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Abstract

Lupinus Albus L. has been widely used for human and animal consumption around
the Mediterranean and Middle East, due to its interesting nutritional value, especially
the high content of protein and carbohydrates.

However, white lupin seeds cannot be consumed directly due to the high content of
alkaloids, compounds that are toxic and confer a bitter taste. The traditional way to avoid
this is successive rinsing and boiling with water, which uses a lot of water that becomes
wastewater.

The aim of this work is to propose an alternative method to extract the alkaloids
from the seeds. Two methodologies were studied: extraction with water below its boiling
temperature, and extraction with subcritical water, both under batch conditions. The
main focus of this thesis was testing a set of extraction parameters: temperature, solvent-
to-solid ratio, residence time, and successive extractions.

White lupin seeds were first characterized, revealing a high content of protein (37%),
carbohydrates (42%), and lipids (13%).

The extraction study revealed a notable influence of temperature and solvent-to-solid
ratio on the alkaloid yield.

The best result achieved with water below its normal point was at 80 °C, for 30 minutes
and a 40:1 (water:lupin) ratio: 35.5% of the total amount of alkaloids present in the matrix
were extracted.

The best extraction result achieved with subcritical water was at 100 °C, for 60 minutes
and a 40:1 (water:lupin) ratio: 77.4% of the total amount of alkaloids present in the matrix
were extracted. At those conditions, other components were co-extracted, namely about 8
g/100 g lupin of carbohydrates, 7 g/100 g lupin of protein, and 4 g/100 g lupin of lipids.

A second extraction assay, performed at the same experimental conditions as assay 1,
using the lupin matrix obtained as solid residue in assay 1 but with fresh water, led to a
negligible, further removal of alkaloids, both in experiments with water below its boiling

temperature, and with subcritical water.

Keywords: White lupin, Debittering, Alkaloids, Subcritical water, Water extraction.
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Resumo

O tremoco branco, também conhecido como Lupinus Albus L., tem sido muito valori-
zado no consumo humano e animal pelo Mediterraneo e Médio Oriente, devido ao seu
alto teor em proteina e hidratos de carbono.

No entanto, as sementes de tremogo necessitam de um pré-tratamento antes de con-
sumidas, uma vez que contém compostos toxicos e indigestos: alcaloides. O método tradi-
cional para eliminar estes compostos passa por lavar e ferver sucessivamente em grandes
quantidades de agua, posteriormente desperdicada.

O objetivo deste trabalho passa por propor um método alternativo para extrair os
alcaloides das sementes de tremogo. Foram estudados dois métodos: extragao com agua
abaixo do seu ponto de ebuligao e extragao com agua subcritica, ambas em reator descon-
tinuo. O principal objetivo neste estudo passou por testar o efeito de varios pardmetros:
temperatura, razao solvente/solido, tempo de residéncia e sucessivas extragoes.

Primeiramente foi realizada uma caracterizagao quimica ao tremoco, onde se relatou
o seu alto teor em proteina (37%), hidratos de carbono (42%) bem como em lipidos (13%).

A temperatura e a razao solvente/s6lido demonstraram ser os parametros que mais
influenciam o rendimento de alcaloides nos métodos de extracdo estudados.

O melhor resultado obtido na extracao com agua abaixo do ponto de ebuli¢ao foi a 80
°C, durante 30 minutos e com uma razao 40:1 (agua:tremoco): 35.5% do total de alcaloides
presentes nas sementes foram extraidos.

O melhor resultado obtido com agua subcritica foi atingido a 100 °C, durante 60
minutos e com uma razao 40:1 (agua:tremoco): 77.4% do total de alcaloides presentes
nas sementes foram extraidos. Nestas condi¢oes, outros componentes foram também
extraidos, como 8 g/100 g tremoco de hidratos de carbono, 7 g/100 g tremogo de proteina
e 4 ¢/100 g tremocgo de lipidos.

Um segundo ensaio, realizado as mesmas condi¢des experimentais que o primeiro
ensaio, usando o tremogo proveniente da primeira extracao mas com agua nova, demons-
trou remover uma quantidade insignificante e residual de alcaloides, tanto na extragao

com agua abaixo da sua temperatura de ebulicao, quanto com agua subcritica.

Palavras-chave: Tremogo branco, Processo de lavagem, Alcaloides, Agua subcritica, Ex-

tracao com agua.
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1 | Introduction

Since ancient times, white lupin has been largely cultivated around the Mediterranean
and Middle East, especially for human and animal consumption. The nutritional value,
particularly the high protein content, promotes highly healthy diets. Despite this, the
presence of alkaloids, toxic compounds that additionally confer a bitter taste, limits its
direct use. A simple solution is using a pretreatment, commonly known as debittering
treatment.

This chapter introduces fundamental concepts and reports on work related to the
subject of this thesis.

