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Abstract

This thesis focuses on two food products, lupin beans and bitter oranges, that could help release some
of the pressure on agriculture and natural resources.

These food products, have good nutritional value and as crops, have low water consumption and
are very resistant to temperature changes and soil acidity. The main issue with these are the toxic
compounds that make them not edible (synephrine in bitter orange and Lupanine in Lupin beans). This
toxicity causes bitter oranges to be wasted and the need to spend large amounts on the industrial food
processing of lupin beans to make its consumption safe.

The mentioned toxic compounds are added value compounds that the pharmaceutical industry uses.
The present work considers the use of adsorptive separation methods to remove and recover these toxic
compounds with pharmaceutical properties, allowing the safe consumption of the food while seeking to
decrease its environmental impact.

Lupanine binding percentage for commercial polybenzimidazole (PBI) polymer and three derived
PBIs were studied for different solutions, the treated PBIs showed improved results compared to the
commercial PBI. Optimizations, adsorption isotherms and binding kinetics were also studied, and several
recovery solvents were tested to recover lupanine after the binding.

Bitter Oranges amines were extracted with water and the flavonoids were extracted with ethanol a
preliminary binding assay was performed with a synthetic mixture of bitter orange juice (from which the
acidic resins were the best to bind synephrine) the extracted compounds were analysed and quantified
(493 ppm of synephrine).

Keywords: Food production, lupin beans debittering effluent, lupanine, bitter orange, synephrine,
polybenzimidazole polymer (PBI))
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Resumo

Esta tese concentra-se em dois produtos alimentares, o tremoço e a laranja amarga, que podem aliviar
parte da pressão sobre a agricultura e os recursos naturais.

Esses produtos alimentares, possuem bons valores nutricionais e na agricultura tem baixos consu-
mos de água, são resistentes às mudanças de temperatura e à acidez do solo. O problema destes
alimentos são os compostos tóxicos que impedem o seu consumo (sinefrina na laranja amarga e lupa-
nina no tremoço). Essa toxidade faz com que as laranjas amargas sejam desperdiçadas e se tenha de
gastar muita água no processamento industrial dos tremoços para tornar seu consumo seguro.

Os compostos tóxicos mencionados são compostos de valor acrescentado usados pela indústria
farmacêutica. O presente trabalho propõe a utilização de métodos de separação por adsorção para
remoção e recuperação desses compostos tóxicos com propriedades farmacêuticas, permitindo o seu
consumo seguro e tentando diminuir seu impacto ambiental.

A percentagem de adsorção da lupanina para o polı́mero polibenzimidazol (PBI) comercial e três
PBIs derivados foram estudados para diferentes soluções, os PBIs derivados foram melhores em
comparação com o PBI comercial. Otimizações, isotermas de adsorção e cinética de adsorção foram
estudadas. Testou-se vários solventes de recuperação para recuperar a lupanina após a adsorção.

As aminas da laranja amarga foram extraı́das com água e os flavonóides foram extraı́dos com etanol.
Um ensaio de ligação preliminar foi realizado com uma mistura sintética de sumo de laranja amarga
(resinas ácidas ligaram melhor a sinefrina), os compostos extraı́dos foram analisados e quantificados
(493 ppm de sinefrina).

Keywords: Produção de alimentos, efluente do adoçamento do tremoço, lupanina, laranja amarga,
sinefrina, polibenzimidazol (PBI)
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não me viu acabar o curso, muito obrigada por todo o vosso apoio. Obrigada também ao Bruno, por
te preocupares comigo me ouvires e apoiares durante este ultimo ano, por todo o carinho e por me
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Chapter 1

Motivation and Objectives

Society is starting to feel today the effects of climate change. The rising temperatures, extreme weather,
lack of potable water and biodiversity loss are some of the many problems that will continue to affect
human life and food production in the following years, harsh environments make it harder to produce
food.

Even though climate change will affect the food industry, it is itself responsible for causing it. For
example, over 70% of all freshwater withdrawals from rivers, lakes, and aquifers are necessary to irrigate
agricultural fields[1,2]; also, animal production causes up to 18% of the total human-induced greenhouse
emissions[3]. To reduce these numbers, we cannot affect production as it is crucial for human life, so we
need to keep producing food while reducing its environmental impact.

This work focuses on exploring the sustainability potentials of two food products, Lupin Beans and
Bitter Oranges. We selected these because they require scant amounts of water to grow [4, 5], as
they don’t need irrigation. They are also resilient to high temperatures and changes in soil pH [6, 7],
growing even under climate change challenging conditions. Also, lupin beans are natural fertilisers [8],
natural pesticides [9], and have a high protein content being an alternative to meat and could reduce
the need for animal protein consumption [10, 11]. The fundamental problem with these products in the
food industry is the natural toxic alkaloids which extraction is required before consumption [12]. So, the
food industry does not use bitter orange fruits today, mainly the peals are used to produce food additives
and flavours, the rest is lost [13, 14]. Even though its fruits are full of healthy antioxidant flavonoids, it’s
alkaloid (synephrine) prevents it’s consumption [15]. On the other hand, the food industry already widely
uses lupin beans, but removing their main alkaloid (lupanine) implies the use of huge amounts of water
[16], so this process needs to be optimized to extract lupanine while reducing water consumption.

These toxic compounds, that need to be removed from the fruits and seeds, are added value com-
pounds. They are starting materials used by the pharmaceutical industries. By isolating only synephrine,
from the bitter orange juice, it can be sold to the pharmaceutical industry and keep the antioxidant prop-
erties of the juice unchanged. Another approach would be to also isolate these healthy flavonoids and
used them as additives to produce new antioxidant and possibly antiviral and anti-inflammatory food
products.

So, our main goal is to decrease waste and water consumption while removing the toxic added value
compounds to make lupin beans and bitter orange sustainable and healthy food products.

To achieve the aim of this thesis, several points were well-defined:

• Lupin beans:

1. The industrial lupin bean effluent, where the lupanine is present, was characterised.
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2. Different polybenzimidazole (PBI) derived adsorbers were obtained and tested for lupanine
binding.

3. Different solvents were evaluated for lupanine recovery from the adsorber after binding with
the different PBI adsorbers.

• Bitter Orange:

1. Bitter orange fruits were dried and the alkaloids and flavonoids were extracted with water and
ethanol respectively.

2. An HPLC method was developed for identification and quantification of the different com-
pounds present in bitter orange extracts.

3. Preliminary assessment of the most suitable commercial resin was performed for synephrine
or flavonoid binding and future recovery. To achieve this, a synthetic aqueous mixture of
synephrine and naringin (at approximately the pH of the bitter orange juice) was added to
different commercial resins.
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Chapter 2

Introduction

2.1 Environment and Food Production

According to the United Nations Department of Economic and Social Affairs it is estimated that by 2050
we will be 9.7 billion people (Figure A.1) [17], all of them consuming resources and producing vast
quantities of waste, such as pollutants and toxic materials [18,19].

Sustainably meeting the food demand of a growing population using finite resources while protecting
the environment is possibly one of the significant challenges of humanity in the coming decades.

According to the Intergovernmental Panel on Climate Change (IPCC) (2021) [20], global warming is
likely to reach a 1.5 ºC increase between 2030 and 2052. At the current rate, climate-related risks to
health, livelihoods, food security, water supply, human security, and economic growth are projected to
increase with global warming. Also, the effects of this change may be long-lasting or irreversible, such
as losing some ecosystems [20].

Since 1970, human activities have wiped out 60% of wildlife populations [21].The loss of biodiversity
is connected to climate breakdown, affecting each other and producing equally serious risks [22]. Not
only biodiversity is being lost above ground, but also below ground in the soil. Each year 75 billion tonnes
of soil are stripped from the land by wind and water erosion, most of it from agricultural fields [23]. Soil
composition regulates the functioning of the ecosystem, and this biodiversity loss threatens ecosystem
multifunctionality and sustainability [24]. Global environmental changes and land-use intensification are
the strongest drivers of soil biodiversity loss [24–26]. Topsoil is eroding 13 to 40 times faster than
nature can replenish it, and if current rates of land degradation continue, most of the topsoil and current
agricultural croplands could be gone or severely eroded within 60 years [27].

When this damage to soil is irreparable, it results in desertification, especially in soils with low levels
of organic matter because of human activities [24–26] and climatic conditions [23], influenced by global
warming [28]. These crises of drought and desertification of soils will affect the crops and animal health,
lowering breeding rates [3].

This problem extends beyond the land affecting the sea. The biodiversity of marine ecosystems is
in danger because of human activities [29]. Besides that, we are killing trillions of wild aquatic animals
every year for food [30]. If we keep fishing at the current pace, by 2048, our oceans will be empty of fish
[31].

From these sources, we can understand that our principal sources of protein (meat [3] and fish [31])
are in danger of not being sufficient to keep feeding our increasing population [20].

It is estimated that the frequency and magnitude of extreme climatic events such as storms, floods
and droughts will continue to increase because of climate change [20], leading to more soil degradation
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and more biodiversity loss that will have severe consequences for agricultural productivity [28]. Losing
agriculture productivity and rising demand for food worldwide will intensify the need for industrial agricul-
ture, including more irrigation, the use of fertilisers, biocides and mechanisation, and could also mean
a need to expand the croplands and pastures, replacing natural ecosystems [32], all to overcome the
losses caused by climate change and overpopulation [22].

Our sources of freshwater are also running dry. About 70% of all freshwater withdrawals from rivers,
lakes, and aquifers are used to irrigate agriculture [1,2] and, from these, 70 % are being used for animal
production and animal feed [33]. In the future, we may not sustain such an amount with the reservoirs of
water rapidly decreasing [2]. It is estimated that over two-thirds of the world’s population will be affected
by water scarcity over the next decades [34].

Meat production is increasingly less sustainable, requiring high volumes of water per unit of product
and the billion land animals contribute to total human-induced greenhouse gas by 18% and total CO2

emission by 9% [3]. Animal agriculture is estimated to produce more Greenhouse Gas Emissions (GGE)
than all forms of transportation combined [35]. Because agriculture production, and consequently food
security, is strongly influenced by the changes in environmental conditions [28], it is necessary to re-
spond to the need to produce enough food, feed and fibre sustainably, while satisfying the needs for a
non-stopping growing population in a changing climate.

There is a serious risk of future conflicts over habitable lands and natural resources, and forced
human migration is expected to rise mainly because climate change effects will affect agriculture in
various ways, and it will increase the risk of food security especially for the world most vulnerable people
[22]. Currently, in developing countries, there are already millions of people suffering from starvation
and malnutrition. Even though we are farming the planet more than ever and producing enough food
to feed everyone [36], most of this food goes to waste. Worldwide, tons of good edible food is wasted
every day, being estimated that one-third of the food produced is wasted [37]. Although almost a billion
people are chronically hungry worldwide [38, 39], millions of people in developed countries are eating
more than necessary and suffering from diet-related diseases [40–43].

In conclusion, we have an overpopulation that wastes one-third of all the food produced while millions
of people suffer from hunger and malnutrition and millions are obese or overeat. Our food system is too
rich in fat, sugar, salt and meat [40], causing health and environmental problems like heart disease
and GGE, putting our natural resources under pressure. The sources of freshwater are running out or
becoming polluted, the soils are being degraded and the biodiversity of the ecosystems is threatened,
with all these effects being increased by climate change. Therefore, our food system needs to be
adjusted to provide healthier food to our growing population while reducing waste and environmental
impact.

With so many problems to solve, there is no single perfect solution to fix all of them. We need
to reduce water usage in agriculture, find alternative sources for animal protein to decrease animal
production, reduce the use of fertilisers and pesticides that pollute water sources. This thesis will focus
on two food products that meet some of these features and, if optimised, their processing could help
diminish some of these problems.

2.1.1 Potential sustainable food products and their main issues.

Lupin beans and bitter orange have good nutritional properties. Lupin beans are a wonderful source
of proteins and fibres [10, 11] making them suitable as a meat substitute. Both products’ agriculture
productions require scant amounts of water to grow [4]. Moreover, they are resistant to a high range of
changes in soil pH [44] and temperatures [7]. Lupin beans also work as a natural fertiliser and pesticide
and could reduce the number of pollutants used in agricultural fields [8]. The main problem with lupin
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beans is that they have in their composition alkaloids, mainly lupanine, that give a bitter taste to the beans
and are toxic [45]. Therefore, before consumption, it is necessary to remove them. In this process, a
massive amount of water is used in a debittering process, producing lots of waste, throwing away the
sustainable benefits of agricultural production [12].

Bitter oranges, although having great potential as sustainable food, are not used by the food industry.
Mainly the peals are used to produce food additives, flavours and marmalade, but everything else is
wasted [13,14]. The main reason for this is that the rest of the orange is full of toxic alkaloids (synephrine)
that make the fruits not edible [46].

One way to correct the environmental issues with these products is to remove the toxic alkaloids from
the food matrixes without impairing food quality and decreasing waste generation and water consump-
tion.

