AgNPsS/ESM (Wt%)

Ag - 15.68 4.87
S 46.42 30.52 36.05
0 49.97 53.19 57.62
Si 0.85 - -

Ca 2.77 0.61 1.45
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Figure 5-7: SEM images (a,c,e) EDS maps (b,d,f) of ESM composite. (a,b) ESM. (c,d)
AgNOB3/ESM. (e,f) AgNPs/ESM.
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The AgNPs ESM structure shows a much more even distribution of the coated Ag,
which dominates the surface composition; this is indicative of a slower, more
controlled deposition (Figure 5-7d and A5.2). The AgNO3z ESM shows nodules on
the fibre surface. This suggests compounds are absorbed, producing a rougher
texture, with predominantly oxygen on the surface; this is observed via the cyan-like
colour as a mixture of green (oxygen) and magenta (silver), as shown in Figure 5-7f
and A5.3. This suggests the presence of AgO as the form of Ag absorbed. This
supports the notion that AgNO3 is reduced to AgO as part of the absorption process.
This rough surface is likely a product of the high rates of absorption. The absorption
occurred on both the ESM matrix as well as previously absorbed material. In this
mechanism, the growth of crystallites is favoured over nucleation. This suggests an
abundance of absorption sites; the same conclusion is reached through modelling.
All materials exhibited broad FTIR absorption peaks at 3275 and 2927 cm™
corresponding to O-H and N-H groups stretching mode. Peaks of C=0 (amide I),
CN/NH (amide Il), and CN/NH (amide I11) modes were prominent at 1638, 1517, and
1442 absorption bands. This corresponds to reports from [147] with similar peaks.
The 1235 cmtis often correlated with the stretching vibration of C-O bonds and
interaction with some amino acids. The shifts and/or changes in the intensity of these
peaks indicate an interaction of the nanoparticles with the protein structure.

The bands at 1077, 875, and 556 cm™* correspond to the C-O stretching modes, CH:
deformation, and unknown peaks in the fingerprint region. The higher intensity of
these peaks in the Ag/ESM samples compared to ESM indicates the absorption of
AgNOs and AgNPs to ESM. Likewise, peak shifts were identified in these bands
between ESM and the composite samples, which were also indicative of the

absorption process [147] (Figure 5-8 and Table 5-6).
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Figure 5-8: FTIR spectra of ESM, AgNOs/ESM, and AgNPS/ESM.
Table 5-6: FTIR spectra of ESM composites.

Species O-H N-H ( AISI;S)E D (:r:/ci}:l) ( Aijg:?m cO C-O Stretching CH: Deformation
ESM 3274.36 2926.90 1637.21 1517.58 1439.67 1235.67 1080.33 874.94
AgNOs/ESM  3269.37 2927.48 1637.56 1518.81 1444.05 1235.26 1078.68 875.19
AgNPs/ESM  3275.56 2927.09 1638.14 1517.33 1442.24 1235.33 1077.26 875.50

The results from FTIR suggest a strong interaction of the silver compounds with the
amine groups present in the eggshell membrane. The interaction with the proteins
may have led to the absorption of nanoparticles to the surface, likely through van der
Waals forces. Similarly, proteins (glycine, lysine, or cysteine) may have contributed
to the reduction of AgNO3zto AgO.

X-ray photoelectron spectroscopy (XPS) was used to investigate the valence state and
chemical composition of Ag absorbed on ESM, as seen in Figure 9 and Table 3.
Elemental signals of O1s, C1s, N1s, and CaCO3z compounds were detected on ESM,
AgNO3/ESM, and AgNPs/ESM samples. The ESM sample had no trace of silver, as
expected. AgNOs/ESM sample had signals of both elemental silver (3ds. Ag0 and
3ds2 Ag® with peaks at 368.08 and 374.77, respectively) and silver oxide (3ds2 AgO
with peaks at 364.41 and 370.41). AgNPs/ESM, on the other hand, only had signals
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of elemental silver (3ds, Ag® and 3ds, Ag® with peaks at 367.89 and 373.91,
respectively) with similar peaks as those found in the AgNO3/ESM composite. These
AgNPs peaks are similar to those already reported by [22], signifying the successful
absorption of AgNPs on ESM. The similar Ag® peaks found in both AgNO3s/ESM and
AgNPS/ESM also signify the reduction of AgNO3 to nanoparticles by ESM during

the adsorption process.

3d,, Ag"

Intensity (a.u.)

Intensity (a.u.)

378 376 374 372 370 368 366 364 362 378 376 374 372 370 368 366 364 362
Binding energy (eV) Binding energy (eV)

Figure 5-9: XPS spectrum for (A) AgNO3/ESM and (B) AgNPS/ESM.

The results indicate that the adsorption mechanism is dictated by surface interactions
between the AgNPs/AgNOs and the ESM. According to Xin et al. [210], the
interactions of heavy metals and ESM is strongly affected by surface species. In
contrast, however, the lack of pH effects on either AgNPs or AgNO3 adsorption
negates the likelihood of significant electrostatic or ion exchange mechanisms present
in the Ag/ESM adsorption—as proposed by Xin et al. [210]. It is clear from the shifts
in FTIR peaks (Table 5-7) that significant interactions between the Ag species and
the O-H, NH, C=0 (amide I), CN/NH (amide I1), and CN/NH (amide I11). C-O bond,
C-O stretching, and CH. deformation with significant shifts observed. This is
confirmed by the Ag distribution observed in the SEM-EDS (Figure 5-7) and the
significant shifts in the O1s and N1s peaks in the XPS results (Table 5-7).
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Table 5-7: XPS analysis of ESM composites.