The first section starts with an overview of Lupinus Albus L., its characterization, nutri-
tional value, and applications in the food industry. Then, a second section introduces the
quinolizidine alkaloids concept, their toxicity, applications and analytical methods. The
third section presents a brief overview of different debittering technologies that already
exist in industry and their disadvantages. Lastly, the chapter ends with a description of

two proposals for solving the problem.

1.1 White Lupin (Lupinus Albus L.)

Lupin is generating more interest in different industries due to its benefits in relation to
it being an abundant source of protein, fiber and fat.

From the more than 200 species of the genus Lupinus known, white lupin, or Lupinus
Albus L., is the longest known crop [1], mainly cultivated in the Mediterranean Sea and
South America [2]. In addition, blue lupin or Lupinus angustifolius L., yellow lupin or
Lupinus luteus L. and Lupinus mutabulies, also known as pearl lupin, are other familiar
species of agriculture interest (Figure 1.1).

The use of lupin seeds as human and animal food increased in the 20th century
because of its numerous health benefits.

White lupin seeds contain high amounts of proteins, from 33% to 38%, with essen-
tial amino acids like lysine, threonine, leucine and arginine [1], making Lupinus Albus L.
seeds more suitable and valuable for vegan diets, and for celiac people [4]. Compared
to soybean, peas and bean, lupin proteins have low anti-nutritive properties due to their

minimum content of a-, f- and y-conglutin, globulin proteins that may cause allergenic

1



CHAPTER 1. INTRODUCTION

L. luteus | L. mutabilis

Figure 1.1: The most cultivated species of lupins and respective seeds [3].

effects. A proper diet includes this high protein content that can cause a significant de-
crease in LDL (bad colesterol) level, and reduce the blood pressure, preventing problems
like diabetes and obesity [1].

White lupin is also a good source of carbohydrates, mono- and disaccharides, and
non-starch polysaccharides being the major sugars in seeds. Mono- and disaccharides
constitute about 6% of lupin seeds. Of these, sucrose was reported to be the most abun-
dant (Table 1.1). These soluble sugars are important for seed germination due to their
energy capacity [2].

The structural polysaccharides prevail, about 30% of the seed, mostly present in lupin
hulls: cellulose and hemicellulose. These saccharides make white lupin an extraordinary
source of fiber. Moreover, in contrast with other legumes, white lupin seeds do not contain
many starch, resulting in a low glycemic index which prevents problems with insulin
resistance [1].

Furthermore, the content in lipids (3-21%) plays an important role to maintain the
energy at higher levels [5]. Mediterranean climate seeds, according to Annicchiarico et al.,
normally have higher fat content [6]. In addition, lupin is a good source of unsaturated
fatty acid moieties, e.g. w-6 and w-3. Nowadays, common diets have ratios of w-6 to w-3
up to 15 to 1. This excess of w-6 acids is known to cause circulatory system diseases [1].
Andrzejewska et al. observed a 2:1 ratio in white lupin seeds, which reduces the risk of
these health diseases and is advantageous for human health [7].

In addition to benefits to human and animal diet, literature studies have indicated
that Lupinus Albus L. brings advantages for agriculture due to its ability to fix nitrogen
via symbiotic nitrogen fixation (SNF). Nitrogen fixing crops can provide an alternative to

the use of chemical fertilizers, which reduce the pollution problems and production costs

2



1.1. WHITE LUPIN (LUPINUS ALBUS L.)

Mono and disaccharides Mean value (g/kg) Portion in total (%)

Sucrose 41.2+1.5 70.7
Galactose 4.88 +0.32 8.4
Glucose 3.90 £ 0.27 6.7
Ribose 3.35+0.04 5.8
Maltose 2.96 +0.23 5.1
Fructose 1.61 + 0.04 2.8
Xylose 0.32 +0.05 0.6
Total 58.2 100

Table 1.1: Ratios of individual and total mono and disaccharide sugars of Lupinus Albus L. Values
are reported on a dry matter basis [2].

[8, 9]. Additionally, soils with high nitrogen levels increase the yield and macroagregate
stability [10]. Kristina Staples et al. reported that white lupin seeds can fix 150-200 kg/ha
nitrogen [9]. Therefore, lupin contributes to reducing/eliminate the excessive use of
nitrogen fertilizers and consequently generates sustainable agriculture.

Moreover, with a characteristic deep root system, white lupins tolerate nutrient-poor
soils and access deeper water resources. These roots, when exposed to soils with nutrient
deficiency, form clustered lateral rootlets (CRs), bringing several advantages. CRs provide
access to a larger soil volume due to the increase of the surface area. They can absorb
10 times more nutrients, e.g., phosphorus, than root systems without cluster roots. This
characteristic has been useful in understanding the physiology of nutrient acquisition,
and consequently breeding other crops with this root system [11].

Annually, about 500,000 tons of lupin derived products are consumed in Europe such
as pasta, biscuits, bread, milk substitutes and sauces. Additionally, some regions eat
the seeds as a snack [12]. This consumption is due to lupin having been presented as
an alternative to soybean and other legumes/grains. In fact, lupins are a great protein
substitute and have low saturated fatty acid content. The high levels of oil with a high
unsaturated fatty acids proportion is advantageous for human health [2] (Table 1.2).