Also, these toxic chemicals present in the bitter oranges and lupin beans are added value compounds
mainly used by the pharmaceutical industry to make medicines [15, 47, 48]. So, besides having a good
adsorption method that binds selectively these alkaloids, we should also have a satisfactory recovery
method to further valorise them. This thesis aims to study ways to separate the toxic added-value
compounds from the food products while producing sustainable healthy food, decreasing waste and
freshwater consumption.
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2.2 Lupin Beans

Lupin beans, Lupinus albus L. (white lupins), belong to the Leguminosae family, are endemic in the
Iberian Peninsula, in the Mediterranean region and have been cultivated for food for over three thousand
years, since ancient Greece [49].

2.2.1 Crop properties

White lupin grows well in different climates, from northern Europe and Russia to the arid Australian
plains, to the Andean highlands. It is cold-tolerant, but temperatures of -6 ºC to -8 ºC harms germination
[7].

Lupinus albus L. is used in agriculture as a natural fertiliser, increasing the amount of organic matter
in the soil because of its ability to fix atmospheric nitrogen in the roots through endosymbiosis with
bacteria from the Rhizobiaceae family. After harvest, the roots can be collected and sold as a natural
fertiliser, decreasing the excessive use of synthetic fertilisers [8]. Because of this ability, it can also grow
in infertile soils [50].

It requires meagre amounts of water to grow, Lupinus albus L. has intrinsic drought tolerance in-
volving either dehydration avoidance by the maintenance of water uptake or reduction in water loss, or
dehydration tolerance by osmotic adjustment [4]. However, a study [51] showed that during this wa-
ter stress, Lupinus loses most of its leaves and also the stem functioned as a storage repository of
sugars (glucose and sucrose) and amino acids (asparagine and proline), but also concluded that upon
re-watering, lupin plants rapidly re-established the relative water content.

Lupinus albus L. prefers disturbed sites, poor soils, and areas with reduced competition. It grows well
in acidic soils, being more resistant to soil acidity than other legumes such as alfalfa and soybean [44],
although its growth is hampered on alkaline soils [7].These characteristics are relevant for the future
because of the soil degradation and water scarcity predicted for the next decades [52].

2.2.2 Composition

The composition of Lupinus albus L. is within the following ranges [10,11]:

• 36-52% protein;

• 5-20% oil;

• 30-40% fibre;

• 2.4 - 6% sugar;

• 1.9- 2.69% alkaloids (with lupanine being the most abundant, close to 70% [11])

Lupin beans also have vitamins and essential amino acids like lysine, leucine and threonine.

Saccharides
The most abundant sugar present in Lupinus albus L. is sucrose representing about 70.7% but also
galactose [12], glucose, ribose, maltose, fructose and xylose (Table 2.1). Lupin seeds contain a higher
amount of sugar than wheat and legumes, except for soybean [53].

Lupinus usually contain a high percentage of protein and fibre and is therefore used as human food
mainly as a snack and in animal feed, being widely used in protein supplements for ruminants [54]. In
the food industry, due to its high percentage of protein and high nutritional value, it can be used as a
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meat substitute, being used in the manufacture of food products such as flour, crackers, pasta and drinks
[55]. But in order to consume the lupin beans, it is necessary to extract the alkaloids, as they are toxic,
and they are responsible for the bitter taste.

Table 2.1: Monosaccharide and disaccharide composition of lupin beans (L. albus) [10].
Sugars Total (%)
Sucrose 70.7

Galactose 8.4
Glucose 6.7
Ribose 5.8
Maltose 5.1
Fructose 2.8
Xylose 0.6

Alkaloids

Lupinus albus alkaloids are produced in the chloroplasts and then distributed throughout the plant via
phloem and stored in the seeds [11] being found in high quantities there. The most common alkaloids
present in lupin beans, have a quinolizidine nucleus and exert various biological functions, such as
antibacterial [56], antifungal [57] and neurological effects [57]. In the plant, they act as a natural defence
mechanism against predators, which can be an advantage because it reduces the necessity to use
pesticides that are harmful to the environment, but it is also a disadvantage since they have neurotoxic
effects causing tremors, convulsions and excitation [9] only being safe to consume the beans after their
removal [12]. Also, when the alkaloids are removed, the seeds are no longer bitter having a more
appealing flavour.

Lupinus albus L. produces different types of alkaloids that vary in percentage depending on each
species of Lupinus [45]:

• 50-70% lupanine

• 1-3% angustifoline

• 6-15% albine

• 3-10 % multiflorin

• 8-12% 13-Hydroxylupanine

• 1-10% 13-tigloxylupanine

• 0-2% others

It is worth noting that, lupanine is the most abundant alkaloid mainly due to the fact that lupanine is
a biosynthetic precursor for other alkaloids [47] being of great interest to the chemical and pharmaceu-
tical industry. In biological organisms, lupanine, inhibits sodium and potassium channels, blocking the
transduction of nervous signals [11].
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Debittering process

To extract alkaloids from lupin beans, successive extractions with water have traditionally been used
(debittering process), since most alkaloids are water-soluble [12]. This process involves the consumption
of large amounts of water which is eventually discarded with the effluent wastewater at the end of each
leaching batch [16].

The industrial lupin beans debittering process comprises four stages: Swelling, cooking, cooling
and extensive washing. During hydration (Phase 1), the lupin beans are left in water for 14 h to swell,
then they are boiled (phase 2) inside that same water that was used for phase 1, they are cooled with
fresh water and afterwards, the beans are thoroughly washed (phase 4) for around 40 h. Consuming
a total of 54 m3 of fresh water in this last washing step [58]. This process lowers the alkaloid levels to
approximately 0.04% and then they can be consumed in human food [12]. At the end of the process,
lupin beans can also have a salting phase for preservation.

The amount of lupanine released in each stage of the process is presented in Table 2.2.

Table 2.2: Time, lupanine concentration in the effluent, pH and water spent in each of the different steps
of the lupin beans industrial debittering process [58]

Process Time pH Luapanine (g/L) Water
Swelling (Phase 1) 14 hours 7.13 0 0.784 L per Kg of Lupin
Cooking (phase 2) - 5.7 1.67 water used for swelling is boiled
Cooling (Phase 3) 3 to 4 days 3.89 3.44 1 L per Kg of Lupin
Washing (phase 4) 40 hours 3.8 0.045 - 0.943 between 400 and 1900 L/h

To avoid the extraction of alkaloids, sweet lupin species are grown in various regions of the world.
These produce alkaloids in concentrations accepted for consumption, 0.02% of the dry weight of the
seed [59]. However, as sweet lupin does not produce alkaloids, it loses its natural defence and it is
necessary to use fences and pesticides in order to protect plantations, causing severe environmental
problems due to the water and soil contaminations by pesticides [60]. In addition, the sweet lupin comes
from a recessive gene, so in the Iberian Peninsula, as the lupin is born spontaneously, due to cross-
pollination, it is no longer sweet after a few generations [61].

Lupinus albus has many positive aspects, as a crop it does not require the use of fertilizers and
pesticides, can be planted in infertile soils, the root can be sold as natural fertilizer, and the seeds have
several uses in the food industry after the extraction of the alkaloids, due to its high nutritional and
potential health benefits. Also, after the alkaloids are extracted, they have several applications in the
chemical and pharmaceutical industry. However, as a downside, the extraction of alkaloids involves a
high expenditure of water and resources.
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2.2.3 Membrane filtration’s

To reduce some of the amount of water spent in the debittering process, nanofiltration could be used to
treat the effluent so it could be reused, as it was first suggested by T. Esteves, et al.[62]. At the same
time a retentate, comprising the cooling and the washing phases of the lupin beans industrial debittering
process (Table 2.2), is obtained with a lupanine concentration of approximately 3 g/L. This stream is the
focus of this thesis for the development of a process for lupanine isolation by adsorption (Figure 2.1) and
recovery for further purification and valorisation in the pharmaceutical industry.

The effluent used for the experiments in this study corresponds to phase 3 cooling effluent because
it is already at a lupanine concentration of 3 g/L, this is representative of the concentrations of lupanine
after the nanofiltration .

Figure 2.1: Example of a Nanofiltration strategy for lupin beans industrial effluent treatment.

2.2.4 Pharmaceutical properties

Lupin beans have health benefits. The proteins present in the Lupinus albus L. decrease hypercholes-
terolemia [63, 64] and may also have some anti-inflammatory effects, while lupine hydrolysates may
help prevent diseases related to chronic inflammation [65]. Quinolizidine alkaloids from Lupinus species
increase insulin secretion, having potential use in the treatment of type 2 diabetes [66].

Also, the lupanine structure includes useful functionalities for the fine chemicals and pharmaceutical
industries, serving as a starting material for the synthesis of other alkaloids with high added value [67].
These characteristics make lupanine the main added value compound of Lupinus albus L.
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2.3 Bitter Orange

Citrus auratium L. (CA) (Rutaceae), commonly known as bitter orange, as the name suggests has a
more bitter albedo and a more acid pulp than other oranges.

It is a fundamental ingredient in many regional cuisines around the world : it is very popular in
Afghanistan [68], southern India (used in pachadis, a yogurt-based side dish [68]), China (commonly
used as food flavour ingredient [69]) etc. it is also used in the food industry mainly as an aroma and
flavour additive used in beverages, marmalade, gelatine, sweets, soft drinks, ice creams, dairy products,
oils, candies and cakes [13,14]. Due to its sour and bitter taste, it has not been much used as an edible
fruit [70]. The juice of the fruit is used in salads for sour taste instead of lemon juice [70].

2.3.1 Crop properties

CA can grow in a wide range of soil pH. Although it prefers a pH between 5 and 6, it can grow in the
pH range of 4.8 to 8.3 [6] allowing to grow in most of the soils and withstand soil pH changes. Another
outstanding characteristic is that it doesn’t need manure to grow. In fact, Citrus species dislike it [71].

Although CA best growth occurs within 29-35°C [5], it is resistant to cold, with the dormant plant
being able to withstand temperatures down to about -6°C [6]. This cessation of growth during winter
helps in flower bud induction, resulting in spring flowering but it has no specific requirement of winter
chilling, since it thrives well in frost-free sub-tropical to semitropical climate [5].

Even though it can be irrigated, it is unnecessary, since it consumes low amounts of water, as an
annual rainfall of 700 mm is sufficient [5]. Actually it should only be irrigated when the compost is almost
dry[71] because it is intolerant to water logging[6], so the globally averaged annual precipitation over the
land of 715 mm, and in Portugal of 854mm [72] is sufficient. These characteristics show that CA can be
a good choice to cultivate food in the future when shifts in temperature and water scarcity will be more
severe.

2.3.2 Composition

The chemical composition of the CA includes vitamins, minerals, phenolic compounds such as flavonoids,
amines, among others [15]. Citric acid is the most abundant organic acid in CA, corresponding to 97%
of all organic acids present in bitter orange juice [70] (Table 2.3). In the peel, the most predominant
organic acid was found to be the oxalic acid corresponding to 54% of total acids [70]. As we can see in
Table 2.3 there are other acids present in CA juice such as oxalic acid, malic acid, and ascorbic acid. In
the peel other organic acids present are quinic acid and ascorbic acid [70].

Table 2.3: Organic acid content of CA samples. Data from: [70]
Sour Orange Oxalic Malic Ascorbic Citric Quinic

Juice (mg/L) 89.5±2.4 384.6±12.9 312.2±19.7 39153.3±328.8 n.d.
Peel (mg/100 g) 257.5±25.3 N.d 117.6±7.3 n.d. 98.5±10.4

Naringin and Hesperidin

Flavonoids are some of the major bioactive constituents of bitter orange fruits, such as naringin,
hesperidin, neohesperidin, naringenin and hesperetin. The characteristics of these flavonoids have been
investigated intensively, and they have shown to possess antioxidant [73], antiviral, anti-allergic [74],
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vasoprotective [75] and anticarcinogenic properties [75]. CA extract also showed potential pesticidal
activity [76].

Naringin and hesperidin (Figure2.2) are the most abundant flavonoids in CA reaching a concentration
of 299.2 ± 0.5 mg/kg and 210.3 ± 1.3 mg/kg of dry fruit, respectively [77].

Figure 2.2: Chemical structure of naringin and hesperidin

The poor aqueous solubility of hesperidin limits its dissolution rate in water, which finally results in
poor in vivo bioavailability [78]. Hesperidin has also been reported as insoluble in most of the physiolog-
ically safe organic solvents like ethanol, so in most studies, it has to be extracted with methanol, where
it shows to be very soluble [78].

Naringin concentration in bitter orange increases when the fruit matures, while, hesperidin, on the
other hand, diminishes [79].

The total phenolic content and total flavonoid content of the bitter orange peel is higher than in other
commonly used citrus fruit peels such as lemon, orange, and grapefruit [70], making bitter orange a
great source to obtain these compounds.

Table 2.4: Total phenolic and total flavonoid content of sour orange samples. Data from:[70] . Concen-
trations in GAE (Gallic Acid Equivalence) a colorimetric assay using Folin-Denis reagent.