ESM AgNO3/ESM AgNPs/ESM
O1ls 531.40 and 532.35 531.79 and 533.48 531.32 and 532.15
N1s 399.76 399.86 399.70
3dAg0 - 368.08 and 374.77 367.89 and 373.91
3d AgO - 364.41and 370.41 -
Ca2p 347.22 and 350.80 347.19 and 350.75 347.21 and 350.78
284.57, 285.50,284.56, 285.31,284.54, 285.11,

Cls
287.75, and 288.57 287.45, and 288.74 287.5, and 288.4

5.3.4 Antimicrobial Activity of AQ/ESM Composites

P. aeruginosa is an opportunistic gram-negative pathogen that is common and highly
adaptive to various environmental conditions, including aquatic environments [211].
It is highly resistant to antimicrobials, with a percentage resistance of 33.9%. This
makes it vital to treat concrete, especially in aquatic environments [212,213]. On the
other hand, B. subtilis, though gram-positive, can survive harsh conditions such as
high temperature, UV, and y-radiation. It is also found in various environments and
broadly adapted to grow in diverse settings within the biosphere, from soil to marine
habitats [214,215]. B. subtilis has shown the highest occurrence in hospital settings
compared to other bacteria groups, with the biggest percentage of multiple resistant
strains to antimicrobials. Their ability to survive harsh conditions makes them a
problem for cleaning and disinfection [216].

For purposes of consistency, concentrations were based on the concentration of Ag
in the sample, and the mass of ESM was determined from the mass that could provide
100 pg/L of AgNPs. The agar well diffusion showed clear halos of varying diameters,
indicating antimicrobial properties for AgNPs, AgNPs/ESM, and AgNO3, as shown
in Figure 5-10. This is evidenced by both bacteria and the strength of the
antimicrobial activity depending on the component tested. These results were fitted

into the zone of inhibition bar charts, as shown in Figure 5-11
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Figure 5-10: Agar well diffusion images. (A) AgNPs with P. aeruginosa, (B) AgNPs

with B. subtilis, (C) AgNOs with P. aeruginosa

(D) AgNOs3 with B. subtilis.
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Figure 5-11: Antimicrobial characterisation of ESM composite. (a,d) Results of Zone
of Inhibition (a) and % Cell Viability (d) results for the different microbial species
exposed to the different combinations of solid materials. The brackets indicate those
comparisons between the species that exhibited significant differences. (b,c,e,f) Show
heatmaps of the adjusted p-values when comparing the Zol and % Cell viability

results for the various materials. White indicates adjusted p-values > 0.05 (i.e., no
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significant difference at the 95% confidence level). (b,e) for P. aeruginosa and (c,f)
for B. subtilis.

The positive controls, streptomycin and ampicillin, gave extremely large zones as
compared to the AgNPs-ESM, indicating that the bacteria were more susceptible to
their antimicrobial activity. ESM showed no effect on the growth of either B. subtilis
or P. aeruginosa, implying that all the antimicrobial activity observed in the Ag-ESM
was due to the adsorbed AgNPs on the ESM.

According to Figure 5-11a, the results of the zone of the inhibition tests presented
show significant inhibition to the growth of both P. aeruginosa and B. subtilis. This
revealed that ESM alone had the least effect on either bacterium, while AgNPs were
the most effective, followed by AgNO3 excluding the antibiotics. This observation
could be the result of the reduction of AgNO3s to AgNPs during absorption. AgNOs3,
after adsorption, had the most antibacterial effect. As expected, the AgNPs medium
after adsorption had the least significant because most of its antimicrobial particles
have been absorbed into the ESM surface.

When the components were exposed to bacteria in a liquid medium, the MTT assay
showed that P. aeruginosa is more susceptible to the antimicrobial activity of AgNPs-
ESM compared to B. subtilis (Figure 5-11d). P. aeruginosa showed a percentage cell
death of 27.77% and 23.16% for AgNPs and AgNPs-ESM, respectively. In contrast,
itis evident that 10 uM AgNOs3, ESM, and AgNO3-ESM had no significant cytotoxic
effect on B. subtilis while AgNPs and AgNPs-ESM showed minimal antimicrobial
activity with 15.34% and 4.15% cell death for AgNPs and AgNPs-ESM, respectively,
when compared to the control samples.

The results were supported by Tukey multiple comparison tests [217], which assessed
the significance of the differences in the observations for ZOl and MTT for B. subtilis
and P. aeruginosa. The results are summarized in Figure 5-11b,c,e,f, and show that
when agar-well diffusion was used, there was no observable difference between the
antimicrobial activity of AQNPs-ESM against B. subtilis and P. aeruginosa—except
for a small but significant difference in the AgNOs only well, and a much more

significant effect of Streptomycin on P. aeruginosa (It has been observed that P.
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aeruginosa exhibits intrinsic antibiotic resistance to Streptomycin [218]). In contrast,
marked differences in the effects on B. subtilis and P. aeruginosa were observed in
the MTT tests, with B. subtilis exhibiting significant tolerance to metabolic inhibition
while P. aeruginosa was significantly inhibited.

Based on the results, AgNO3z and AgNPs produces ESM composites with good
antimicrobial properties and can be used for further applications such as wound

healing and incorporation into antimicrobial concrete.

5.4 CONCLUSIONS

ESM has proven to be a great absorption agent for both AgQNOs and AgNPs. This is
because of its fiber-like structure, as observed through SEM micrographs, the result
obtained by [219]. Absorption was optimum at 70% concentration, pH 6, after 48
hours of agitation time and at room temperature. The strong AgNP peaks recorded at
394 nm is a function of surface plasmon resonance (SPR) vis-a-vis the absence of
particle aggregation. These observations are inconsonant with the findings. Both
AgNPs and AgNO3 were evenly absorbed on ESM as observed by EDX maps, with
15.68% and 4.87% composition for AQNOz and AgNPs, respectively.

During the adsorption of AgNOs3, an increase in several FTIR peaks was observed.
This was thought to be an indication of the reduction of AgNO3 to Ag nanoparticles
by the ESM. This assumption was later confirmed by the result of XPS analysis and
the zone of inhibition test of AgNOs after on B. subtilis. XPS results, in conjunction
with other microstructural analyses, revealed that ESM was able to synthesize Ag
NPs from AgNOs during adsorption.

This optimized composite is deemed to find good use in antimicrobial applications in
the medical and construction fields. With respect to the availability of ESM and the
continuous advocacy for a circular economy, Ag/ES M composites will be a good

step toward achieving a waste reduction in the food industry.
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Chapter Abstract

Against the backdrop of escalating infrastructure budgets worldwide, a notable
portion — up to 45% — is allocated to maintenance endeavors rather than innovative
infrastructure development. A substantial fraction of this maintenance commitment
involves combatting concrete degradation due to microbial attacks. In response, this
study endeavours to propose a remedial strategy employing nano metals and
repurposed materials within cement mortar.