Lupin Corn Soybean Wheat

Protein (%) 32.2 3.3 40.5 12.7
Saturated 13.5 7,5 15.5 21.1
Fatty acids profile (%) Monounsaturated 55.4  16.5 27.7 15.7
Polyunsaturated 31.1  76.0 60.8 63.2

Table 1.2: Protein content and fatty acid profile composition of L. albus and other grains. Values
are reported on a dry matter basis [2].



CHAPTER 1. INTRODUCTION

Although lupin seeds have great nutritional value, they also contain alkaloids in their
composition, which renders the seeds improper for consumption. This anti nutritional
compound has been related to the bitter taste present in some lupin species, especially in
the Lupinus Albus L. and also with health problems (neurological effects leading to loss of
motor coordination and muscular control) [13].

Seeds of Lupinus Albus L. are known as bitter based on their high levels of alkaloids,
exceeding the limit of 0.200 mg/g [14]. Because of this, industries have been using

different debittering pretreatments.

1.2 Quinolizidine Alkaloids

Quinolizidine alkaloids (QA) are frequently named as lupin alkaloids since they mostly
occur in species from the genus Lupinus. These compounds play an important role, since
they protect plants against pathogen microorganisms and herbivorous animals [13]. Also,
Staples et al. observed that bitter lines, with higher alkaloid concentrations, had higher
root nodulation for symbiotic nitrogen fixation (SNF) [9]. Despite that, as previously men-
tioned, QA are the principal reason why lupin seeds are toxic to humans and mammals.

Within the 170 alkaloids identified in different Lupinus species [13], lupanine is the
major alkaloid present in L. Albus (see Table 1.3) and consequently correlated with the
total alkaloid content, which varies from 0.02% to 13% [15].

Quinolizidine alkaloids Mean value (%)
Lupanine 76.06
13-Hydroxylupanine 8.23
Multiflorine 5.52
Albine 4.48
Angustifoline 2.07
11,12-Seco-12,13-Didehydromultiflorine 1.74

Table 1.3: Total quinolizidine alkaloids content of Lupinus Albus L. [16]

1.2.1 Biosynthesis

Normally, alkaloids derive from the products of metabolism of amino acids, quinolizidine
alkaloids being lysine-derived [13].

The biosynthetic pathways have been reported by a few researchers and it was estab-
lished that the first step is the decarboxylation of L-lysine, by the enzyme lysine decar-
boxylase (LDC)[17]. From the decarboxylation, cadaverine is formed and, with a reaction

catalyzed by the enzyme 17-oxosparteine synthetase, converted into 17-oxosparteine.

4



1.2. QUINOLIZIDINE ALKALOIDS

From this intermediate, lupanine is formed (Figure 1.2). This alkaloid serves as a precur-

sor to other alkaloids, such as 13-hydroxylupanine.

Lysine

|

3 units of Cadaverine

l 17-Oxosparteine-synthase

o]

17-Oxosparteine

|

[Dehydrosparteine]

Lupanine

Figure 1.2: Biosynthesis pathways of lupanine. Adapted from [18].

The concentration of QA may vary depending on genotype and environment, which
causes different alkaloid content between different lupin species. Some factors can influ-
ence this alkaloid concentration/synthesis: environmental conditions such as tempera-
ture, season, sunlight, soil properties (nitrogen levels and moisture) or even the presence

of pathogen agents [13].

1.2.2 Toxicity

QA have the particularity of not being toxic to the legumes which produce them but toxic
or very toxic to others.

According to the latest studies, tetracyclic alkaloids have the highest toxicity. One
of these is lupanine, the major alkaloid from the seeds of white lupin. Results showed
a moderate toxicity in vertebrates and acute in mammals, causing different effects like
convulsions, tremors and death from heart attack or respiratory arrest [13][14]. In animals
like sheep, QA toxicity can lead to depression, pulmonary paralysis and trembling. On
human health, effects on the nervous system, gastrointestinal or cardiovascular systems

are noted and can be observed if seeds are not debittered or ripe [13].

5



CHAPTER 1. INTRODUCTION

The acute oral LD5 (median lethal dose) values for lupanine (Figure 1.3), according
to the latest literature results, was 159 mg/kg. The toxicity of other alkaloids was also
determined, such as 13-hydroxylupanine and angustifoline, which are also present in
white lupin seeds [19].