Juice (GAE/100 mL) Peel (GAE/100 g)

Total Phenolic Content 56.9±2.4 487.1±5.1
Total Flavonoid Content 7.7±0.8 387.4±6.9
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Synephrine
Other bioactive compounds commonly found in citrus Aurantium are the amines with adrenergic activity
such as octopamine, tyramine, N-methyl-tyramine, hordenine, and synephrine (Figure 2.3), with the last
one being the most abundant amine in CA [46].

Figure 2.3: Chemical structure of synephrine

Synephrine is naturally present in citrus plants. It is a sympathomimetic alkaloid that exists in three
different positional isomers (ortho o-, meta m-, and para p-). However, only p- and m-synephrine have
been described in weight-loss products [48].Synephrine acts on several adrenergic and serotonergic
receptors and has activity on trace-amine-associated receptors [80]. This adrenergic stimulation results
in weight loss [81].

Some authors argue that both p- and m-synephrine are present in CA fruits [82, 83], but most lit-
erature describes only p-synephrine to be present [82-84]. Its use became popular after the US Food
and Drug Administration (FDA) prohibited the use of ephedrine-containing dietary supplements, be-
cause these products increase blood pressure exposing users to serious adverse events such as stroke,
heart attack, and death [84]. Due to the structural similarities between ephedrine and p-synephrine, it
has been assumed a similar pharmacological effect of p-synephrine to those of ephedrine, without the
contraindications found for the last one [15]. The consumption in the form of CA extract and as pure
synephrine at therapeutic doses was proven to have no unwanted effects in animals and human models
[15].

2.3.3 Pharmaceutical properties

CA was traditionally used as a medicinal material in China because of its various pharmacological ac-
tivities [85], with multiple therapeutic potentials, such as [15]:

• Anticancer: Flavonoids extracted from CA have potential chemotherapeutic properties against
cancer [86]. They mediate the inhibition of several kinases (kinase inhibitors) which are involved
in cell-cycle arrest and cell apoptosis. This inhibition will vary depending on the structure of each
flavonoid [75], each acting in different development stages of malignant tumours [87].

• Antianxiety: Preparations of citrus aurantium L. (Rutaceae) are popularly used in order to minimise
central nervous system disorders [88]. CA essential oils showed sedative activity effects in mice,
after a single treatment [89].

• Antiobesity: Flavonoid-rich extracts from CA, comprising 32.15% of neohesperidin, hesperidin and
naringin, showed anti-obesity effects in mice [90]. Synephrine present in CA showed promising
results in the treatment of obesity by increasing energy expenditure, increasing metabolism, and
suppressing appetite [83].

• Antibacterial: Citrus aurantium juice presented antibacterial effects on Salmonella Typhimurium
and Listeria monocytogenes after 7 days of incubation, although it was found that the antimicrobial
effect of sour orange juice mainly depended on its low pH value [91].
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• Antioxidant: CA flavonoids (naringin, naringenin and hesperidin) were reported to impair reactive
oxygen species, having antioxidant action protecting against oxidative stress linked to inflammation
and reducing the risk of macromolecule damage caused by free radicals [73].

• Antidiabetic activity: Neohesperidin derived from CA significantly elevated oral glucose tolerance
and insulin sensitivity and decreased insulin resistance in the diabetic mice showing great potential
in the prevention of diabetes [92].

2.4 Added Value Compounds Extraction

Lupanine and synephrine present in lupin beans and bitter orange, respectively, are toxic for human
consumption (at concentrations above the therapeutic dosage) . To use lupin beans and bitter orange in
food production, it is necessary to reduce the concentration of these two alkaloids. Many unit operations
can be used to extract alkaloids from solutions, such as filtration, liquid-liquid extractions, adsorption
methods, etc.

Membrane separations are also some of the most used choices for separation processes mainly
because of their simple process scale-up, low energy use and lack of necessary chemical additions,
but they lack selectivity and it’s necessary to further process the resulting streams to isolate the added
value compounds desired. The same issues apply to liquid-liquid extractions, besides having a high
environmental impact, by the production of a huge amount of solvent waste, they also lack selectivity
and further processing is needed.

Although the processes mentioned above could be efficient in extracting the alkaloids from the ef-
fluent of lupin beans and the orange juice allowing their consumption, further processing is needed to
isolate and purify them. The most appropriate processing methods that can extract these compounds
with higher selectivity are adsorption separation methods, such as the use of commercial resins or
polybenzimidazole (PBI).

Adsorption methods are the most used to treat wastewaters [93], and the most common procedures
used to separate and purify alkaloids from plant materials are the use of precipitation, ion exchange
resins, adsorption resins and silica gel. Resins are cheaper and have lower operating pressure (when
used as columns) than silica gel, they are more suitable for the preliminary separation of alkaloids [94].
In this way, it is possible to extract and isolate the added value compounds for further valorisation, in the
chemical and pharmaceutical industries, in a simpler way with a more environment-friendly technique
with high efficiency and lower toxicity.

2.4.1 Resins

Synthetic resins are used in water and wastewater treatment, food processing and medicinal applica-
tions. They form an integral part of many food processing units, mainly for the removal of unwanted
compounds [95]. Commercial resins are not expensive, do not require complicated procedures and are
commonly used in adsorption separation processes because of their hydrophobicity or ionic selectivity
[96,97]. Also, one of the main advantages of using resins is that they can be reused upon regeneration
[98].

Resins are classified into two types: ion exchange resins or polymeric adsorbents. Ion exchange
resins act based on the interchange of ions between two phases, the insoluble phase (the resin) and the
solution phase [96,99].

The insoluble phase contains immobilised acid groups (cation exchange resins Y−) or base groups
(anion exchange resins X+) that exchange positive or negative counter ions (A− or C+) [96, 99], as
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demonstrated in Figure 2.4. Ionic exchange resins are commonly used for pharmaceutical production,
fine chemical processing and food processing.

With polymeric adsorbents, the interactions between the compounds and the resin are based on
hydrogen bonding, hydrophobic or van der Waals interactions [97]. Comprising many different poly-
mer formulations, polymeric adsorbents are stable at virtually all pH levels, which allows operation in
conditions under which silica-based materials are unsuitable.

Alkaloids, also known as organic bases, are widely distributed in many plant materials, and most
of them have significant physiological activities. Its alkalinity can be characterised by the value of its
conjugated acid pKa ( synephrine has a pKa of 9.8 [100] and lupanine has pka of 9.1 [101] ).

Figure 2.4: Example of polystyrene – based anion and cation exchange resins [99]

Both compounds are present in acidic solutions (the lupin beans process effluent [58] and the bitter
orange juice) which means that these compounds will be present as ions, with a positive charge. Based
on this, the best resins for the isolation of these compounds would be the cationic exchange resins
[62]. The positive charge of lupanine and synephrine will exchange with the protons of the sulphonic or
carboxylic acid groups depending on the type of the cationic resin [98].

Moreover, because we are considering two organic compounds, the polymeric adsorbers will also be
a good possibility. These resins will interact through hydrophobic and polar effects with the compounds
due to their aromatic bonds [98], as observed for lupanine and the resin Amberlite XAD-16 [62].

Not only is necessary to have good adsorption capacities, but the resin should also allow the highest
possible recovery percentage of the desired compounds. For example, if a resin binds 100% of the
compound of interest from the solution but it’s not possible to recover it from the adsorber, we cannot
further isolate it. So, a strong acid cation exchanger, that has a strong affinity to alkaloids, might not be
the best choice, but rather a weak acid cation exchanger that can bind the alkaloids but can allow us to
recover most of it from the resin and re-use the resin making the extraction more efficient [62,98].

These are theoretical approximations; each alkaloid is present in a complex mixture (the industrial
effluent and the bitter orange juice) that can influence the way the alkaloids will bind to the functional
group of each resin. Therefore, two resins of each type were selected to assess preferential binding
to synephrine or flavonoid compounds in citrus orange juice: cation exchange (AG50W-X8 and Purolite
PD206), anion exchange (Amberlite IRA-68 and Amberlite IRA-458) and polymeric adsorbent (Amberlite
XAD-16 and Amberlite XAD 4). The characteristics of these resins are presented on Table 2.5.
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Table 2.5: Resin classification, Particle size, structure of the matrix, functional groups and Ionic forms
for each of the resin tested.

Resin Classification Particle
size Matrix Functional

group
Ionic
Form

AG 50W-X8 Strong acid cation
Exchange

160-250 µm

Polystyrene
cross-linked

with 8%
divinylbenezene

Sulfuric acid Hydrogen (H+)

PUROLITE
PD206 300-120 µm

Polystyrene
cross-linked

with
divinylbenzene

IRA 68 Weak base
anion echange 595- 841 µm Crosslinked acrylate Tertiary

ammonium Free base

IRA 458 Strong base
anion exchange 700-1000 µm Polyacrylic Quaternary

ammonium Chloride

XAD 16 Polymeric
Adsorbent

560-710 µm Hydrophobic
polyaromatic NA NAXAD 4 490-690 µm

2.4.2 Polybenzimidazole (PBI)

Polybenzimidazoles (PBI, Figure 2.5) is an extremely heat-resistant heterocyclic thermoplastic that is
being used for various applications, in particular, for high-temperature applications, fibre spinning, and
reverse osmosis and organic solvent nanofiltration membranes (allowing high-temperature filtrations
[102]), because of its excellent thermal and chemical tolerance and film-forming capability [103].

PBI has a pka of 5.5 [104] and proton donor (-NH-) and a proton acceptor (-N=) hydrogen-bonding
sites (Figure 2.5) which exhibit specific interactions with protic and aprotic polar solvents [105]. PBI has
been subject to some modifications (structural and ionic) and its adsorption potential has been assessed
for the removal of genotoxic impurities from solutions containing active pharmaceutical ingredients [106].
In these studies, the following modifications were performed:

• PBI with thermal treatment (PBI-T) : raw PBI was dissolved in Dimethyl sulfoxide (DMSO) at high
temperatures (> 160 oC), and precipitated with water to increase the surface area of the polymer.

• PBI with thermal and acid treatment (PBI-TA) : PBI-T was conditioned with hydrochloric acid (HCl)
to induce ionic interactions between the polymer and the adsorbate.

• PBI with thermal and basic treatment (PBI-TB) : PBI-T was conditioned with sodium hydroxide
(NaOH) to induce ionic interactions between the polymer and the adsorbate.

The synthesis and processing of active pharmaceutical compounds are usually carried out in organic
solvents, so PBI is an interesting polymer because it is compatible with these solvents. The purification
of lupanine is also interesting for the same reason, although the adsorption process with PBI will be per-
formed in an aqueous solution (effluent) the recovery process can be performed using organic solvents,
allowing to explore, if necessary, harsher chemical conditions and organic solvents. This is something
that cannot be done with commercial resins.
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Figure 2.5: PBI Molecular Structure [103]

2.4.3 Adsorption modeling methods

Modeling the experimental data from the adsorption processes can help us predict the mechanisms of
the various adsorption systems and design low-cost adsorbents for the detoxification of effluents [107].
Having a good interpretation and understanding of the adsorption equilibrium information is the most
important piece of information needed to improve the adsorption mechanism pathways and effectively
design the adsorption process [108].

2.4.3.1 Adsorption isotherms

Adsorption isotherms are used to describe the equilibrium relationships between adsorbent and adsor-
bate. The linear regression analysis has been one of the most applied tools for defining the best fitting
adsorption models, but with the evolution of computer technology, there has been an increase in the use
of nonlinear isotherm modelling [108].

Adsorption isotherms linear regressions usually correlate the quantity adsorbed and that remaining
in solution at a fixed temperature [107]. There are many forms of adsorption isotherms,the methods
most widely used, and are two of the oldest isotherms, are the Freundlich and the Langmuir models.
Both models are often used at the same time to compare and choose the better one according to the
determination coefficient (R2) [94]. The Freundlich isotherm can be used for non-ideal adsorption on
heterogeneous surfaces and the Langmuir isotherm assumes monolayer adsorption on a homogenous
surface [107].

There are other simpler Isotherm models that are not as widely used such as Henry’s isotherms (a
one-parameter isotherm model) but because it only has an appropriate fit at relatively low concentrations
of adsorbate, considering that all adsorbate molecules are secluded from their nearest neighbours [108]
it wasn’t tested for our adsorptions.

2.4.3.2 Adsorption kinetic equations

Adsorption kinetics measures the rate of adsorption, which determines the time required to reach equi-
librium for the adsorption process [109].The type of adsorption and the accessibility to adsorption site
will influence the adsorption kinetics.

Although we refer to adsorption as one step, it involves several steps that affect the kinetics. The first
step of adsorption is bulk diffusion (when the adsorbate goes from its original solution to near the liquid
surrounding the solid adsorbent). The second step is the external diffusion (when the adsorbate has to
cross the liquid that is surrounding the solid adsorbent particles), subsequently, it enters the adsorbent
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particles through interparticle diffusion and finally there is the interaction with the surface sites. For the
case of reversible adsorption, there is also the desorption of the adsorbate from the adsorbent surface.
The overall rate of the adsorption is controlled by the slowest of the above steps [109].