The methodology entails the adsorption of silver nitrate (AgNOs) or silver
nanoparticles (AgNPs) onto eggshell membranes yielding silver-eggshell membrane
composites (Ag-EMs). Subsequently, the resulting Ag-EMs were introduced in
different proportions to replace cement, resulting in the formulation of ten distinct
mortar compositions. A thorough analysis encompassing a range of techniques, such
as spectrophotometry, scanning electron microscopy, thermogravimetric analysis, X-
ray fluorescence analysis, X-ray diffraction (XRD), and MTT assay, was performed
on these composite blends. Additionally, evaluations of both compressive and tensile
strengths were carried out.

The mortar blends 3, 5 and 6, characterized by 2% ESM/AgNQOs, 1% ESM/AgNPs,
and 2% ESM/AgNPs cement replacement, respectively, exhibited remarkable
antimicrobial efficacy, manifesting in substantial reduction in microbial cell viability

(up to 50%) of typical waste activated sludge. Concurrently, a marginal reduction of
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approximately 10% in compressive strength was noted, juxtaposed with an
insignificant change in tensile strength.

This investigation sheds light on a promising avenue for addressing concrete
deterioration while navigating the balance between material performance and

structural integrity.

6.1 INTRODUCTION

Concrete is undoubtedly the most used construction material having found
acceptance in a wide variety of applications. Notable is the fact that this mixture of
cement, fine aggregate, coarse aggregate, and water (in the case of concrete) or just
cement sand and water (mortar) is nowhere near its end of life [5,223,224]. Statista
[225] reported that 4.1 billion tons of cement was produced in 2022 as against 1.39
billion tons in 1995.

As versatile as it is, one principal dilemma of concrete structures is its high cost of
maintenance which has been seen to go as high as 45% of the total infrastructure
budget in the UK and EU [5]. This expensive maintenance has been necessitated due
to environmental factors, human factors, use over time, and microbial attack
(especially in wet conditions) [6].

The need to prolong the life of concrete while reducing the cost of maintenance has
therefore necessitated various research with some aimed at inhibiting bacterial
growth and biofilm formation. Among many other antimicrobial agents, silver and
silver nanoparticles (AgNPs) are some of the most promising bacterial inhibitors
[6,22].

The size, shape, surface charge, concentration, and colloidal state are the key physio-
chemical factors that significantly influence the antimicrobial effectiveness of silver
nanoparticles (AgNPs). Some of the shapes documented in literature include oval,
spherical, cubic, cylinder, and triangular, which are sometimes attributed to different
synthesis techniques [171,226,227]. These synthesis techniques include physical,

chemical, or green methods. The chemical method, which involves the use of
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reducing agents and stabilizers such as formaldehyde, hydrazine, and sodium
borohydride, is one such techniques [168].

Eggs are characterized as being porous, bioceramic, calcareous, and oval. Chicken
eggs possess the necessary strength to withstand physical and pathogenic threats
while still facilitating the exchange of water and gases necessary for embryo
development [28,29,179]. Lining the walls of the eggshell is the shell membrane
(ESM). ESM is a fibrous biomaterial that possesses a high surface area and excellent
adhesion ability [180]. As indicated in Li et al. (2017) [182], the adsorption of metal
ions by ESM is facilitated by electrostatic, hydrogen bonding, and van der Waals
forces, which are activated when ESM is exposed to these ions.

Globally, egg production continues to rise with each passing year and with this
increase comes the need to manage the shell waste. In 2008, 62 million metric tons
was recorded. This grew to 76.7 million metric tons in 2018 and 86.3 million metric
tons in 2021 [19,23,24]. Worthy of note is the approximately 10 million metric tons
increase recorded between 2018 and 2021 (4 years), an increase that previously took
about 13 years. With a shared mix of 452,000 tons of eggs in 2018, the South African
poultry industry is not left behind. Despite the 10.2% shell content, these figures calls
for a fast and decisive action especially when all other waste are put into context [25].
The concerning upward trajectory of waste production provides the basis for the
concept of a circular economy. Circular economy aims to eliminate waste through the
perpetual use of resources. This approach involves implementing practices such as
reuse, sharing, repair, renovation, remanufacturing, and recycling to establish a
closed system that minimizes the utilization of resources and the production of waste,
pollution, and emissions [7,11]. Essentially, the idea is that all "waste" should become
"food" for another process [12].

Various researchers have repeatedly exemplified the use of composites including
eggshells, eggshell membranes, and metal nanoparticles. In construction, ES and
ESM are particularly useful in full or partial replacement of aggregates in masonry
applications, production of lightweight foamed concrete, aggregate stabilization, and

power insulation [42,48,85-90].
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In the light of these use cases and many more, concrete structures keeps suffering
from microbial attacks leading to their quick deterioration and consequently huge
maintenance cost [6,228,229]. Some of the organisms involved in the biodeterioration
of concrete structures include Pseudomonas, Arthrobacter, Algae, Salmonella, E.
coli, and Acidithiobacillus. These organisms are usually found to attack concrete
structures in waterlogged arears, sewers, splash zones, and reservoirs [230,231].

For this research, Bacillus subtilis, Pseudomonas aeruginosa, and industrially
obtained waste activated sludge (WAS) were selected. Pseudomonas aeruginosa, a
gram-negative pathogen, is an opportunistic bacterium that is widely distributed and
exhibits a high adaptability to different environmental conditions, including aquatic
environments [211]. With a resistance rate of 33.9%, it displays significant resistance
to antimicrobial agents, posing a considerable challenge in controlling its growth and
spread, particularly in aquatic settings [212,213].

On the contrary, Bacillus subtilis, despite being gram-positive, demonstrates
remarkable resilience against harsh conditions such as high temperatures, UV
radiation, and y-radiation. It can be found in various environments and readily adapts
to thrive in diverse settings across the biosphere, ranging from soil to marine habitats
[214,215]. Among different bacterial groups, B. subtilis exhibits the highest
occurrence in hospital settings, and a substantial proportion of its strains are resistant
to multiple antimicrobials. The ability of B. subtilis to withstand adverse conditions
presents challenges for cleaning and disinfection efforts [216].