@ 420
= 400 4 A ® 1 Sparteine
E 380 4 O 2 Lupanine
S 360 < ¥ 3 13-Hydroxylupanine
5 340 1 7 4 17-Hydroxylupanine
g 7 320 1 B 5 Oxolupanine
E S 300 O 6 Cytisine
2= 280 1 + 7 N-Methylcytisine
5 5 g% ] <» B Angustifoline
S} & 9 N-Methylangustoline
12 2204 @ .
oe ] A& 10 Anagyrine
x 200 ! ]
o E 480 - L J - n ® 11 Tinctorine
Ew © 12 Rhombifoline
28 160 1 o
02 140 4
< 8 120 4
2% 100 4
=] .
5w
p 20 o ¢ . o
3J 20 4 s
& 0 T T T T T T T T T T T T

1 2 3 4 5 6 7 a8 9 10 11 12
Quinolizidine alkaloids

Figure 1.3: Quinolizidine alkaloids toxicity (LDsg) [19].

1.2.3 Analytical methods

Different techniques have been developed over the years to quantify QA. The extraction
is normally performed with non-polar or low polar solvents as a consequence of the low
polarity of quinolizidine alkaloids [13].

The determination has been made by several methods such as taste testing, seed color,
calorimetry, thin layer chromatography (TLC), fluorescence, high performance liquid
chromatography (HPLC), gas chromatography (GC) and mass spectrometry (MS).

Taste testing is a non-chemical and qualitative method where animals or humans are
used as testers. It is because QAs have a bitter taste [20].

Seed color is also a qualitative method and it is based on the simple observation that
dark seeds are bitter and white seeds are sweeter. This technique is not credible, especially
in Lupinus Albus L., because even very white seeds can have high alkaloid levels [20].

Calorimetry was used for the first time with quinolizidine alkaloids in 1940 and
the idea is to compare unknown compounds with a calibration curve obtained with
known standard compounds. It is based on the characteristic chemical reaction of these

molecules. The limitations of these procedures lie in the reactions that are chosen [20].

6



1.2. QUINOLIZIDINE ALKALOIDS

TLC is an application known for its speed of analysis and can be qualitative or semi-
quantitative. It is performed on a sheet of aluminum foil, coated with a silica gel layer
(stationary phase). First, the sample is applied to the plate and, with a mobile phase,
the mixture moves from one side to another. Afterwards, separation is achieved because
analytes move at different rates. For qualification purposes, the distance covered by the
sample is divided by the total distance (Ry) and to detect the substances, the spots are
visualized by UV light onto the plate [20]. This method has limitations in the analyses of
samples that have different alkaloids [13].

Fluorescence is a technique only used to qualify the alkaloids and is based on the fluo-
rescence emission of some alkaloids at different wavelengths. Lupanine and its derivatives
emit fluorescence after light absorption at 366 nm. The humidity of seeds is a critical

factor and can limit the credibility of the results [20].

HPLC is useful to separate, identify and quantify the components of a sample mixture,
when commercial standards are available [20]. By the fact that pure standards of QA are
not easily available, HPLC is used by a few researches for alkaloids quantification [13].
The procedure relies on passing the sample through a column with a liquid or solid
stationary phase (adsorbent). Each component interacts differently with the adsorbent,

leading to different flow rates and to the separation.

GC is an alternative to HPLC, providing an easy and quick way to qualify but also
quantify the alkaloids. Some temperature stability is required, to ensure that the sub-
stance is in the gas state. Another method is needed to identify the different alkaloids.
GS coupled to a mass spectrometer (MS) has been a good alternative. MS allows the

separation and identification of complex mixtures [20].

1.2.4 Applications

Alkaloids have been useful in different areas like agriculture and medicine.

Throughout history, some studies reported that plants with alkaloids have been im-
portant to improve health problems such as diabetes. Wiedemann et al. reported that
lupanine can have antidiabetic properties due to its ability to reduce blood glucose levels,

acting as a positive modulator of insulin release [21].

Alkaloids from many plants, especially lupin, have been considered as biological
fertilizers due to their ability to establish complexes with the rhizosphere and with the
soil. Later research confirmed that the use of Lupinex, a natural fertilizer which contains

QA, increases the yield of legumes, cereals, oil plants and other crops [22].

Other research reported the possibility of using alkaloids as natural plant protector.
For example, lupanine extract can be used to reduce the development of larvae [23]. This
new possibility has been considered as a new alternative for synthetic products, such as

pesticides [22].



CHAPTER 1. INTRODUCTION

1.3 Debittering Processes

As previously mentioned, one downside of white lupin seeds is their high content in toxic
alkaloids, which causes a bitter taste. Lupin seeds need a pretreatment capable of extract-
ing this antinutritional compound, to make the seeds proper and safe for consumption.

Different debittering methods have been used in industry: soaking/cooking with
aqueous, acid and alkaline thermal procedures, germination, fermentation, and also breed
species with low-alkaloid content [13].

Soaking and cooking has been the most effective process. This method has been tested
at different conditions. According to one report, first the seeds were boiled in water (1:3,

seed:water) for 75 min and then divided into three debittering procedures:

1. Normal aqueous treatment: Debittered with water at room temperature for 144

hours, water renewed at 12-h intervals;

2. Thermal aqueous treatment: Debittered with water at 55-65 °C for 144 hours,

water renewed at 12-h intervals;

3. Alkaline treatment: Debittered with 0.5% sodium bicarbonate solution at room

temperature for 144 hours, solution renewed at 12-h intervals.