The adsorption rate is an important index when optimising the resin for absorbing alkaloids . There
are a variety of different models to fit the adsorption rates. These models describe the rate of retention
of adsorbate from a solution to the solid-phase interface at a given adsorbent dose, temperature, flow
rate and pH [110].

The pseudo-first-order and pseudo-second-order kinetic models are the most commonly used em-
pirical models for alkaloid adsorption [94].

The pseudo-first-order kinetic model, also known as the Lagergren model, is more accurate to fit,
the initial stage of adsorption, for a high initial concentration of adsorbate. When the initial concentra-
tion is low, the pseudo-second-order kinetic model is more suitable for fitting the subsequent stage of
adsorption [94]. The mixed order model is a mix of the above-described models, and it can fit the whole
adsorption process of any initial concentration [94]. Elovich model (developed by Zeldowitsch) helps to
predict the mass and surface diffusion, activation and deactivation energy of a system. This model often
is applied in gaseous systems but it also is applicable in some effluent processes. It assumes that the
rate of adsorption of solute decreases exponentially as the amount of adsorbed solute increases [110].
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Chapter 3

Methods and Materials

3.1 Materials

Reagents Ethyl acetate (EtOAc), tetrahydrofuran (THF),isopropanol (IPA), Ethanol (EtOH), Hexane,
dichloromethane (DCM), methanol (MeOH),glacial acetic acid (AcOH) and acetonitrile (MeCN) HPLC-
grade, HCl 37% solution,potassium hydroxide (KOH) pellets and NaOH pellets were purchased from
Fischer Scientific. DMSO was purchased from Carlo Erba Reagents S.A.S and 1-Butanol was pur-
chased from Merck KGaA.

Bovine serum albumin (BSA), Coomassie Brilliant Blue and 3,5-Dinitrosalicylic acid was purchased
from Merck KGaA. Dowex AG50W-X8 was purchased from BDH Chemicals Ltd Poole England; Purolite
PD206 was purchased from Purolite ion exchange resins; Amberlite IRA68, Amberlite XAD-4 and Am-
berlite IRA458 were purchased from Rohm and Haas France S.A.S; Amberlite XAD-16 was purchased
from ThermoFisher (Kandel) GmbH.

Hesperidin (CAS 520-26-3) and Synephrine (CAS 94-07-5) were purchased from TCI Chemicals
Europe N.V and Naringin (CAS 10236-47-2) was purchased from Alfa Aesar.

Pristine polybenzimidazole (PBI) polymer 100 mesh powder was purchased from PBI Performance
Products Inc. (USA).

Raw materials Industrial lupin beans effluent, with a lupanine concentration of 3 g/L (debittering
phase), was kindly provided by Tremoceira M. Ferreira Bastos Lda. (TMFB) Portugal. This effluent
with this lupanine concentration was chosen as a representative of the concentrations of lupanine after
the nanofiltration process.

Lupanine was kindly provided by the Faculty of Pharmacy of the University of Lisbon.

Mature bitter orange fruits were collected at Instituto Superior Tecnico (IST) Alameda, Lisbon, Portu-
gal in 2020 (16 of December).

Equipment The reagents and materials were weighted using an analytic balance (Sartorius, CPA64
d=0.1mg). To measure absorbances required to perform Bradford and DNS methods, and to register
UV Spectrum (200 - 400 nm) of Naringin, Hesperidin and Synephrine, a Microplate reader (Multiskan
Go Microplate Spectrophotometer) was used.

Quantification of lupanine was performed on a Hitachi LaChrom High Performance Liquid Chro-
matography (HPLC) with a Kinetex 5 µm EVO C18 100A LC column (250 mm x 4. 6mm). The HPLC
was constituted by two pumps (L-7100), an interface module (D-7000), an autosampler (L7250) and a
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UV detector (L-7400, =220 nm).). The mobile phase consisted of 15% of MeCN and 85% of aqueous
Na2HPO4 buffer (pH 10.5) at a flow rate of 1 mL/min, injection volume of 20 µL and 30 min of run time.

The detection of sugars and organic acids in the effluent was performed using a Hitachi LaChrom
Elite HPLC equipped with a Rezex ROA-Organic acid H+ 8% (300 mm x 7.8 mm) column, an autosam-
pler (L-2200), a L-2130 pump, a L-2490 refraction index (RI) detector for sugars and phosphate and a
Hitachi L-2420 UV-Vis detector for organic acids. The injection volume was 20 µL, with a flow rate of 0.5
mL/min and elution was achieved using a 5 mM solution of H2SO4 as mobile phase. The column was
kept at 65 °C under a pressure of 26 bar and 30 min of run time .

Quantification and detection of synephrine, naringin and hesperidin were performed on a VWR Hi-
tachi Chromaster HPLC equipped with a Luna 10 µm C18(2) 100 A , (250 mm x 4.6 mm) LC Column, a
UV-Vis Detector (5420), a Column Oven (5310) and na autosampler (5260). For synephrine and naringin
in the bitter orange juice synthetic mixture the UV detection was 225nm for synephrine and 283 nm for
naringin, the injection volume was 10 µL, with a flow rate of 1 mL/min and the mobile phase consisted of
50%Water (0.6% acetic acid) and 50% Methanol and 27 min of run time. For synephrine, naringin and
hesperidin on bitter orange dried extracts the UV detection was 225 nm, the injection volume was 10 µL,
with a flow rate of 0.6 mL/min and the mobile phase consisted of 60%Water (0.6% acetic acid) and 40%
Methanol and 60 min of run time.

Bitter Orange samples were lyophilised on a CHRIST Alpha 1-2 LD plus lyophilizer.
The Bitter orange fruits were dried in a Vacuum Drying Oven Heraeus Vacutherm VT 6025 (Thermo

scientific) at 40oC under a pressure of 100 mbar and grinded on a Moulinex original grinder

3.2 Methods

3.2.1 Lupin beans effluent characterization and membranes

3.2.1.1 Sugars and organic acids

Acid hydrolysis [111]
Sulfuric acid hydrolysis was used to hydrolyse the polymeric forms of carbohydrates present in the
effluent into monomeric subunits. To do that, 143.75 ml of effluent were mixed with 6.25 ml of H2SO4 for
a final concentration of H2SO4 of 4% (w/w). Then, this mixture was placed in a borosilicate glass bottle,
and it was autoclaved for 1 h at 121 °C. After completion of the autoclave cycle, the sample was allowed
to cool down to room temperature.

After this, the mixture was vortexed, and a 3 mL aliquot was taken into a 50 mL Erlenmeyer flask for
pH adjustment (pH 5.5 ) with calcium carbonate added in small amounts, with vortex between additions,
allowing the sample sufficient time to finish bubbling before checking the pH. Calcium carbonate, if added
in large amounts, often leads the sample to froth and turn into a lump of precipitate. It is very important
to adjust the pH of the sample correctly as low and high pH values can damage the HPLC column [111],
including, but not limited to, aliquot amount and sample buffering capacity. As the neutralisation process
progresses is normal to form a precipitate in the sample. Aliquots are typically about 1–3 mL and large
volumes of hydrolysate should not be neutralised at once. Also, the vessel must be large enough to
contain the sample when it off-gases and bubbles during the neutralisation process.

HPLC sample preparation
Three different samples derived from the effluent were analysed in the HPLC: the standard effluent,
a basified sample of the effluent and the effluent obtained after hydrolysis. 1ml of each sample was
centrifuged, and the supernatant was filtered through a 0.2 µm nylon filter. Samples for HPLC analysis
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were prepared by mixing 400 µL of each sample with 1600 µL of a 50 mM solution of H2SO4 in a
microtube, giving a final dilution of 1:5. Each sample was prepared as follows:

1. Standard Effluent: the effluent has a pH of 4 so it was basified with calcium carbonate to a pH of
5.5.

2. Basified Effluent: the effluent was basified with 1 pellet of KOH reaching a pH of 14 that caused
precipitation of some impurities ,the impurities were filtered, and the pH of the sample was adjusted
to 8 with the addition of H2SO4 50 mM.

3. Hydrolysed Effluent: this sample was obtained applying the procedure described in the previous
section.

3.2.1.2 Total protein- bradford assay

The Bradford protein assay was used to determine the total protein concentration of the effluent. This
method is based on the proportional binding of the dye Coomassie to proteins. It is a colourimet-
ric method. As the protein concentration increases, the colour of the test sample becomes darker.
Coomassie absorbs at 595 nm. The protein concentration of a sample is compared to a series of protein
standards (the protein used as a standard was Bovine Serum Albumin (BSA) [112] and then determined.
The concentration is determined by the Lambert-Beer law (equation. 3.1), where A is the absorbance, ε
is the molar attenuation coefficient or absorptivity of the attenuating species, ℓ is the optical path length
in cm and c is the concentration of the attenuating species.

A = εℓc (3.1)

• Calibration curve preparation:

1. Mix 25 mg of BSA in 25mL of water (standard solution).

2. Do test solutions for the reference standards according to Table 3.1.

3. Shake vigorously in a vortex.

4. In a 96 well plate add 196µL of coomassie + 4µL standard solution. It is important to make a
blank too (196µL of coomassie + 4µL of water).

5. Wait 2 min and read the absorbance at 595 nm using a microplate spectrophotometer.

6. Plot the absorbance of each standard solution as a function of its theoretical concentration
(Figure A.2). The plot should be linear. Use the obtained equation to calculate the concentra-
tion of the protein sample based on the measured absorbance.

Table 3.1: BSA Standard solutions for Bradford Calibration curve preparation
Water (mL) Standard solution (mL) Concentration (mg/mL)

1 0 0
0.9 0.1 0.1
0.8 0.2 0.2
0.7 0.3 0.3
0.6 0.4 0.4
0.5 0.5 0.5

• Determination of protein concentration in the sample:
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1. In a 96 well plate add 196 µL of coomassie + 4 µL of sample. It is important to make a blank
too (196 µL of coomassie + 4 µL of water).

2. Wait 2 min and measure the absorbance at 595 nm using a microplate spectrophotometer.

3. Use the calibration curve to obtain the protein concentration.

3.2.1.3 Total reducing sugar- DNS assay

The 3,5-dinitrosalicylic acid (DNS) is reduced to 3-amino-5-nitrosalicylic acid by glucose (containing
hydroxyl groups, -OH). The reduced DNS is a coloured compound that absorbs light with a wavelength
of 540 nm, so it’s possible to establish a direct relationship between the colourimetric measurement and
the amount of reducing sugars in the sample making this spectrophotometric analysis a reliable, robust,
and simple method [113].

• Calibration curve preparation:

1. Do test solutions for the reference standards according to Table 3.2.

2. Shake vigorously in a vortex.

3. In a 96 well deep plate add 100 µL of DNS + 100 µL of standard solution. It is important to
make a blank too (100 µL of DNS + 4 µL of water).

4. Cover the 96 well deep plate with aluminium foil and incubate at 100 °C for 5 min.

5. Let it cool to room temperature, add 500 µL of distilled water and shake.

6. Transfer 200 µL of each well into the corresponding well of a 96 well plate.

7. Measure the absorbance at 540 nm using a microplate spectrophotometer.

8. Plot the absorbance of each standard solution as a function of its theoretical concentration
(Figure A.3.) The plot should be linear. Use this equation to calculate the concentration of the
protein sample based on the measured absorbance.

Table 3.2: Glucose standard solutions - DNS calibration curve preparation
Water (mL) Standard solution (mL) Concentration (mg/mL)

1 0 0
0.9 0.1 0.1
0.8 0.2 0.2
0.7 0.3 0.3
0.6 0.4 0.4
0.5 0.5 0.5
0.4 0.6 0.6
0.3 0.7 0.7
0.2 0.8 0.8
0.1 0.9 0.9
0 1 1

• Determination of reducing sugars in the samples:

1. In a 96 well deep plate add 100 µL of DNS + 100 µL of sample solution. It is important to
make a blank too (100 µL of DNS + 4 µL of water).

2. Cover the 96 well deep plates with aluminium foil and incubate at 100 °C for 5 min.
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3. Let it cool to room temperature, add 500 µL of distilled water and shake.

4. Transfer 200 µL of each well into the corresponding well of a 96 well plate.

5. Measure the absorbance at 540 nm using a microplate spectrophotometer.

6. Convert the optical density values for reducing sugar concentrations based on the calibration
curve.

3.2.1.4 Lupanine quantification and calibration curves

A stock solution of lupanine was prepared by dissolving 0.1 g of pure lupanine in 10 mL of Milli-Q water
(10 g/L). Aliquots of the stock solution were pipetted in consecutive dilutions into 14 volumetric flasks to
obtain solutions of lupanine with concentrations between 10 g/L and 0.005 g/L ( Table 3.3)

Table 3.3: Lupanine consecutive dilutions
Lupanine (g/L) Volume from the stock solution ( µL) Final Volume (mL)

10 0 10
7.5 7500 10
5 5000 10
4 4000 10
3 3000 10

2.5 1250 5
1 500 5

0.5 250 5
0.25 150 5
0.1 250 10

0.05 125 25
0.025 125 25
0.01 50 50
0.005 50 100

A 1.5 mL sample of the solutions with different lupanine concentrations was transferred to HPLC vials
for HPLC analysis. The calibration curve was then obtained by plotting the area of the lupanine peak as
a function of the concentration (Figure A.4).