WAS is a microbial biomass resulting from the dissolution of organic contaminants
in municipal wastewater treatment facilities. Due to its mode of formation, WAS is a
home to a consortium of aerobic and anaerobic microbial organisms. This consortium
primarily encompasses eukaryotes, bacteria, archaea, and viruses, with bacteria being
the predominant presence within the system. Some of the bacteria include
Proteobacteria, Bacteroidetes, Acidobacteria, Firmicutes, and Nitrospirae [232-
234].

As explained by Qi et al. (2020) [6], antimicrobial agents can either be inorganic or

organic. Inorganic antimicrobial agents typically exhibit a prolonged lifespan and
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excellent resistance to high temperatures. However, they often come with side effects
such as toxicity. On the other hand, organic antimicrobial agents demonstrate a clear
bactericidal effect in a short period and offer a broad spectrum of activity against
various pathogens. However, they tend to have poor resistance to high temperatures.
An ideal option is therefore one that combines both properties.

Examples of inorganic antimicrobial agents that have been used in concrete are heavy
metals, copper coating, Zinc oxide, Silver-loaded zeolite, Zeomighty, Sodium
tungstate, and silver nanoparticles. Organic antimicrobial agents include ConShield,
ConBlock, eggshell, Quats, and eggshell membranes [6,22,171,229,235].

It is on this premise that this paper presents a novel approach using a composite of
eggshell membrane and silver nitrate or silver nanoparticles as microbial cell
inhibition agents in cement mortar while optimizing the mechanical strength of the

mortar.

6.2 MATERIALS AND METHODS

6.2.1 Preparation of Ag Modified Eggshell membranes (Ag-EMs)

The Ag-EMs were created using the method previously outlined [236]. The procedure
was as follows:

Eggshells were procured from nearby restaurants around the University of Pretoria.
These shells were promptly washed after collection and then dried at 60°C for one
hour. Following decontamination, the shells were stored in plastic bags until the
separation phase. To aid membrane separation, the shells were soaked in 1 mol/L
acetic acid for 17 minutes. The extraction of the ESM was then carried out manually
[219]. All extracted membranes underwent a rinsing process with deionized water,
subsequent drying, and storage.

To modify the ESM, silver nitrate (AgNO3) and silver nanoparticles (AgNPs) were
employed. AgNPs were synthesized through the chemical reduction of AgNOs. The
chemical reduction process, as detailed in [180,237], employed NaBH. as the

reducing agent and trisodium citrate dihydrate (NasCsHs07-2H20) as a ligand. In the
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initial steps, a solution of NazCsHs07-:2H2>0 (0.01 M, 100 mL), AgNOs (0.01 M, 50
mL), and NaBH4 (0.01 M, 50 mL) was prepared using deionized water. Subsequently,
1 mL of AgNOs, 1 mL of NasCeHs07:2H20, and 20 mL of deionized water were
combined in a 100 mL beaker, which was then positioned in an ice bath. Stirring the
solution with a magnetic stirrer for 5 minutes yielded a nano silver solution. NaBH4
was then added dropwise until the suspension turned a bright yellow, and the mixture
was continuously stirred for two hours to guarantee a complete reduction reaction.

ESMs of varying particle sizes, ranging from 1 mm to 5 mm, were subjected to
adsorption with both synthesized AgNPs and AgNOs. This adsorption process
involved introducing the dried ESM into 40 ml glass Polytops containing diluted
solutions of AgNPs or AgNOs. These setups were subsequently placed on an

oscillator at 25°C and a pH of 6 for 48 hours to facilitate the adsorption process.

6.2.2 Preparation of Cement Mortar

The mortar was formulated in compliance with the specifications of the European
Committee for Standardization (CEN), as outlined in EN 196-1:2005 [238], and
adhered to the guidelines provided by the South African Bureau of Standards, as
stated in SANS 50196-1:2006 [239].

For the control sample (Mix 1), the preparation involved weighing and mechanically
mixing one part of 52.5R cement, three parts of CEN standard sand, and half a part
of water for a duration of 150 seconds. To create variation, nine additional mixes
were produced by substituting a portion of the cement content with 1%, 2%, and 5%
of ESM and modified ESM, as detailed in Table 6-1. All the mixtures underwent
mechanical mixing for a period of 150 seconds. Subsequently, the mixed mortar was
placed into a series of three prism moulds measuring 40mm x 40mm x 160mm
(Figure 6-1) and left for 24 hours before being demoulded. Following demoulding,

the specimens were immersed in water for curing over a period of 28 days.
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Table 6-1: Mix Design

Mix No Membrane % Replacement Membrane  Cement Sand Water
(9) (9) (99 (9)
1 - 0 - 500 1500 250
2 AgNO3:/ESM 1 5 495 1500 250
3 AgNO3/ESM 2 10 490 1500 250
4 AgNO3/ESM 5 25 475 1500 250
5 AgNPS/ESM 1 5 495 1500 250
6 AgNPS/ESM 2 10 490 1500 250
7 AgNPs/ESM 5 25 475 1500 250
8 ESM 1 5 495 1500 250
9 ESM 2 10 490 1500 250
10 ESM 5 25 475 1500 250

Figure 6-1: Mixed Mortar in Prism Mould

6.2.3 Characterization of ESM Modified mortar.

X-ray diffraction (XRD) was used to understand the mineralogy of the mortar mixes

while their oxide composition was determined with the use of Xray fluorescence

(XRF) analysis. During the XRD analysis, the samples were prepared utilizing the

standardized Panalytical backloading system, which ensures a nearly random

distribution of particles. Analysis of the samples was performed using a PANalytical

X’Pert Pro powder diffractometer configured in 66 mode, equipped with an

X’Celerator detector. The instrument employed Fe-filtered Co-Ko radiation

(A=1.789A) along with variable divergence- and fixed receiving slits. To determine

the mineralogy, the measured diffraction pattern was compared to patterns in the
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ICSD database, and the best-fitting pattern was selected using X’Pert Highscore plus
software. The relative amounts of each phase, expressed as weight percentages of the
crystalline portion, were estimated using the Rietveld method with X’Pert Highscore
plus software.