Afterwards, the seeds are washed with water for 10 seconds and then soaked for 12
hours in salty water [24].

Authors reported that the total quinolizidine alkaloid content was lower in the seeds
after alkaline treatment than after normal treatment, but both below the toxicity safety
limit for humans and animals. On the other hand, some sensory properties (appearance,
color, texture, etc.) and nutrients (mainly proteins and carbohydrates) loss occurs during
these three treatments. Because of this, debittering with water at room temperature was
found to be better, it is more straightforward to apply and the market loss in the food
value of the seeds is minimized. Higher temperatures and organic solvents increase the
secondary effects. Despite all this, large amounts of water are needed and wasted in these
processes, which is a problem for the environment [13, 24-26].

Germination process can degrade some antinutritional factors and lead to products
with better quality for animal and human diets. Chilomer et al. reported that total alkaloid
content in blue and yellow lupin species reduced about 30% after 4-day germination in
distilled water, at 24 °C in the dark. However this procedure takes time and does not
garantee total removal of alkaloids, but can be a good complement [27].

Fermentation can also improve the nutritional value of lupin seeds and may resultin a
decrease of antinutritional compounds, which could be a faster and cheaper complement
[28]. This process is one of the oldest for refining feed, where microorganisms are used,
for example Saccharomyces cerevisiae, to transform the structure of protein and reduce
the antinutritional factors, e.g. alkaloids. However, Zaworska et al. reported that lupin

alkaloids are resistant to fermentation processes, it was observed that the alkaloids level
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was higher in fermented seeds, compared with raw seeds. Moreover, a reduction of
protein and non-structural sugars in the biomass was also observed [29].

Breeding species with low-alkaloid content has been investigated to solve the tox-
icity problem. However, since alkaloids are fundamental due to their strong genetic
physiological function and background in plants, a decrease in yield and resistance has
been observed [13]. Moreover, this has ecological consequences because bitterness is a
dominant genetic characteristic [30].

An alternative method that has also been investigated is to detoxify lupin flours using
bacteria able to degrade the alkaloids. The results suggest that this procedure may be an
alternative debittering process [31].

Another methodology under investigation is the use of supercritical carbon dioxide
extraction. Caetano et al. reported that using supercritical extraction with carbon dioxide
99.95% at 298K and 313K, i.e. above its critical point (parameter that will be mentioned
in the section 1.5) only extracted lupanine and the quantities were small. In addition,
this process always decreases the nutritional value due to the fact that lipids are simulta-

neously extracted with alkaloids [32].

1.4 Water extraction

The necessity to reduce both the waste of water and the use of organic solvents for extract-
ing alkaloids has been led to alternative approaches. The process of extraction bioactive
compounds is quite difficult in terms of selectivity. Besides alkaloids, several other soluble
molecules are extracted, as previously mentioned in the section 1.3, causing significant
decrease in nutritional value. Jimenez-Martinez et al. have reported that 120-270 g/kg of
solids are lost during the aqueous, and alkaline thermal debittering procedures [26].

The efficiency of the extraction depends on multiple factors such as temperature,
extraction time, solvent type, matrix particle size, solvent-to-solid ratio, and extraction
conditions.

Researchers have shown that long extraction times might change the color and aspect
of lupin seeds, due to the loss of pigments and water-soluble vitamins into the water [25].
Also, it was reported that significant reductions in crude protein and crude ash occur
[33].

Though increasing temperature has a good effect on the extraction efficiency, it was re-
ported that higher temperatures cause side effects on product quality such as degradation
in color, and sensory properties, as well as thermally labile compounds [25, 34].

To obtain higher surface contact between solvent and matrix, smaller particle sizes
should be used, facilitating the mass transfer of solutes [35]. Furthermore, Cacace et
al. reported that increasing the solvent-to-solid ratio shows large effects on the yield,
observing that there was a significant increase with the increase of the solvent-to-solute
ratio [36].
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As regards reactor configuration, batch solid-liquid extraction under continuous stir-
ring is noted to be an easier and cheaper method for the extraction of natural compounds
from plants. The continuous stirring allows the mixture to be constantly mixed, achieving
turbulent conditions. Besides, the concentration gradient decreases, and mass transfer is

privileged by the movement of vortexes [37].

A process under continuous conditions requires the use of more units such as peri-
staltic pumps, a solvent bath and an extraction column, making it more complex to
operate [37].

This method has been applied in different studies such as in the extraction of antioxi-
dant compounds from Sterculia apetala [37], phenolic compounds from milled berries [36],
protopine from Fumaria officinalis [38], andrographolide from plants [39], and polyphe-
nols from grape seeds [35].

1.5 Subcritical water extraction

The use of subcritical water extraction (SWE) is an interesting and environmentally be-
nign alternative for extraction processes. It allows extracting a variety of solutes from

different matrices such as plants [34].