For lupanine quantification the effluent samples were basified with KOH (pH 14), centrifuged using a
micro-centrifuge (Sigma) at 10,000 rpm for 3 min and filtered with nylon syringe filters (13 mm diameter
and 0.22 µm pore size, Tecnocroma) and transferred to HPLC vials. Then, the lupanine calibration curve
(Figure A.5 and Figure A.6) was used to obtain the lupanine concentration in the samples.

3.2.1.5 Membrane filtration

100 ml of previously basified lupin beans effluent (lupanine 3 g/L) of effluent was concentrated using a
NF270 (from Dow FILMTEC) nanofiltration membrane. The conditioning of the membrane was done by
adding 200 mL of distilled water into the filtration cell under a pressure of 15 bar until a constant flux was
obtained. Then the 100 ml of basified efluent was placed in the feed tank. 50 mL was filtered and 50 mL
of effluent was left in the retentate.
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3.2.2 Lupanine adsorption experiments

3.2.2.1 PBI derived adsorbers

PBI thermal treated (PBI-T) [106] : Was obtained by dissolving pristine PBI polymer in DMSO
(15% w/w) by heating, under air, at 163 °C for 3 h with magnetic stirring and further 100 °C for 24 h.
The solution was then cooled to 50 °C and precipitated with water (Figure A.7). The resulting solid was
crushed, filtered, and successively washed with water (40 mL/g polymer), MeOH (20 mL/g polymer)
and DCM (20 mL/g polymer) for 3 min each with magnetic stirring (3 times for each solvent). The solid
obtained was then dried under vacuum.

Ph Conditioning [106] : PBI-T was pH conditioned with HCl 0.25 M (PBI-TA) or NaOH 0.1 M
(PBI-TB) solutions by washing. The polymers were immersed for 3 min in 20 mL of acidic or basic
solution per gram of polymer with magnetic stirring. After this, the polymers were successively washed
by magnetically stirring for 3 min in solutions of water (40 mL/g polymer), MeOH (20 mL/g polymer)
and DCM (20 mL/g polymer) (3 times for each solvent) and dried under vacuum overnight.The polymers
were removed from each solution by simple filtration and transferred to the next solvent.

3.2.2.2 Lupanine binding assessment

Binding assays were performed by adding to 2 mL Eppendorf tubes, 100 mg of each PBI polymer, and
1 mL of solution (1 mL of lupanine stock solution at 3g/L or lupin beans effluent regular pH or basified).
The tubes were allowed to stand overnight at room temperature, under agitation (100 rpm) with magnetic
stirring. Each polymer was tested in duplicate. After this, the tubes were centrifuged at 10,000 rpm for
3 min, and the supernatant was recovered and basified with KOH pellets (pH between 13 - 13.5). After
this, the samples were centrifuged again, at 10,000 rpm for 3 min and the supernatant was filtered to
HPLC vials and analysed for lupanine quantification. Duplicate samples of the stock solutions (pure
lupanine and effluent) were also analysed by HPLC for lupanine quantification. The effluent sample was
processed as previously described.

The lupanine calibration curve (Figure A.5 and Figure A.6) were used to obtain the lupanine concen-
tration in the samples.

The percentage of lupanine bound to the adsorbers was calculated from equation 3.2 where C0

(mg/L) is the initial lupanine concentration and Cf (mg/L) is the final lupanine concentration in solution.

binding (%) =
[C0 − Cf ]

C0
× 100 (3.2)

The adsorption capacity of each adsorber was calculated from equation 3.3 where Q (mg/g) is the
amount of lupanine bound to the adsorber, C0 (mg/L) is the initial lupanine concentration, Cf (mg/L)
is the final concentration of lupanine in solution, V (L) is the volume of solution used, and M (g) is the
adsorber mass.

Q =
V × [C0 − Cf ]

M
(3.3)

3.2.2.3 Binding adsorption isotherm experiments

Binding adsorption isotherm experiments were performed at room temperature. 1 mL of basified effluent
was added to different amounts of PBI-T, from 10 mg to 100 mg. The mixtures were left overnight stirring
at 100 rpm under magnetic agitation. The experimental data were fitted to Langmuir (equation 3.4) and
Freundlich (equation 3.5).
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qe
qm

=
KLCe

1 +KLCe
(3.4)

qe = KFC
1/n
e (3.5)

Where qe (mg/g) is the amount of compound bound to the adsorber in a monolayer and qm (mg/g)
is the maximum amount of compound bound to the adsorber in a monolayer for the Langmuir model,
whereas KL and KF are equilibrium constants (L/mg) for the Langmuir and Freundlich models, respec-
tively, and n is a parameter related with the surface layer heterogeneity [114].

The values of the parameters KL (Langmuir equilibrium constant (L/mg)) and qm (maximum amount
of compound bound to the adsorber in a monolayer) of the Langmuir Isothem model can be obtained by
the linearization of the equation 3.4, obtaining equation 3.6:

Ce

qe
=

1

qm
Ce +

1

kLqm
(3.6)

The values of the parameters Kf (Freundlich equilibrium constant (L/mg)) and n (parameter related
with the surface layerheterogeneity) of the Freundlich isotherm model can be obtained by the lineariza-
tion of equation 3.5, obtaining equation 3.7 :

ln (qe) =

(
1

n

)
ln (Ce) + ln (Kf ) (3.7)

3.2.2.4 Binding kinetics experiments

Binding kinetics experiments were performed at room temperature for 100 mg of PBI-T and 1mL of
basified effluent, left stirring at 100 rpm and collected after certain time intervals (2, 5, 10, 15, 60, 120,
180, 240, 360, 420, 1380, 1440 and 1620 min).

The experimental data were fitted to pseudo first- and pseudo-second-order kinetic models equation
3.8 and 3.9 respectively:

ln (qe − qt) = ln (qe)− k1t (3.8)

t

qt
=

1

k2 · q2e
+

t

qe
(3.9)

Where qe and qt (mg/g) are the adsorption capacities at equilibrium and at time t (min), respectively,
and k1 (min−1 ) and k2 (g/ (mg·min)) are the pseudo-first-order and second-order rate constants for the
models [114].

3.2.2.5 PBI-T efficiency assay

PBI-T efficiency assays were performed by adding to 100 mg of PBI-T polymer different volumes of
Basified Effluent (1 mL; 2 mL; 5 mL; 10 mL ; 15 mL ; 20 mL ; 40 mL) ) under magnetic agitation (100
rpm) for 17h.

Alternatively, binding assays were performed by adding to 2 mL Eppendorf tubes, 100 mg of PBI-T
polymer, and 1 mL of lupin beans effluent at different concentrations of lupanine (previously diluted with
water from the concentrated effluent ). The tubes were magnetically agitated (100 rpm) for 17 h at room
temperature. After this, the tubes were centrifuged at 10,000 rpm for 3 min, and the supernatant was
recovered and basified with KOH to a pH between 13 - 13.5 and analysed for lupanine quantification in
HPLC.
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3.2.2.6 Saturation assay

Saturation assays were performed by adding to 2 mL Eppendorf tubes, 100 mg of each PBI polymer, and
1 mL of basified effluent. The tubes were magnetically agitated (100 rpm) for 17 h at room temperature.
After this, the tubes were centrifuged at 10,000 rpm for 3 min, and the supernatant was recovered and
basified with KOH to a pH between 13 - 13.5 and analysed for lupanine quantification in HPLC, the pellet
was re-suspended in the basified effluent and the process was repeated 3 times.

3.2.3 Lupanine recovery assays

After binding experiments, it was added 1 mL of each recovery solvent to the PBI pellet. The re-
suspended mixture was left at 100 rpm at room temperature for 24 h. After this time, the mixtures
were centrifuged at 10,000 rpm for 3 min for PBI separation. The organic solvents were evaporated at
room temperature and the volume was refilled with water and basified with KOH (pH between 13 - 13.5)
before the lupanine HPLC analysis protocol.

Recovery solvents tested on all different PBI: HCl 0.1M, MeOH HCL 0.1M, DCM, EtOH, THF, and
Ethyl acetate. Recovery solvents tested only for PBI-T: Water (also tested at 50 oC), HCL 1M (also
tested at 50 oC), NaOH 1M (also tested at 50 oC), Butanol, Isopropanol, and MTBE.

3.2.4 Bitter orange characterization

Mature biter oranges fruits were collected at IST Alameda on December 16th of 2020 (harvest of mature
oranges), and were dried to constant weight on a vacuum oven and grinded.

3.2.4.1 Bitter orange extractions

Amine extraction [115]: 3.5 g of grinded dried bitter orange was extracted with 10 mL of water for 30
min under magnetic agitation. The samples were then centrifuged and the supernatant was filtered un-
der vacuum. The obtained residue was extracted again using the same procedure and the supernatant
was frozen and lyophilised. This was repeated 3 times. The lyophilised samples were redissolved in 20
mL of methanol and analysed in the HPLC.

Flavonoids extraction [115] : 0.4 g of dried bitter orange was extracted with 25 mL of ethanol (80%)
for 2 h at 90 oC under magnetic agitation. The samples was then filtered and the supernatant was con-
centrated to dryness under vacuum. The solid residue was extracted again using the same procedure
for 3 times. The dried samples were redissolved in 12.5 mL of methanol and analysed in the HPLC.

3.2.4.2 Preliminary binding assessment

To test which resin was better for adsorbing synephrine and not the flavonoids, a synthetic mixture of
the bitter orange juice was prepared comprising synephrine and naringin as a representative flavonoid.
Based on the quantification of these compounds in bitter orange extracts (synephrine and naringin) by
Pellati Et al. [115] and on the concentration of these compounds being much lower in the juice than in
the peel [70], concentrations of 50 ppm of naringin and 40 ppm of synephrine were mixed in water and
the final pH was adjusted to around 2.65 with HCl 4M, as this is the pH reported in the literature for the
juice [91].

Binding assays were performed by adding to 2 mL Eppendorf tubes, 25 mg of each resin, and 1
mL of the synthetic bitter orange juice. The Eppendorf tubes were left overnight at room temperature,
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under agitation (100 rpm) with magnetic stirring. Each resin was tested in duplicate. After this, the tubes
were centrifuged at 10,000 rpm for 3 min, and the supernatant was recovered, lyophilised, redissolved
in methanol and analysed by HPLC for synephrine and naringin quantification.

Duplicate samples of the stock solutions (synthetic bitter orange juice) were also analysed by HPLC
for synephrine and naringin quantification.

3.2.4.3 Synephrine, naringin and hesperidin quantification and calibration curves

A stock solution of each compound (synephrine, naringin and hesperidin) was prepared by dissolving 25
mg of the pure compounds in 250 mL of methanol (0.1 g/L). The stock solution was then used to obtain
solutions of the pure compounds with concentrations between 0.005 g/L and 0.100 g/L (Table 3.4).

A 1.5 mL sample of each solution was then filtered (PTFE syringe filter) and transferred to HPLC
vials for HPLC analysis .

Table 3.4: Synephrine, naringin and hesperidin calibration curve dilutions
Concentration (g/L) Volume from the stock solution (µL) Final Volume (mL)

0.100 0 250
0.750 7500 10
0.500 2500 10
0.100 1000 10
0.050 500 10
0.020 200 10
0.015 150 10
0.010 100 10
0.005 50 10

For the bitter orange dried extracts HPLC method the calibration curve was then obtained by plotting
the area of the peaks at 225 nm of synephrine (Figure A.8), Naringin (Figure A.9) and Hesperidin (Figure
A.10) as a function of the concentration .

For the pure compounds on the preliminary Binding assays HPLC method the calibration curve was
then obtained by plotting the area of the peak at 225 nm of synephrine (Figure A.11) and the peak at
283 nm of Naringin (Figure A.12), as a function of the concentration.
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Chapter 4

Results and Discussion

4.1 Lupin beans Effluent Characterization

Characterising the effluent (Table 4.1) allowed to verify that lupanine is in a higher proportion than other
characteristic food ingredients (proteins and sugars). To reach this conclusion, it was necessary to
use the Bradford method (Figure A.2) and the DNS method (Figure A.3) to get the total protein and total
reducing sugar contents present in the lupin beans effluent. It was possible to determine the presence of
0.13±0.01 g/L of total Protein and 0.59±0.01 g/L of total reducing sugars, in the effluent with a lupanine
concentration of 3.21±0.01 g/L.

Concerning lupanine concentration, because of the low linearity of the calibration curve for the con-
centrations between 0.005 to 2.5 g/L (Figure A.13), the data was split into two concentration intervals
comprising low lupanine concentrations (0.005 – 2.5 g/L) and high lupanine concentrations (2.5 – 10
g/L) as presented in Figure A.5 and Figure A.6 respectively.