To carryout XRF analysis, 10-30 grams of powdered sample were combined with 20
drops of Moviol (PVA) and pressed with a force of 10 tons. The Thermo Fisher ARL
Perform'X Sequential XRF instrument, along with the Uniquant software, was
utilized for the analyses. The software examined all elements in the periodic table
from sodium (Na) to uranium (U), but only reported the elements detected above the
specified limits. The reported values were not normalized since no LOI (Loss on
Ignition) process was conducted to determine changes in crystal water and oxidation
states. A standard sample material was prepared and analysed using the same
procedure as the mix samples.

The morphology of all mortar mix was studied in a Zeiss Ultra PLUS FEG scanning
electron microscope (SEM). Samples were dried before being sputter-coated with
carbon in a Quorum Q150T ES coater for imaging. SEM energy dispersive x-ray
analysis (EDX) was also conducted to understand the distribution and elemental
composition of each mix.

Thermal analysis (TGA) was conducted to examine the change in mass with an
increase in temperature of each mortar mix. This was investigated using a TGA5500
thermogravimetric analyser to observe the impact of elevated temperatures on each
mortar mix. The alteration in mass was assessed as the temperature rose from ambient

temperature to 900°C, with a heating rate of 10°C/min in the presence of nitrogen.

6.2.4 Antimicrobial activity of ESM Modified mortar.

The antimicrobial activities against Bacillus subtilis, Pseudomonas aeruginosa, and
waste activated sludge (WAS) was determined using MTT assay. MTT assay, which
stands for 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide assay, is a

reliable and sensitive colorimetric method employed to assess the metabolic activity
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of cells. This assay involves the reduction of a tetrazolium dye by specific bacterial
enzymes, resulting in the formation of an insoluble purple compound called
formazan. The concentration of formazan is determined by measuring its absorbance
using a spectrometer in the wavelength range of 500 to 700 nm. As the number of
viable bacteria increases, the concentration of formazan also increases, leading to a

more pronounced purple coloration and higher absorbance values [220-222].

To grow overnight cultures of both bacteria, nutrient broth was used at a temperature
of 37 °C while shaking at 150 rpm until an optical density of 0.4 was reached. The
cultures were then subjected to centrifugation, and the supernatant was washed twice
using distilled water before being resuspended in distilled water. The optical density
was then adjusted to approximately 1.

Ground mortar was exposed to both bacteria in aerobic and anaerobic conditions. For
the aerobic test, 1ml bacteria was exposed to 2g of mortar in 24ml broth in an
incubator at 37 °C and 200RPM for 4 hours using 100ml dark vials. Similar procedure
was used for the anaerobic test with the addition of sodium nitrate.

At the end of the fourth hour, 2.5mlI MTT was added to the medium and further
exposed for 3 hours at 160 RPM in the absence of light. The absorbance was
measured at 700 nm using a VWR UV-1600PC spectrophotometer. A stock solution
of 5 mg/mL of MTT in 0.1 M PBS (pH 7) was used. Mix 8,9, and 10 was not tested
due to the lack bacteria inhibition by eggshell membrane [236].

An atomic absorption spectrometer, (Perkin Elmer AAnalyst 400, Waltham,
Massachusetts) was used to measure silver concentration in the solution after

exposure with an SJ hollow silver lamp.
6.2.5 Mechanical Strength Test

The density of each prism was calculated by weighing each in air and water and using

the formular:

Pm _ W(air)
Pw ~ W(air)-W(water) (¢D)
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Where,

om density of mortar in g/cm?,

ow density of water in g/cm® = 1 g/cm?®
W(air) is weight in air in g.

W (water) is weight in water in g.

Flexural strength test was carried out in triplicate using a Versa Tester with the 3
points loading system (Figure A6.1). The load was vertically applied with the loading

roller at a rate of 50 N/s until fracture. The flexural strength was calculated in MPA

using:

1.5XFle
Rf = p3 (2)
Where,

Rt is the flexural strength, in megapascals.
b is the side of the square section of the prism, in millimetres.
Fr is the load applied to the middle of the prism at fracture, in newtons.

| is the distance between the supports, in millimetres.

Both half of each prism used for flexural test was kept and used for compressive test.
An AutoMax UTest material testing machine was used to conduct the compressive
test at a loading rate of 2400 N/s until fracture (Figure A6.1). The compressive
strength was calculated in MPA using:

Fe

R. = 1600 (3)
Where,

Rc is the compressive strength, in megapascals.

Fc is the maximum load at fracture, in newtons.
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6.3 RESULTS

6.3.1 Synthesis of AQNPs and production of ESM composites

As observed in Figure 6-2, X-ray diffraction analysis implies that despite the addition
of Ag modified membranes to mixes 2 through 7, the mineralogy of the mortar mixes
remains unchanged. This indicates that the produced cytotoxic mortar will have
comparable characteristics to standard mortar. Quartz was the most predominant
mineral followed by Portlandite, calcite, Mayenite, with traces of Brownmillerite,
Larnite, and Ettringite.

The oxide composition shown in Figure 6-3 follows a similar analogy as the XRD
result with relatively constant composition across the mix. A two-way ANOVA
comparison of the XRF data indicated that no significant difference between the
compositions of the different mixes were confirmed (P = 0.9995) and that the

variations between the results is most likely a result of random chance [240].

B quartz
@ Portlandite
u Calcite
|
o B @ u N Mix 10
1 Mix 9
— A l A Mix 8
z A ‘ . Mix 7
2
2z )
< Mix 6
Mix 5
Mix 4
Mix 3
Mix 2
A l N Mix 1
0 10 20 30 40 50 60 70 80 90

Position [28]°

Figure 6-2: XRD mineralogy pattern of the mortar mixes.
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Figure 6-3: XRF oxide compositions of the different concrete mixes.