Water is a nonflammable, green solvent. The water molecule is polar, and therefore
liquid water at normal temperature and pressure is a good solvent for polar compounds,
and salts. At atmospheric pressure, water boils at 100 °C. To avoid vaporization, pressure
must be applied. Subcritical water, or hot compressed water (HCW), is the designation
given to water above its normal boiling point and below its critical point (374 °C) [40],
under sufficient pressure to remain in the liquid state (Figure 1.4). At the critical point,
the density of the liquid and the gas become identical. Above it, the fluid is said to be
supercritical, with a combination of liquid-like and gas-like properties [34, 41, 42].

HCW has a higher ionic product than water at ambient conditions. As temperature
increases, the ionic product can become three orders of magnitude higher. Due to the high
H* and OH™ concentrations, water behaves not only as a solvent, but also as a catalyst
(44].

HCW is also slightly less dense than normal water, much less viscous, which allows
the overcoming of mass transfer limitations, and has a lower dielectric constant, simi-
lar to alcohols, due to the fast movement of the water molecules, which disorders the

intermolecular hydrogen bonding [34, 45]

Several studies show that extraction methods with subcritical water are more efficient,
less expensive, and a good alternative to organic solvents, which avoids negative envi-
ronmental impacts. It is a viable solution to extract antioxidants from different matrices
[46—49], hemicellulose [50, 51], and alkaloids from Sophora flavescens and goldenseal [34,
41].
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Supercritical

Subcritical /° critical point

Solid | Liquid

Pressure

triple point
Gaseous

v

Temperature

Figure 1.4: Water phase diagram indicating the subcritical and supercritical region, critical point,
and triple point [43].

1.6 Motivation for this work, and thesis outline

Although widely adopted by the industry, the debittering pretreatment still faces some
challenges. Lupin seeds debittering treatment usually includes cooking, and soaking in
running water/aqueous alkaline solutions for several days, decreasing the alkaloid con-
tent to non-toxic levels. Large amounts of water/organic solvents are used and wasted,
causing critical environmental impacts. Moreover, long operating times are needed,
which consequently increase the process cost.

The aim of this thesis is to propose an alternative method for the debittering process,
optimizing the operating parameters, especially the amount of water. Furthermore, costs
must be as low as possible in the intended process, considering the limitations of the food
and livestock feed industries.

To achieve the aim of this work, the following tasks were defined:

1. Determination of the chemical characterization of white lupin in order to know the

content of some of its main components, for comparison with debittered lupin.

2. Debittering of white lupins using two different approaches, namely extraction with
water below its boiling temperature, and subcritical water extraction, in both cases
using batch reactors, varying several operation parameters such as temperature,

residence time, and solvent-to-solute ratio.

3. Optimization of the extraction process, by bringing the alkaloid content under

toxicity levels while minimizing the extraction of other valuable compounds.
The remainder of this document is organized into the following chapters:

11
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Chapter 2 describes the materials and methods used to achieve the objective.
* Chapter 3 reports and discusses the results obtained throughout this work.
* Chapter 4 presents a short overview and conclusion on the obtained results.

* Chapter 5 proposes future work.

12



2 | Materials and Methods

2.1 Materials

The material used during this project - white lupin seeds (Lupinus Albus L.) - was provided
by the company Simbeja.

The seeds were previously cleaned (removal of leaves and other plant residues) and
then fragmented in a coffee grinder, into a particle size between 0.5 and 1 mm (Figure 2.1).

The resulting lupin seed powder was stored in a freezer.

Figure 2.1: White lupin seeds and powder.

2.2 Chemical Characterization

2.2.1 Determination of protein content

In order to determine the crude protein content of lupin seeds, nitrogen content was
determined by elemental analysis (at Laboratério de Analises, REQUIMTE-LAQV) and
multiplied by a factor 6.25 [52].

To determine the soluble protein content, 5 g of ground white lupin seeds were mixed
with distilled water (20:1, water:lupin) and incubated at 50 °C for 90 minutes, under
constant stirring. Afterwards, the solution was filtered and the liquor obtained was
lyophilized. Nitrogen content was determined in the remained solid, by elemental analy-

S1S.
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The protein content of extracts was also determined by elemental analysis.

2.2.2 Determination of ash content

Ash content of lupin seeds was determined using 0.8 g of lupin seeds powder. The powder
was put in a porcelain crucible, placed in a muffle at 550 °C for 6 hours. Afterwards, the
crucible was placed in a desiccator to cool down and, through mass difference, the ash

content was determined [53].

2.2.3 Determination of water content

Water content of lupin seeds was determined by using a hygrometer (KERN DAB 200-2)
at 105 °C. For that purpose, 1 g of lupin seeds powder was weighed, and placed in the
hygrometer, which calculated the water content values in mass percentage.

2.2.4 Determination of phenolic compounds content

To determine the total phenolic content of lupin seeds, first a hydro-alcoholic extraction
was performed, and then phenolics were quantified in the resulting extract using the

Folin-Ciocalteu method.