Table 4.1: Effluent characterisation results
Effluent Concentration (g/L)

Lupanine 3.21 ± 0.01
Total Protein 0.13± 0.01

Reducing sugars 0.59±0.01

For the reducing sugar analysis, there was no significant difference verified between the RI chro-
matograms obtained for the effluent at pH 4 or pH 13 (Figure A.14) being possible to identify in both
samples sugars, lactic acid, and citric acid. The basification and subsequent centrifugation of the ef-
fluent had no influence on the results. Also, it was not possible to identify the sugars present in the
samples due to low resolution of the chromatograms, not allowing to distinguish between glucose and
galactose , for example, which were used as reference compounds (figures A.15 and A.16) .
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4.2 Bindings for different PBI conditioning

The adsorption of lupanine from the effluent is important not only to further valorise it in the pharma-
ceutical industry but also by decreasing its concentration in the effluent we can reuse its water for new
extractions. We chose PBI as an adsorber because it showed a good performance when it was previ-
ously used by our group to adsorb amines and sulfonates [106].

In this report, we evaluated whether the changes made by F. A. Ferreira et al. [106] thermal treatment
or different pH conditioning of PBI (pka = 5.5 [104]) polymer could influence the binding of lupanine (pka
= 9.1 [101]). The imidazole ring present in the PBI structure can act either as an electron acceptor or
as an electron donor and be present in different protonation states depending on the pH. Therefore, the
commercial PBI polymer was subject to thermal treatment (PBI-T) to increasing the surface area of the
polymer, and also to verify the optimal properties that could improve lupanine adsorption, this PBI-T,
was further treated with an acidic (PBI-TA) or basic (PBI-TB) pH conditioning to induce ionic interactions
between the polymer and lupanine.

The concentration of lupanine bound to PBI polymers, for this and all the following experiments, was
calculated using the lupanine calibration curves described above (Figure A.5 and Figure A.6).

Figure 4.1: Lupanine binding for 100 mg of different PBI polymers in 1 mL of solution at 3 g/L (pure
lupanine; effluent at pH 4 or basified with KOH at pH 13) after 17 h of magnetic agitation (100 rpm). PBI:
raw material, PBI-T: PBI raw with thermal treatment, PBI-TA: PBI-T with acid treatment, PBI-TB: PBI-T
with basic treatment.

From Figure 4.1 it is clear to see that the thermal treatment and pH conditioning improved sig-
nificantly, the binding of the commercial PBI for lupanine, whether in pure solution or in the effluent.
Without basifying the effluent, the higher binding percentage of lupanine was around 50% (for PBI-TB),
but higher binding percentages (> 80%) were only obtained after basification of the effluent.

Basified effluent treated with PBI-T had the highest lupanine binding percentage of 91.18±1.69, and
if we take a closer look at the results obtained for the basified effluent, the pH conditioning of PBI-T
slightly diminished the binding percentage of lupanine, reaching 81.95% for PBI-TA and 83.69% for PBI-
TB. If further polymer processing does not improve considerably lupanine binding, it shows to not be
feasible to explore these two adsorbers. For this reason, the following experiments only consider the
basified effluent and PBI-T.

Lupin beans are biological compounds whose composition changes according to genetic and envi-
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ronmental conditions. Because of this, each processed batch results in industrial effluents with differ-
ences in chemical and biological composition, leading to variations in lupanine concentration from batch
to batch and during storage of the effluent. For example, lupanine concentration in the effluent, after
over two months stored at 4 oC, passed from 3.63 g/L to 2.14 g/L. Also, all the different industrial sam-
ples collected from and used in this report had lupanine concentrations varying from 4.15 g/L to 2.43
g/L . These changes in effluent composition certainly may not apply only to lupanine but also to all its
components (proteins, aminoacids) [58].

This is very important when trying to design a process for lupanine isolation at an industrial scale
because we need a robust adsorption protocol able to bind almost all the lupanine from the effluent at
different concentrations in different days. From the results obtained, we observed that PBI-T could bind
lupanine consistently from all slightly different effluent samples, with lupanine binding with an average
around 90 %.

4.2.1 PBI-T efficiency assay

The PBI-T efficiency assay had the aim of testing whether higher volumes of effluent (1 mL; 2 mL; 5
mL; 10 mL; 15 mL; 20 mL; 40 mL) could be treated with the same amount of PBI-T (100 mg) for a given
concentration.

From Figure 4.2 we can conclude that increasing the volume, decreased the lupanine binding from
85 % to 3 %.

Figure 4.2: Lupanine binding for different volumes of basified effluent at 3 g/L per 100 mg of PBI-T (1
mL; 2 mL; 5 mL; 10 mL ; 15 mL ; 20 mL ; 40 mL) after 17 h of magnetic agitation (100 rpm).

If we look at lupanine binding per concentration of PBI-T in solution, instead of volume (Figure 4.3),
it is possible to get a linear relationship, from where we can conclude that to get a binding percentage
higher than 80%, PBI-T must be at a concentration close to 100 mg per ml.
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Figure 4.3: Lupanine binding for different concentrations of PBI-T for basified effluent at 3 g/L.

4.2.2 Binding adsorption isotherm experiments

To perform the binding adsorption isotherm experiments, 1 millilitre of basified effluent was added to
different amounts of PBI-T, from 10 mg to 100 mg at room temperature and left stirring for 17 h. The
concentration of lupanine in each sample was used to determine the amount of lupanine bound to the
adsorber PBI-T (q (mg/g)), calculated using equation 3.3, used for the Langmuir (equation 3.4) and
Freundlich (equation 3.5) isotherm models.

The experimental data was then plotted according to each model’s linearised equations 3.6 and
3.7 (Figure 4.5) and the parameters for each model were calculated (Table 4.2)and used to obtain the
theoretical amount of lupanine bound to the adsorber PBI-T (q values) for the experimental concentration
of lupanine in solution (Ce) and the results are represented in Figure 4.4.

From the results obtained, it was difficult to say which model fitted better the experimental data, with
both models presenting similar R squared values for the linearization. Also, from Figure 4.5 are very
similar, with the best fit being the Freundlich model with the highest R squared.

Also, from the Figure 4.4, it is possible to verify that for lupanine concentrations in solution (Ce) below
1500 ppm, both models fit the experimental data, but for higher concentrations, it becomes unclear which
model fit’s best, so it was necessary to use another common statistical technique used in regression
analysis to determine the dispersion of data points, the sum of squares (Equation 4.1).

For a set X of n items:

Sum of squares =

n∑
i=0

(
Xi − X̄

)2 (4.1)

The sum of squares is a measure of deviation from the mean, the distance between each data point
and the line of best fit is squared and then summed up. The best fit is the linearisation with the smallest
value. By comparing the calculations for the sum of squares for each model (Table 4.2) it is clear that
the best fit for our experimental data is the Freundlich model indicating that the adsorber presents a
multilayer heterogeneous binding site distribution.
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Figure 4.4: Binding adsorption isotherm experiments at room temperature, for 1 mL of basified effluent
added to different amounts of PBI-T (10 mg - 100 mg).

Figure 4.5: Linearization of experimental data for equations of the Langmuir (left) and Freundlich (right)
isotherm models.

Table 4.2: Langmuir and Freundlich parameters obtained from the linear trend lines.
Langmuir Freundlich

Intercept 0.00829 ± 0.00054 Intercept 0.46818 ± 0.02269
Slope 7.89263 ± 0.78743 Slope 0.83210 ± 0.15616
qm (mg/g) 120.69158 n 2.13592
KL (L/mg) 0.00105 Kf (L/mg) 2.29813
Sum of squares 372.33587 Sum of squares 0.88664
R2 0.97509 R2 0.98610

4.2.3 Lupanine binding kinetics experiments

To obtain the binding kinetics experiments 1mL of basified effluent was added to 100 mg of PBI-T and
left stirring at 100 rpm at room temperature, the reaction was stopped after certain time intervals and
lupanine quantified (Figure 4.6), and the adsorption capacity for each time point was calculated from
equation 3.3.

The experimental data were fitted to pseudo first- and pseudo-second-order kinetic models using
equations 3.8 and 3.9 respectively. From figure 4.7 it is possible to observe that only the pseudo second-
order model gave a linear plot representation for the data. The physical parameters determined can be
found in Table 4.3 and were used to calculate the theoretical amount of lupanine bound to PBI-T (qt
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values) for each time (t) and the results are represented in Figure 4.6.

Figure 4.6: Binding kinetics for the basified effluent and PBI-T and theoretical representation of the
pseudo-second-order model obtained from the parameters calculated for the experimental data.

Where qf and qt (mg/g) are the adsorption capacities at the final and time t (min), respectively.

Figure 4.7: Experimental data and equations of the linearised pseudo first- and pseudo-second-order
kinetic models’ equation 3.8 and 3.9 respectively.

Table 4.3: Parameters obtained for the pseudo-second order kinetics
Pseudo-second order kinetics
Intercept 0.6037 ± 0.3924
Slope 0.0301 ± 0.0005
qf (mg/g) 33.171
K2 ( g/ (mg·min) 0.0015
R2 0.9954
Sum of squares 4144.1
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Although we could obtain a good linearization of the data using the pseudo-second-order kinetics
model with a good R2 (Figure 4.7), we could observe some dispersion of the experimental data that was
noticeable by the value of the sum of squares (equation 4.1) presented in Table 4.3, this was caused by
the lack of experimental data for a long period (overnight) the sum of squares is much lower if we take
only in consideration the data obtained in the first 420 minutes (with a value of 290.5).

4.2.4 Binding for different lupanine concentrations

Another binding adsorption assay was performed by changing the concentration of lupanine in solution
instead of the amount of PBI-T. This assay was performed by adding to 2 mL Eppendorf tubes, 100 mg
of PBI-T, and 1 mL of lupin beans effluent at different lupanine concentrations (previously diluted with
water from the concentrated effluent ). The tubes were agitated (100 rpm) for 17 h at room temperature
with a magnetic stirrer.

Figure 4.8: Lupanine Binding Percentage for basified effluent with different lupanine concentrations.

Lupanine Binding obtained for the diluted effluent samples with PBI-T were consistent for all the
dilutions (99.75-97.76%), showing that the polymer was not saturated. The experimental data were
plotted using the linearized equations for the isotherm models (equation 3.6 and equation 3.7) and the
parameters obtained are presented on Table 4.4.

Table 4.4: Langmuir and Freundlich parameters obtained from the linear trend line for each isotherm
model for different initial lupanine concentrations.

Langmuir Freundlich
Intercept 0.02021 ± 0.00227 Intercept 0.486575 ± 0.89889
Slope 0.53094 ± 0.11121 Slope 1.504263 ± 0.29579
qm (mg/g) 49.47482 n 2.055182
KL (L/mg) 0.03807 Kf (L/mg) 4.500835
Sum of squares 2.52087 Sum of squares 1.841556
R2 0.95210 R2 0.879885

The parameters obtained for the models were used to calculate the theoretical amount of lupanine
bound to the adsorber PBI-T (qt values) for each time (Ce) and the results are represented in Figure
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4.9.

Figure 4.9: Experimental data of PBI-T adsorption capacity obtained for the adsorption assay of the
different effluent lupanine concentrations.

The results obtained were so closely related that the theoretical Langmuir and Freundlich models
both fit the experimental data. The PBI-T polymer was not saturated so, for a better understanding of this
adsorption isotherm, it would be necessary to concentrate the effluent to higher lupanine concentrations,
so it could have more experimental data to the model.

4.2.5 Saturation assay

Due to time schedule limitations we were unable to archive higher concentrations of lupanine in the
concentrated effluent, so the saturation assays were performed by adding to 2 mL Eppendorf tubes, 100
mg of PBI-T, and 1 mL of basified effluent. The tubes were magnetically stirred (100 rpm) for 17 h at
room temperature. After this, the tubes were centrifuged at 10,000 rpm for 3 min, and the supernatant
was recovered and analysed for lupanine quantification. The pellet was re-suspended in 1 mL of basified
effluent and the process was repeated 3 times.

Table 4.5: Saturation assays for PBI-T
# Binding cycle Binding (%)
1st 89.08 ±1.72
2nd 80.69 ±0.42
3rd 74.52 ±1.73

From the binding kinetics experiment, we observed that after 7 h the adsorption capacity reached a
plateau and it was not possible to adsorb higher concentrations of lupanine. However, this saturation
experiment shows that, if the effluent is removed after the lupanine binding reached the plateau and a
new solution of effluent is added, the adsorber can still bind most of the lupanine from solution (Table
4.5). This could mean that PBI-T could be reused for several binding cycles before performing the
recovery of lupanine from the adsorber, diminishing the amount of adsorber necessary to perform the
experiments.
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4.3 Recovery Assays

In the binding assays, PBI-T presented the highest binding percentages of lupanine, but another impor-
tant aspect to consider is the recovery of lupanine from the adsorber for further valorisation and also
the regeneration of PBI-T. So, the first recovery assays were performed not only for PBI-T but also for
PBI-TA and PBI-TB using six different solutions: HCl 0.1M in water, HCL 0.1M in MeOH, DCM, EtOH,
THF and EtOAc.