Furthermore, A TGA5500 thermogravimetric analyser was used to observe the
temperature stability of the mixes from 30 °C to 900 °C (Figure 6-4).
Thermogravimetric (TG), derivative thermogravimetry (DTG), and Differential
Scanning Calorimetry (DSC) analysis were employed (Figure A6.1). All mix samples
experienced two stages of weight loss. The initial loss which was gentle occurred
over a wide temperature range of 30 °C and 150 °C. This loss can be attributed to loss
of moisture content. The second significant loss was very abrupt and quick occurred
between 390 °C and 420 °C. All mixes were relatively thermally stable compared to
the control mix, mix 1 with a maximum difference of 5% weight loss due to the
presence of shell membrane. The eggshell membrane was also tested as illustrated in
Figure 6-4b and turns completely into ash after 300 °C, leaving approximately 10%
weight at >700 °C.
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(b) Membrane
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Figure 6-4: Thermogravimetric analysis of a) mixes 1 to 10 and b) eggshell
membrane.

SEM-EDS analysis was previously conducted and confirmed the adsorption of
AgNPs and AgNOsz on the membrane, notably both AgNOs and AgNPs were
uniformly absorbed onto the membrane’s surface [236]. The porous fibril structure,
known for its ability to enhance ESM’s absorption capacity [219], was found to be
effective. In the current study the retention of the Ag within the mortar mix was
confirmed (Figure 6-5a and b, Figure A6.2, and Table A6.1).

a)

60— )
Mix 1
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Mix 5
Mix 6
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Mix 8
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Figure 6-5: SEM EDS Ag distribution map of (a) AQNO3s/ESM Mortar (MIX 4), (b)
AgNPS/ESM Mortar (MIX 7), (c) The elemental compositions of the different mortar

mixes (as measured by EDS)
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Ag EDS measurements of the mixes supported the presence of Ag in Mixes 3, 4, 7,
8, with increasing Ag content measured. No Ag was measured by EDS in Mixes 2
and 5, likely due to the detection limit of the machine — the Ag content of Mixes 3
and 6 were only 0.06% and 0.05%, respectively.

The material exhibited relatively similar macroscopic features with limited
differences observable from the SEM micrograph (Figure A6.3) and the elemental
compositions for the different mixes as measured by EDS (Figure 6-5c and Figure
A6.4) were found to exhibit no significant differences when applying a two-way
ANOVA analysis, the P value was found to be greater than 0.9999.

6.3.2 Antimicrobial Activity of Mortar Composite

The effects of Ag-impregnated mortar composites are illustrated in Figure 6-6a.
Figure 6-6b summarizes the P-values obtained from the two-way ANOVA
comparisons (Tukey's multi-comparison test) between the control group and mixes
1-7. Notably, the most significant differences were observed when introducing
Ag/ESM mortar mixes to the waste activated sludge (WAS). The P-values indicated
highly significant differences (p < 0.0001) between the control and mixes 3-7 for
anaerobic runs, and between the control and mixes 2-7 for aerobic runs. However,
the comparison between the control and mix 2 in the anaerobic run did not show
significant differences (p = 0.2307). The most pronounced cytotoxic effect of the
antimicrobial composites on WAS occurred under anaerobic conditions, resulting in
a cell viability of 36.8+6.1% for AgNPs composite mix 5. Under aerobic conditions,
the cytotoxic effect was observed with mix 4, resulting in a cell viability of
51.0+4.8% for WAS.

Furthermore, in the anaerobic WAS run, significant differences were observed
between mixes 1 and mixes 2 to 7, mixes 2 and 5, mixes 5 and 7, and mixes 6 and 7
(Figure 6-6¢). In the case of aerobic runs, significant differences were measured
between mixes 1 and 3 to 7, and mixes 2 and 4 (Figure 6-6d). However, for the runs

involving B. subtilis and P. aeruginosa, no significant differences were observed
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between the control group and any of the mortar mixes in either the anaerobic or
aerobic runs.

To explain these inhibitory results, Figure 6-6e displays the silver concentrations
measured using Atomic Absorption Spectroscopy (AAS) after exposure to B. subtilis,
P. aeruginosa, and WAS. The measured Ag results were consistent with the initially
dosed amounts. Notably, the Ag concentrations in solution were relatively low,
ranging from approximately 0.1 mg/L to 0.7 mg/L for AgNOs-impregnated mortar
mixes and from around 0.07 mg/L to 0.2 mg/L for AgNPs-impregnated mortars.

It's important to mention that the minimum inhibitory concentration for AQNO3 was
reported to be at least 1 mg/L for B. subtilis [241] and between 8 and 16 mg/L for P.
aeruginosa [242], while for AgNPs, it ranged between 2 and 5 mg/L for both B.
subtilis and P. aeruginosa [241,243]. In the case of WAS, the efficacy of Ag* and
AgNPs was significantly more pronounced, with Ag* concentrations as low as 0.5
mg/L (from AgNO3) and AgNPs at 0.2 mg/L reported to inhibit enriched nitrifying
bacteria by up to 50% and 60%, respectively [244,245].

The pH levels of the individual bacterium cultures were initially recorded as 6.82,
7.01, and 6.61 for B. subtilis, P. aeruginosa, and WAS, respectively, before exposure.
After exposure, all culture pH values rose to around 12 (see Figure 6-6f). This shift
in pH has been shown to impact WAS systems, leading to increased concentrations
of volatile fatty acids (VFA), ammonia, and phosphate, while suppressing methane
production, indicating the disruption of normal biological function under these high
pH conditions [246]. In contrast, B. subtilis and P. aeruginosa demonstrated greater
resistance to pH changes [247,248].

The limited impact of the different mortar mixes on B. subtilis and P. aeruginosa
cultures can be attributed to the relatively low Ag concentrations in solution (below
inhibitory concentrations) and the cultures' resistance to elevated pH levels. In
contrast, the significant inhibition of WAS by the mortar mixes, including the
concrete-only mortar (mix 1) in aerobic runs, may be attributed to the presence of
Ag* or AgNPs in the mixture, which has been shown to affect WAS, along with the

elevated pH levels recorded in the solutions. These findings suggest potential
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viabilities for the control and different concrete mixes, the Anaerobic WAS and
Aerobic WAS runs, respectively, e) The Ag concentrations of the aqueous solutions
for each concrete mix exposed to different microbial cultures, ) the final pH of the

respective concrete mixes exposed to different microbial cultures.

applications of antimicrobial mortar mixtures, even at low Ag/ESM concentrations,
within sewage carriage systems. However, it's important to note that these

applications may not effectively control B. subtilis or P. aeruginosa contamination.