1. Hydro-alcoholic extraction: To 1 g sample of lupin seeds powder was added 40 mL
of ethanol:water solution (60:40 v/v). The mixture was incubated at 50 °C for 90
minutes under constant magnetic stirring (150 rpm). Afterwards, it was filtered

and the solution obtained was used to calculate the total phenolic content.

2. Folin-Ciocalteu method: The quantification was performed using the Folin-Ciocalteu
method [54], with a calibration curve built with gallic acid monohydrate (Sigma
98%). For that purpose, solutions with different concentrations (25, 50, 100, 250,
500 and 750 mg/L) were prepared from a 5 g/L stock solution of gallic acid in

milli-Q water.

In order to avoid any interference, the solution obtained from the hydro-alcoholic
extraction was centrifuged (Biofuge 13, Heraeus Sepatech) for 15 minutes at 12000

rpm, based on the procedure described by Sivaraman et al. [55].

In test tubes were added 20 uL of the standard gallic acid solutions as well as the
recovered supernatant from the centrifugation, 1.58 mL of distilled water and 100
uL of Folin-Ciocalteu reagent (MERK). The mixtures were stirred and incubated
at room temperature, for five minutes. Afterwards, 300 uL of sodium carbonate
solution (Sigma) was added and incubation in a dry bath (Accu BlockTM Digital Dry

Batch) was carried out at 40 °C for 30 minutes.

Lastly, the absorbance was measured at 750 nm (DU®800 Spectrophotometer from
Beckman Coulter, Brea, USA) and the concentration of the samples was calculated

using the calibration curve, and expressed in g/L GAE (gallic acid equivalent).

14
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2.2.5 Determination of lipid content

The lipid content was determined by the Soxhlet method (Figure 2.2), where 2 g of lupin
seeds powder was defatted with 70 mL of n-hexane (Carlo Erba Reagents) for 3 hours.
The resulting residue was dried overnight at 40 °C and, the solvent present in the oil

solution was removed through evaporation. The remaining oil was weighed.

| — Condenser

Extractor—__|

Sample —

Distillation
flask

Heat source

Figure 2.2: Soxhlet apparatus [56].

2.2.6 Determination of carbohydrates content

Carbohydrates are an important part of biomass samples and can be structural and non-
structural. Because of this, two extractions were done: hydro-alcoholic extraction [57]
(that extract the nonstructural sugars) and acid hydrolysis extraction [58] (where the
structural sugars are removed). Both extractions were done with defatted lupin seeds.

The quantification of the sugars was performed by the colorimetric phenol-sulfuric
method [59].

1. Hydro-alcoholic extraction: The residue obtained from the former step, 0.8 g, was
first extracted with 40 mL of an ethanol:water solution (80:20 v/v) in an ultrasonic
bath for 15 minutes at room temperature. Afterwards, the solid and liquid phases
were separated by centrifugation for 10 minutes at 10000 rpm and the supernatant

was collected. This procedure was repeated three times.

The ethanol from the combined supernatants was evaporated under vacuum by a
rotary evaporator at 50 °C. The soluble sugar-containing solution was diluted with

80 mL of water and used to quantify the carbohydrates.

2. Acid hydrolysis extraction: The resulting solid from the hydro-alcoholic extraction
was dried overnight at 40 °C. From this residue, 0.3 g was weighed and to it were
added 3 mL of 72% (w/w) H,SOy4. This mixture was incubated in a 30 °C water

15
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bath for 1 hour under constant stirring and diluted to 4% (w/w) by adding 84 mL

of water.

Lastly, it was incubated in a silicone bath at 121 °C for 1 hour under constant stirring
and afterwards it was filtered. The solution was then used to calculate the structural

carbohydrates.

3. Phenol-sulfuric method: To quantify the nonstructural and structural carbohy-
drates by this method, a calibration curve was built with D+ glucose monohydrate
(SIGMA Aldrich). For that purpose, glucose solutions with different concentration
(0.005, 0.01, 0.025, 0.05, 0.075 and 0.1 g/L) were prepared from a 3 g/L stock

solution in milli-Q water.

To avoid any solids in the solution of the acid hydrolysis extraction, it was cen-

trifuged (Biofuge 13, Heraeus Sepatech) at 12000 rpm for 15 minutes.

Afterwards, to 500 uL of the recovered supernatant and of the standard D+ glucose
monohydrate solutions was added 1.5 mL of 96% (w/w) H,SO,4 and 300 uL of a 5%
(w/v) aqueous solution of phenol. The mixtures were then stirred and incubated
in a dry bath (Accu BlockTM Digital Dry Batch) at 90 °C for 5 minutes. After the
incubation, the absorbance was measured and the concentration was calculated

using the calibration curve, and expressed in g/L glucose equivalent.

2.2.7 Determination of lignin content

To calculate the lignin present in the lupin, the residue from the acid hydrolysis was
washed with water, dried overnight at 105 °C and weighed [58].