The use of HCl solution aims to explore ionic interactions, the use of alcohols such as MeOH and
EtOH (polar protic solvents) aims to break down hydrogen bonds that form during binding and explore
the use of weaker interactions (hydrophobic or dipole-dipole), so the combination of MeOH and HCl (HCL
0.1M in MeOH) combine these characteristics. Also, some moderately polar aprotic solvents (DCM, THF
and EtOAc) were also chosen to study if they were able to disrupt lupanine/PBI interactions.

After the binding experiment, the solution was centrifuged, the supernatant was used for lupanine
quantification and 1mL of a different solvent was added to re-suspended the pellet. The mixture was
left at 100 rpm at room temperature for 24 h. After this, the aqueous supernatants were immediately
analysed after sample preparations. For the organic solvents, these were collected and evaporated to
dryness at room temperature, and the residue was dissolved in water and analysed in HPLC for lupanine
quantification. The recovery percentages were calculated using the lupanine concentrations on stock
and the concentrations after the binding and recovery with the results being presented in Figure 4.10.

Figure 4.10: Lupanine recovery for the different PBI polymers using several washing solutions. PBI-T:
PBI raw polymer with thermal treatment, PBI-TA: PBI-T with acid treatment, PBI-TB: PBI-T with basic
treatment.

From Figure 4.10 we observe that the highest recovery for PBI-T was obtained when THF (also the
solvent with the highest recovery percentage). For PBI-TB ethanol and THF gave the highest recov-
eries (around 80 %) and, for PBI-TA it was DCM (79 %).These solvents were able to disrupt the weak
interactions between lupanine and PBI releasing lupanine into the medium. However, with DCM, as the
polymers used were less dense than DCM they floated and therefore it was difficult to separate the poly-
mer from the solvent through centrifugation, this could present a problem when applying this recovery
at the industrial scale .Also, the combination of the HCl interaction with the ionic bonds and the MeOH
disruption of hydrogen bonds improved the recovery % of HCl dissolved in MeOH compared with the
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HCl dissolved in water. These results were obtained in a single recovery step.

Considering these results, and the finding that PBI-T showed the best lupanine binding performance,
from an economical point of view, the best strategy to isolate lupanine would be to use PBI-T for the
binding experiment and THF for the recovery step. Furthermore, for PBI-TA and PBI-TB there is also the
need of spending more solvents and time in the processing of the polymer for pH conditioning.

The worst recovery solvents were ethyl acetate and HCl 0.1M in water. With the last one being the
only aqueous solution assessed and it had a low concentration of acid. An aqueous solvent based
recovery would be the ideal for the recovery step because it would be more environmentally friendly.

So, after these initial results and preliminary findings, other aqueous solutions were tested for PBI-T
at room temperature and also at 50oC (Figure 4.11), to test if the slightly higher temperatures influence
the solvent diffusion in the porous of the PBI inducing a higher release of lupanine .

Figure 4.11: Lupanine recovery experiment for PBI-T water at room temperature and at 50 oC (T). HCl:
HCl 1M, NaOH: NaOH 1M. Butanol, Isopropanol and MTBE

From the results in Figure 4.11 we can observe that applying temperature did not improve lupanine
recovery. Increasing the concentration of HCL from 0.1 M (Figure 4.10) to 1 M (Figure 4.11) increased
the recovery from 5.37 % to 42.38 %. Although not reaching ideal recovery percentages, this result is
promising, and in the future, it could be tested in consecutive recovery steps to obtain higher recovery
percentages. Although this aqueous solvent may be more environmentally friendly in the end of the
recovery we would still have to remove Lupanine from the aqueous medium, which maybe more time
consuming and expensive than for an organic solvent.

Since EtOH also presented promising results with 73.40 % recovery for PBI-T (Figure 4.11), other
recovery solvents (butanol, isopropanol and MTBE) were also tested. The results in Figure 4.13 show
that butanol and isopropanol could recover more than 70 % of lupanine, contrary to MTBE that resulted
in a low recovery percentage of only around 10 %.

From Figure 4.10 and Figure 4.11, for PBI-T the highest recoveries were obtained for THF (97.47 %)
and alcohol solvents, such as ethanol (73.40 %), methanol (59.56 %), butanol (89.43 %) and isopropanol
(73.26 %), these alcohols were able to disrupt the weaker interactions and hydrogen bonds that formed
during the binding. These results demonstrated that PBI-T could be used to bind and recover Lupanine,
without the need to perform a pH conditioning (PBI-TA and PBI-TB) and that several solvents could
be chosen to recover lupanine, for higher recovery percentages THF would be the best choice, but a
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solvent as ethanol would be more economic and environmentally friendly, although THF has a lower
bowling point and it’s easier to evaporate decreasing evaporation time (as well as methanol).

We repeated the experiment for the best recovery solvents to assess if the results were reproducible
in effluents collect on different days ( Figure 4.12).

Figure 4.12: Comparison between isolated lupanine Recovery cycles.

As mentioned before the binding results were robust trough out all the experiments, including the
repetition results, the average binding for the first results was 91.2 % ± 1.69 and for the repetition 91.0
± 1.96. The results from Figure 4.12 show that the recovery step was not as robust as for the binding
experiments. One possible explanation for this decrease in the recovery percentage could be that the
composition of the effluent used changed within the time of the first experiments until the repetition was
performed, as the lupanine concentration measured in the stock solution had a slight decrease ( 2.88 g/L
of Lupanine for 1st results and 2.55 g/L of Lupanine for the repetition). If the lupanine concentration is
different the effluent samples it may also have different concentrations of it’s other compounds (such as
proteins, sugars and organic acids) that were not quantified in this procedure but may have influenced
the recovery, although it did not influence the binding as the binding percentage remained unaltered.
Unfortunately, it was not possible to repeat the experiment a third time with a new effluent sample.
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4.4 Industrial Case studies

Based on the previous results, SuperPro Designer v10.3 software was used to test the industrial appli-
cation of lupanine adsorption, from the basified effluent, using PBI-T and butanol for the recovery step,
for lupanine isolation. It was assumed an annual factory operating time of 330 days.

Four different case studies were assessed:

1. Effluent 1m3 - Binding (90%) and best-case recovery (80%) - Gantt Chart on Figure A.17.

2. Effluent 1m3 - Binding (90%) and worst-case recovery (60%)- Gantt chart on Figure A.17.

3. Effluent 1m3 - Binding (90%) and two successive worst-case recoveries (60% + 60%) - Gantt chart
on Figure A.18.

4. Three successive bindings (90 % + 80 % + 75 %, results based on saturation results of Table 4.5)
using the same PBI-T to treat new Effluent (1m3 effluent added each time) and best-case recovery
(80%) - Gantt chart on Figure A.19.

One process scheme was considered for testing the different case studies (Figure 4.13), where it
was considered the use of a single reactor for lupanine binding and recovery and a solvent evaporator
for the evaporation of butanol after lupanine recovery.

Figure 4.13: Lupanine Industrial Flow sheet Example for the four case studies tested.

Stream one (”1-Effluent 3g/L”) on Figure 4.13 corresponds to the effluent with lupanine concentration
at 3 g/L from Figure 2.1 on Chapter 2. The overall process data for the different case studies are
presented in Table 4.6.

Table 4.6: Overall Process data for the different case studies.
Case Study 1 Case Study 2 Case Study 3 Case Study 4

Annual Operating Time (days) 328 328 330 328
Lupanine Production Rate (kg/yr) 387 290 261 541
Initial Lupanine Effluent (Kg/batch) 3 3 3 9
Final Lupanine (kg/batch) 2.16 1.62 2.27 5.88
Yield (%) 72 54 76 65
Total Batch Time (h) 45.02 44.6 69.35 86.19
Cycle Time (h) 44.02 44.02 68.77 85.61
Number of Batches per Year 179 179 115 92

The factory operating time are 330 days but as the batch cycles take different amount of hours
depending on the procedures, the annual operating time may change, for example for case study 1 and
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2 there are 179 batches made per year this corresponds to 328.31 days per year not letting enough time
to perform another batch in that year as it takes 45 h to complete a batch.

Case study 1 (best case recovery80 %) as a lupanine production rate of 387 Kg/yr, case study 2
(worst scenario for lupanine recovery - 60 %) decreased the lupanine production rate to 290 Kg/yr. This
is a decrease in 25 % of lupanine isolation per year. Also, performing a second recovery step (case
study 3), although it increased the lupanine isolated per batch from 1.62 Kg (Case Study 2) to 2.27 kg
(Case Study 3), it decreased the annual production rate of lupanine. This happened because the total
batch time is 2 times higher, and therefore, fewer batches can be processed per year.

The highest lupanine production rate was achieved for case study 4 (541 Kg of Lupanine per year),
although the yield of lupanine (65 %) is lower ) than the obtained for the case study 1 (72 %). This can
be explained because in case study 4 it is possible to perform the adsorption for 3 consecutive steps
without the 24 h intervals required for the lupanine recovery after each binding step. However, this is
only feasible for 3 consecutive binding steps (Figure A.19), so, the 92 batches per year of case study
4 can treat more effluent than the 179 batches per year considered for case study 1. So, although
less lupanine is recovered from each cubic meter of effluent we can treat more effluent having a higher
production rate.

The raw materials needed for the input streams of Figure 4.13 are listed on Table 4.7 and its annual
costs on Table 4.8.

Table 4.7: Summary of raw materials needed on the different case studies. Results in Kg of raw material
per Kg of lupanine recovered

Material (Kg/Kg Lupanine)
Raw material Case Study 1 Case Study 2 Case Study 3 Case Study 4
1-Effluent 3g/L 460.56 614.09 438.63 507.53
2-PBI-T 46.30 61.73 44.1 17.01
3-KOH 8.57 11.42 8.16 9.44
4-Butanol 373.05 497.39 710.56 137.03
TOTAL 888.48 1184.64 1 201.45 671.01

Table 4.8: Summary of annual cost of each raw material needed on the different case studies. Prices of
KOH and butanol estimated from Alibaba.com Hong Kong Limited online platform, consulted on October
2021, and PBI-T from PBI Performance Products Inc. (USA)

Material Annual Cost (e)
Raw material Case Study 1 Case Study 2 Case Study 3 Case Study 4
PBI-T 4 430 986 4 430 986 2 846 723 2 277 378
KOH 1 003 1 003 645 1 548
Butanol 119 869 119 869 154 022 61 609
TOTAL 4 551 858 4 551 858 3 001 390 2 340 534
Total Cost per g of Lupanine (e) 12 16 11 4

Case study 2 uses the same procedures as case study 1, the only exception is the lower recovery
percentage of lupanine after butanol extraction, so it uses the same amount of raw materials per year
(Table 4.8)but because it has a lower lupanine yield it needs more raw materials to obtain 1 kg of
lupanine. Also, case study 2 is the case study that needs a higher amount of raw materials per kg of
lupanine.

Because case study 4 has a lower lupanine yield, it needs a higher amount of effluent to be processed
compared with case studies 1 and 3 to obtain 1 kg of lupanine. Since in case study 4, PBI-T is reused,
and butanol is only used for every 3 m3 of effluent, this strategy requires PBI-T and less butanol per kg
of lupanine than the other case studies, resulting in lower raw material costs.
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PBI-T has the highest cost of all the raw materials, corresponding up to 97.34 % of the total annual
costs. In case study 4 this cost is decrease by half because it requires less PBI-T per kg of lupanine
produced. Another approach that could be studied to decrease even further the costs is reusing PBI-T
after lupanine recovery, purging 10 % of the used PBI-T and adding 10 % of new PBI-T after each batch
(Figure A.20).

Case study 4 is the one with the best overall results. It has the highest lupanine annual production
rate and the lowest annual material cost. Also, it has a total cost of 4.33 e/g of lupanine. Pure lupanine
from AOBIOUS INC costs 37.22 e/mg (prices for October 2021) for a minimum purchase of 100 mg
giving a price of 37 220 e/g . So, even the highest raw material cost of 16 e/g of lupanine would give
a high-profit margin considering that this process would be applied in a small part of the factory that
already produces and wastes all this the effluent.

Also, it’s estimated a cost of 609 000$ (527 150 e) for the stirred reactor capable of treating 1 m3

of effluent and 155 000 $ (134 168 e) for the evaporator. Considering the cost of raw materials, labour
(single operator 83 e/h), facility dependent costs and laboratory quality control tests, super pro Designer
software estimated a total 8 247 000 $ (7 138 603 e) investment needed for implementing Case Study
4. If we sell lupanine at 20 $ per g (17.31 e), the gross margin of case study 4 would be 24 % with a 187
% return of investment and a payback time of 0.54 years (for a 7 % interest) and 10 819 000 $ (9 364
926 e) per year of revenues (Figure A.21).