6.3.3 Mechanical Strength Characteristics of Mortar Composite

After a curing period of 28 days, the hardened cubes underwent testing to assess both
compressive and tensile strength, as indicated in Figure 6-7a. In terms of compressive
strength, the control mix displayed an average value of 68.88+0.88 MPa (mean *
standard deviation). However, the composite mixes exhibited a noteworthy decline
in compressive strength, ranging from 64.03+1.55 MPa for mix 2 to 41.35+£3.20 MPa
for mix 10. Statistical analyses using two-way ANOVA further confirmed the
significance of these differences in comparison to the baseline (mix 1). This decline
aligns with prior research findings that have reported reduced compressive strength
as the proportion of eggshell powder increases [85,86,249]. Additionally, there were
no statistically significant differences observed among mixes with similar eggshell
fractions (2 vs. 5 vs. 8, 3 vs. 6 vs. 8, and 7 vs. 10), underscoring that the primary
factor contributing to the compressive strength decrease is the content of eggshell
powder (ESM).
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Figure 6-7: Mechanical results and statistical analysis of mortal composite. a)
Comparisons of compressive and tensile strengths for the different concrete mixes, b)
and c) The p-values obtained from the two-way ANOVA analyses comparing each
concrete mix to each other concrete mix as related to the compressive and tensile

strengths, respectively.

In contrast, the tensile strength of the mixes did not exhibit significant differences
when compared to the control mix (Figure 6-7c). The control mix registered an
average tensile strength of 10.94+0.89 MPa, while the remaining mixes reported
tensile strengths ranging from 12.81+0.68 to 9.69+0.59 MPa. Analysing the tensile
strengths across the various mixes through two-way ANOVA revealed no statistically
significant distinctions (at 0=0.05) between any of the mixtures.

The most favourable combinations in this study were blends 3, 5, and 6. Blend 3
contained 2% ESM/AgNOQOs, blend 5 contained 1% ESM/AgNPs composite, and
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blend 6 contained 2% ESM/AgNPs composite. None of these blends caused a
noteworthy alteration in the cell viability of either B. subtilis or P. aeruginosa when
compared to the control. However, when assessing the cell viability of waste activated
sludge (WAS) in anaerobic systems, it was found that blends 3, 5, and 6 resulted in
viabilities of 52.4% * 7.4%, 46.8% + 6.9%, and 49.1% + 11.6%, respectively, in
contrast to the control. Under aerobic conditions, the cell viability for these three
blends was 56.0% £ 1.7%, 58.2% * 2.1%, and 54.0% + 3.7%, respectively. Statistical
analysis using two-way ANOVA revealed no significant differences at the a = 0.05
level among these results.

Importantly, the proposed optimal blends exhibited compressive strengths of
62.6 MPa = 2.8 MPa, 61.4 MPa = 1.5 MPa, and 69.3 MPa + 1.54 MPa, respectively,
compared to 68.9+£0.9 MPa for the control without eggshell, representing an
approximate 10% reduction in strength. Additionally, the tensile strengths of these
blends were 10.9 MPa £ 0.6 MPa, 12.2 MPa + 0.9 MPa, and 12.0 MPa £ 0.8 MPa,
respectively, which did not exhibit statistically significant changes at the o = 0.05

level when compared to the control's tensile strength of 10.9£0.9 MPa.

6.4 CONCLUSION

The findings presented have further underscored the advantages of composite
materials and composite nanomaterials. A composite cytotoxic mortar was
successfully manufactured, possessing a mineral composition akin to standard
mortar. However, it exhibited an exceptional antimicrobial property, resulting in up
to a 50% reduction in cell viability in WAS, all while marginally enhancing tensile
strength and showing only a slight reduction in compressive strength.

From these results, it can be concluded that mixes 3, 5 and 6 provided the optimal
balance between antimicrobial properties (there were no significant differences for
mixes 3 to 7 measured in terms of antimicrobial activities), and the loss in
compressive/tensile strength of the concrete.

In the context of promoting a circular economy, the utilization of eggshell and its

membrane has further demonstrated their practicality. The implementation of this
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antimicrobial composite holds the potential to not only mitigate waste management

challenges but also to safeguard concrete structures against microbial deterioration.
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CHAPTER 7 CONCLUSIONS AND
RECOMMENDATIONS

7.1 SIGNIFICANT FINDINGS

The results observed from this study have shown that waste eggshell can be upcycled
in the construction industry towards a greener future. The study's findings
demonstrated the remarkable efficacy of acetic acid in a relatively short span of
seventeen minutes. Specifically, acetic acid proved to be highly effective in
weakening the bond between the shell and its semipermeable membrane. Moreover,
this process was conducted with a keen focus on minimizing the dissolution of
calcium while simultaneously maximizing the leaching of valuable compounds and
proteins such as collagen.

The isolated and treated shell, after undergoing calcination and leaching, yielded
calcium oxide of comparable quality to that traditionally derived from limestone in
the context of cement production. This result underscored the potential for sustainable
and resource-efficient alternatives in industrial processes.

Taking the research a step further, the extracted semipermeable membrane found a
new application as an adsorbent material for silver nanoparticles. Silver nanoparticles
of absorbance peak ranging from 390 nm to 400 nm and average particle size of 29.8
nm was synthesized. According to [180,184] and [189], this peak range and size
signifies silver nanoparticles suitable for antimicrobial use. The optimal conditions
for the adsorption process were identified at a pH level of 6, a temperature of 25 °C,
and a duration of 48 hours of agitation in consonant with [180,190]. The results for
the kinetics model fits demonstrate that the AgNPs adsorption was best described by
a 2-PA process with a R? = 0.982 indicating an heterogenous interactions between
the adsorbate and the adsorbent surface sites [191,192]. This behaviour has been
reported previously for biosorption of Cu-ions [209].

The resulting nanocomposite exhibited significant antimicrobial properties when
tested against Pseudomonas aeruginosa and Bacillus subtilis. The outcomes were

truly remarkable, with a substantial reduction in cell viability noted: a remarkable
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27.77% reduction for Pseudomonas aeruginosa and a notable 15.34% decrease for
Bacillus subtilis.