For the production of 540 Kg of lupanine per year, if it was sold at half the price of the AOBIOUS
INC at 21.5$/mg (18,61 e/mg), it would generate a revenue of 11 630 101 314 $ (10 067 015 697 e)
per year. Of course there would need to be a buyer that would need these high amounts of lupanine at
this price. Also, for these case studies it was assumed that final lupanine was 100 % pure in the brine
because there wasn’t any experimental data on lupanine purity, so the real profit margin of this project
would need to include the price for the purification process of lupanine.
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4.5 Bitter Orange Preliminary Study

4.5.1 HPLC detection method

To analyse bitter orange samples, an HPLC method had to be first developed, able to separate its
components for further identification and quantification. Hesperidin and naringin are two representative
flavonoids present in bitter orange that were available in the lab and were explored for method develop-
ment. Due to their structural similarities, it was not possible to achieve a good peak separation resorting
to a published method by Pellgati Et al. [115] (Figure A.22). So, starting from this point, a new method
was developed, and adjusted to our experimental conditions, that allowed the separation and identifi-
cation of synephrine, naringin and hesperidin. An example of the chromatogram obtained is presented
in Figure 4.14.Based on this result, calibration curves were obtained for each compound (Figures A.8 -
A.12)

Figure 4.14: Chromatogram obtained for a stock solution containing synephrine, naringin and hesperidin.

4.5.2 Amine extraction

For quantification of synephrine present in bitter oranges collected in IST campus, dried bitter oranges
were extracted three times with water, the extract was filtered and lyophilised, and then, it was redis-
solved in methanol and analysed in the HPLC. Figure 4.15 is an example of the chromatogram obtained
for one of these extractions, where the peak of synephrine has a retention time of 3.73 min (this peak
was identified using an internal standard) corresponding to a total concentration of 493 ppm, over the 3
extractions (Table 4.9). These results are in accordance with the values obtained in the literature [115].

The calibration curves motioned before were used to quantify synephrine on each extraction (Table
4.9).
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Figure 4.15: Example of chromatogram obtain after the amine extraction 225 nm

Table 4.9: Concentration of synephrine in bitter orange.
# Extraction Synephrine (ppm)
1 353
2 122
3 18

Total 493

4.5.3 Flavonoids extraction

For flavonoid assessment in bitter oranges collected in IST campus, dried bitter oranges were extracted
twice with ethanol. The extracts were filtered and lyophilized, redissolved in methanol and analysed in
the HPLC. Figure 4.16 is an example of the chromatogram obtained for one of these extractions, with
naringin peak appearing at 21.57 min corresponding to a total concentration of 345 ppm, over the two
extractions (Table 4.10). This result are in accordance with the values obtained in the literature [115]. In
this sample, hesperidin was not detected .As naringin concentration in bitter orange increases when the
fruit matures, and hesperidin diminishes [79], it is natural that we weren’t able to detect hesperidin in the
extraction samples.

The calibration curves motioned before were used to quantify naringin on each extraction (Table
4.10).

Table 4.10: Concentration of naringin in bitter orange
#Extraction Naringin (ppm)
1 291
2 54

Total 345
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Figure 4.16: Chromatogram obtained after flavonoid extraction from bitter orange.

4.5.4 Synephrine and naringin preliminary binding

Pellati Et. al [115] report synephrine and naringin to be present in mature bitter orange at 500 ppm.
There is evidence that the concentration of this compounds are lower in the juice than in the peel [70].
So Based on these values we estimated the concentration of this compounds and prepared a solution at
40 pm and 50 ppm of synephrine and naringin, respectively in water and adjusted the pH of the solution
to 2.65 [91], to simulate a synthetic biter orange juice to perform adsorption studies. In these studies,
several resins were assessed of different nature.

25 mg of each resin were mixed with 1 mL of the synthetic juice and left overnight at room tempera-
ture, under magnetic agitation (100 rpm). Then, the samples were centrifuged and the supernatant was
lyophilised and redissolved in methanol for HPLC analysis.

Figure 4.17: Binding Resins perliminary assay
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From Figure 4.17 we observe that, for anion exchange resins (IRA-68 and IRA-458) there was some
interference in the quantification of synephrine. This can be due to the lack of resin pre-treatment before
the binding. For naringin, these resins presented high binding values around 95 %. This same trend
was present by the polymeric adsorbent resins (XAD-16 and XAD-4) with naringin binding around 95 %.
For these resins, a small amount of synephrine, around 18 %, was also adsorbed. Polymeric adsorbents
interact with organic compounds due to the presence of the aromatic rings, as naringin as more aromatic
rings than synephrine it had more affinity to these resins. These resins may be useful if we envisage to
isolate the flavonoids for further processing, selling or addition to other food formulations for antioxidant
properties enhancement, for example.

The cation resins (AG50W-X8 and Purolite PD206) presented the highest bindings for synephrine
around 97 %, showing to be ideal adsorbers for synephrine removal from the juice. However, they also
adsorbed around 35 % of naringin. These results are in accordance with the theoretical hypothesis made
in the Introduction, where synephrine, having a pKa of 9.76, is protonated in the juice acidic solution,
as is present as an ion with a positive charge. Therefore, it was expected that the best resins for the
isolation of this compound would be the acid cation exchanger resins.
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4.6 Future work

Lupin Beans: Lupanine binding using PBI-T was very successful being able to bind 90 % of lupanine
present in the effluent. It was also possible to recover most of lupanine from the adsorber using butanol
as recovery solvent. The next step of this project would be to test cycles of PBI-T binding and lupanine
recovery with butanol. It would also be useful to test possible PBI-T regeneration processes for reuse
of the adsorber, for example, by repeating the thermal conditioning procedure after a certain number of
binding/recovery cycles, when the adsorber starts to lose some of its lupanine binding capacity.

One possible optimisation that would improve this process is to avoid the need to previously basify the
effluent, this would help on reusing the water and would be more environmentally friendly. To achieve
this, some alterations to PBI conditioning would have to be explored, for example, testing a higher
concentration of NaOH on the pH conditioning of PBI-TB, as it was the one who achieved the higher
binding percentage for the effluent at pH 4, its usual pH.

Also, the saturation assay performed in this project was left uncompleted due to a malfunction of
the HPLC, only being able to complete 3 binding cycles. This experiment could be repeated until PBI-T
loses its capacity to bind lupanine and help understand PBI-T maximum adsorption capacity.

To determine the influence of higher lupanine concentrations on PBI-T adsorption process, nanofiltra-
tion could be explored to concentrate the effluent, originating a concentrate stream enriched in lupanine
and test its influence on PBI-T adsorption, since it was possible to observe in the saturation assay that
PBI can still bind more lupanine after a first binding. Repeat the recovery assays, to find a robust solvent
that can archive high recovery percentages in different effluent compositions.

The last step, would be to test the scale-up of the procedure to implement on the lupin beans factory.

Bitter Orange: It was impossible to complete all the objectives intended for the bitter orange project in
our schedule. For example, the identification of the peaks obtained in the chromatograms for the bitter
orange extractions against other flavonoids, and their possible quantification.

Another important step would be analyse bitter orange fresh juice, to compare with the compositions
and quantifications reported in the literature and to the extractions of the dried bitter orange. This step
would also require testing and, if necessary, adapting the HPLC method to assure a good resolution of
the peaks of the compounds present, and also consider a washing step, in the end, to assure that no
contaminant may interfere in subsequent runs in the HPLC.

After this step, it would also be possible to perform binding assays for different resins using the fresh
juice instead of the synthetic mixture, and ideally find an adsorbent that may bind synephrine or the
flavonoids preferentially in the orange juice. If that is not possible, then another alternative may the use
of molecularly imprinted polymers (MIP) to bind specifically one of the species, these are able to mimic
natural recognition entities, such as antibodies and biological receptors or in our case amines, and are
very useful to separate and analyse complicated samples.

Also, it would be necessary to test recovery solvents and regeneration steps for the resins with the
highest binding percentages of each type of compounds.

Finally, it would be useful to do a scale-up of the laboratory process to be applied in the food industry.
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Chapter 5

Conclusion

Lupanine is present in the effluent at a concentration of 3 g/L, the effluent also contains sugars, proteins,
lactic and citric acid. The thermal treatment and pH conditionings used on commercial PBI improved the
binding percentage of Lupanine. PBI-T had the highest binding percentage for Lupanine pure solution
and the basified effluent. PBI-TB had the highest binding percentage for the pure effluent.

When trying to reduce the amount of PBI needed to treat the industrial effluent, increasing the volume
of effluent while maintaining the amount of PBI-T it decreased the binding percentage of Lupanine. It
was possible to get a linear relationship between the amount of PBI per ml of Effluent and the binding
percentage, proving that we could not reduce the amount of PBI needed to treat the effluent. The
saturation assay help to understand how to reduce the amount of PBI needed because the same PBI
could bind more volume of lupanine if the treated effluent was removed and new untreated effluent
added to the same PBI, the second binding had a binding percentage of 80.69 % ± 0.42.

The binding kinetics showed that PBI-T binding follows the pseudo-second-order kinetics with a
maximum adsorption capacity of 33 mg of Lupanine per g of PBI-T this value corresponds to the amount
of lupanine present in the 1ml effluent added to PBI-T, so in the future, it should be tested if this value
of maximum adsorption capacity is the same for higher concentrations of lupanine in the effluent. The
Binding Adsorption Isotherm for PBI-T showed that PBI-T follows the Freundlich adsorption model( n =
2.14 and Kf = 2.30 ).

The first preliminary recovery assay showed that using PBI-T and THF was the best method for
lupanine binding and recovery. But further testing on different effluents from different days collected from
the same factory and industrial process showed that PBI-T was always effective in binding lupanine from
every effluent (average binding percentage of 90 %) and that the recovery results were not reproducible.

The extractions of dried bitter Oranges with water (amine extraction) and ethanol (flavonoids extrac-
tion) got a concentration of 493 ppm of synephrine and 345 ppm of naringin, there wasn’t detected any
amount of hesperidin. A preliminary binding assay was performed with a synthetic mixture of bitter or-
ange juice (40 ppm of synephrine; 50 ppm naringin pH 2.65) mixed with 25 mg of resin (2 acidic resins,
2 basic resins and 2 polymeric adsorbers), from which the acidic resins were the best to bind synephrine
while keeping most of the healthy flavonoid (naringin) in solution.

Ideally, after some more optimizations and scale-up tests, it will be possible to remove these alkaloids
from their food products and get a source of healthy food products that came from agricultural plantations
that are resistant to drought and climate alterations that could help produce food in harsh conditions.
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Appendix A

Appendix chapter

Figure A.1: Estimates and probabilistic projections of the total World population. The population projec-
tions are based on the probabilistic on the probabilistic projections of total fertility and life expectancy
at birth carried out with a Bayesian Hierarchical Model (80 and 95 per cent prediction intervals of the
probabilistic population projections, as well as the (deterministic) high and low variant (+/- 0.5 child).
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Figure A.2: Bradford Calibration curve for the different BSA Standard solutions

Figure A.3: DNS Calibration curve for the Glucose Standard solutions

Figure A.4: Lupanine Calibration curve made from stock concentrations between 0.005 g/L and 10 g/L.
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Figure A.5: New calibration curve made from the data obtained for the lower concentration of lupanine (
≤ 2.5 g/L ) represented in Figure A.4

Figure A.6: New calibration curve made from the data obtained for the higher concentration of lupanine
( ≥ 2.5 g/L ) represented in Figure A.4

Figure A.7: PBI Thermal Conditioning Water Precipitation and Water Washing Step
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Figure A.8: Calibration curve for the synephrine Standard solutions analysed at 225nm

Figure A.9: Calibration curve for the naringin Standard solutions analysed at 225nm

Figure A.10: Calibration curve for the Hesperidin Standard solutions analysed at 225nm
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Figure A.11: Second calibration curve for the synephrine Standard solutions analysed at 225nm for
pellgatiet al HPLC method

Figure A.12: Second calibration curve for the Naringin Standard solutions analysed at 283nm for pell-
gatiet al HPLC method

Figure A.13: - Zoom of the Lupanine Calibration curve demonstrating the lack of linearity of the calibra-
tion curve for the lower concentrations of Lupanine.
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Figure A.14: RI (A) and UV-VIs (B) Chromatograms for Effluent samples at pH=5.5 (green) and pH=14
(light blue)
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Figure A.15: RI HPLC chromatogram obtained for the effluent samples at pH=5.5 with glucose internal
standard (green) and without (light blue)

Figure A.16: RI HPLC chromatogram obtained for the effluent samples at pH=5.5 with galactose internal
standard (green) and without (light blue)

Figure A.17: Lupanine Industrial Gantt Chart for the Case Study 1 and 2
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Figure A.18: Lupanine Industrial Gantt Chart for the Case Study 3

Figure A.19: Lupanine Industrial Gantt Chart for the Case Study 4

Figure A.20: Example of Flow Sheet to recirculate PBI-T on Lupanine Industrial process

66



67



Figure A.21: Economic Evaluation Report for Case Study 4 obtained in Superpro Designer v10.3
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Figure A.22: First HPLC chromatogram obtained for Hesperidin and Naringin using HPLC method from
[114]

Figure A.23: HPLC chromatogram obtained for the ethanol Extraction with Hesperidin as internal stan-
dard
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