Building upon these promising results, the research delved into practical applications
of the nanocomposite. Specifically, its cytotoxic properties were assessed in the
context of concrete mortar. This investigation was motivated by the pressing need to
address escalating infrastructure costs associated with the maintenance of concrete
structures that suffer from microbial attacks in moist environments. To simulate real-
world conditions, waste activated sludge (WAS), along with Pseudomonas
aeruginosa and Bacillus subtilis, were introduced in both aerobic and anaerobic
conditions.

Notably, WAS exhibited the highest susceptibility to the nanocomposite with the
most significant reduction in cell viability. While Pseudomonas aeruginosa and
Bacillus subtilis experienced a maximum of 9% and 5% cell death, respectively, with
a 2% cement replacement using the nanocomposite, WAS demonstrated an
impressive 50% reduction in cell viability. The lower cell death recoded for PA and
BS can be attributed to their resistance to pH [247,248]. Additionally, there was
approximately 10% reduction in compressive strength similar to reports from
[85,86,249] and a notable 20% increase in tensile strength, further highlighting the
potential of this nanocomposite as a versatile solution for enhancing the durability
and resilience of concrete structures exposed to challenging microbial environments.
The most optimum mixes in this study were mix 3 (2% ESM/AgNO3), mix 5 (1%
ESM/AgNPs), and mix 6 (2% ESM/AgNPSs) subject to the use case.

These results are of great significance given that the global production of eggshells
amounted to approximately 8.7 million metric tons in 2021. Repurposing the shell
and its membrane in this manner holds significant environmental significance. This
involves minimizing the demand for landfill space, cost savings, and a decrease in
the emission of greenhouse gases.

The unique repurposing of eggshells and their membranes holds significant economic
value. Initially, the funds typically used for handling over 8 million tons of eggshell

waste could be redirected towards more lucrative ventures. The valorisation process
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also yields valuable income sources through the recovery of shell membrane and
other biochemical compounds, such as collagen, which are in high demand.
Additionally, in the context of rising global infrastructure budgets, incorporating
eggshell membrane as an antimicrobial additive in concrete could lead to substantial
savings, potentially up to 40%, in maintenance costs.

In essence, this study not only highlights the versatile and eco-friendly use of waste
eggshells but also provides a foundation for further exploration and application of
these innovative materials in the construction industry. As we continue to seek
sustainable solutions to address environmental and economic challenges, the insights
gained from this research can contribute to a greener and more resilient future for

construction practices.

7.2 RECOMMENDATIONS FOR FUTURE STUDIES

Eggshell was successfully upcycled. As a part of the quest for a greener construction
industry, calcium oxide from eggshells should be used as a replacement for its
limestone counterpart while also employing the shell membrane as an antimicrobial
agent. The overall study has provided in-depth insight into the circularity potential of
the eggshell in the construction industry; however, some limitations exist. All results
were obtained in a controlled environment on a laboratory scale and therefore may
not be a perfect representation of what is obtainable on the field and in a large scale.
A large scale in-situ study is therefore proposed to further understand the properties
demonstrated in the research.

Likewise, more research is needed to evaluate the practicality and economic
feasibility of large-scale implementation of the proposed eggshell membrane
separation process. The potential environmental impacts of acetic acid use in the
membrane separation process should also be considered and mitigated. Furthermore,
considerations should be given to the scalability of the biochemical compound
removal process, the quality and consistency of the CaO produced, the environmental
impact of the extraction process, and the market demand for the recovered

compounds.
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In addition, eggshells from different breeds of chickens as well as from different parts
of the world also need to be properly examined to determine difference in properties
that can influence desired results.

Future studies on the use of eggshell membrane as a composite with other
antimicrobial agents and sustainably sourced nanometals is also encouraged. This
should include adsorption kinetics, process and parameters and antimicrobial
properties.

Finally, a life cycle analysis on the use of Ag/membrane composite in concrete is
recommended. Also, potential challenges such as the sourcing and processing large
quantities of eggshell membranes, the impact on the mechanical properties of
concrete, and the environmental implications of silver nanoparticles should be

thoroughly investigated.
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APPENDIX

In the appendices every number that comes after the letter for figure numbering

represents the relevant chapter in that regard.
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Figure A5.1: TEM image of particles AgQNPs particles at different magnifications

(see scale bar)
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Figure A5.2: ESM/AgNOs EDS Map
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Figure A5.3: ESM/AgNPs EDS Map
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Figure A5.4: ESM EDS Map
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Figure A6.1: Tensile (left) and compressive (right) strength test in progress.
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Figure A6.2:

A section of the tested mortar showing imbedded membrane composite.
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Figure A6.3: TG, DTG, and DSC analysis of concrete mixes 1 to 10.
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Figure A6.4: SEM Images and corresponding EDX profiles of mortar mixes.
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Appendix 168
Table A6.1: EDS percentage elemental composition of mortar mix
Mix/Wt% 1 2 3 4 5 6 7 8 9 10
C 40.02 19.1 22.36 21.3 1759 1919 2596 1919 2351  21.14
0 3896  47.81 4614  46.64 4767 4747 4431 4653 4425  46.28
Na 0 0 0 0 0 0 0 0 0.06 0
Mg 0.36 0.51 0.51 0.43 0.56 0.47 0.46 0.52 0.77 0.71
Al 0.62 0.94 0.91 0.82 0.99 0.85 0.88 0.99 1.45 1.35
Si 7.91 1299 1155 14 1259 1298 9.96 1225 1336  12.16
S 0.25 0.4 0.42 0.45 0.43 0.42 0.48 0.46 0.69 0.76
Ca 1062 1686 1675 1496 1876 1733 1665 1876  18.76 1833
Ti 0.29 0.13 0.15 0 0 0 0 0 0 0.26
Mn 0.04 0 0 0.05 0 0 0 0 0.07 0.09
Fe 0.73 0.92 0.87 0.8 0.94 0.92 0.86 0.97 1.44 1.44
Yb 0.2 0.34 0.35 0.36 0.47 0.37 0.42 0.33 0.6 0.82
W 0 0 0 0 0 0 0 0 0 0
Ag 0 0 0.06 0.2 0 0.05 0.3 0 0 0
Total: 100 100 100 100 100 100 100 100 100 100
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