2.2.8 Determination of quinolizidine alkaloids content

The first step to quantify the alkaloids was to add 30 g of lupin seeds powder to 100 mL
of 1M acetic acid, and stir for 30 minutes. Then, in order to separate the solid and liquid
phases, the mixture was centrifuged (Beckman Coulter, J-26 XPI) for 20 minutes at 12000
rpm. The supernatant was collected and its volume measured. This step was repeated 8
times.

The second step was to basify the aqueous solution (supernatant) with ammonium
hydroxide (Honeywell) that was fed to a chromatographic solid phase extraction column
(Isolute HM-N, Biotage), and eluted with dichloromethane (CH,Cl,, Honeywell). Finally,
the CH,Cl, was evaporated under vacuum by a rotary evaporator at 40 °C and the residue
that remained (alkaloids) was dried overnight and weighed.

To determine the alkaloids content in the liquors from water and subcritical water
extractions, only the second step was performed. 30 mL of liquor was basified with
ammonium hydroxide (Honeywell), fed to the chromatographic solid phase extraction
column (Isolute HM-N, Biotage), and eluted with dichloromethane (CH,Cl,, Honeywell).

16
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Afterwards, the CH,Cl, was evaporated at 40 °C under vacuum by a rotary evaporator,

and the remaining residue was weighed.

2.2.9 Water extraction

Water extraction were performed with water below its boiling temperature, under contin-
uous stirring. Lupin seeds powder was treated with water for different periods of time (30,
180 and 360 minutes), solvent-to-solid ratios (10:1, 20:1, 40:1) and temperatures (50 and
80 °C), in order to reach the highest possible concentration of the extracted compound
(alkaloids) in the liquor.

800 mL of distilled water were used and placed in a 2 L cylindrical schott vessel
containing different quantities of ground lupin seeds, to give the solvent-to-solid ratios
indicated above. The schott vessel was placed in a thermostated water bath under stirring
(magnetic stirrer, 200 rpm). In the end, in order to separate the lupin powder from the
liquor, the samples were filtered under vacuum. The liquors were used to quantify the

carbohydrates, protein, and alkaloid contents.

2.2.10 Subcritical water extraction

For the subcritical water extraction, the reactor apparatus used in this work is represented

in Figure 2.3.

Ventin Pressure
9 ' Indicator
Valve
- X Heater N,
Water Vessel Batch Reactor

Figure 2.3: Subcritical water reactor apparatus.

It comprises a distilled water container, connected to a cooling coil in the reactor,
which helps to regulate the temperature, and an agitator. The reactor is a stainless steel
tube with a 1,2 L volume, and is covered by a heater, in order to reach the desired tem-

perature. A nitrogen bottle is also connected to the reactor, with a valve, to pressurize.
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Pressure in the reactor is measured with a pressure indicator. The venting valve is used
to relieve the pressure at the end of the extraction.

Two different parameters were studied: temperature and solvent-to-solid ratio. In
all the assays the residence time was 1 hour. Three temperatures were used: 100, 120
and 140 °C, with 20:1 and 40:1 solvent-to-solid ratio. The pressure used was only that
necessary to maintain the liquid state, 10 bar at 100 and 120 °C, and 15 bar at 140 °C.

To perform an assay, first the lupin powder and distilled water were placed in the
reactor. When the pressure reaches the desired value, the agitator and the heater were
turned on. After the temperature is reached, the experiment started for 1 hour. At the
end, the sample (lupin residue and liquor) was collected and filtered under vacuum, in
order to separate the residue from the liquor. Each liquor sample was used to determine

the carbohydrates, protein, and alkaloids content.
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3.1 Chemical characterization

As previously mentioned, the first task of this thesis was to determine the chemical com-
position of white lupin seeds, provided by the company Simbeja. The main components
determined were total carbohydrates, crude protein, oil, ash, phenolic compounds, as
well as lignin. The composition is presented in Table 3.1. As expected, the dominant

components identified were protein, carbohydrates, and lipids.

Components g/100 g lupin
Carbohydrates 42.2+0.3
Protein 36.5+0.1
Lipids 13.2+1.0
Ash 3.4+0.1
Phenolic compounds 0.6 +0.1
Lignin 0.48 + 0.01

Table 3.1: Chemical composition of white lupin seeds (data are reported on a dry mater basis;
mean value + standard deviation, n=3)

Protein content (36.5%) was similar compared with previous works, and was higher
compared with other legumes like lentil and haricot bean [2, 60, 61]. Soluble protein
content was 6.5 g/100g lupin, corresponding to ca. 18% of the total amount of protein.

The total carbohydrates content of white lupin seeds used in this work was 42%, also
reported by other authors [1, 62]. The determination of total carbohydrates required the
separation of soluble sugars, directly available in seeds, from insoluble sugars, which are
the structural sugars that make up the structures of hemicellulose and cellulose. The
levels of soluble and insoluble sugars determined in the seeds are shown in Table 3.2,
with a major proportion of structural sugars (34%) compared with only 8% of free sugars.

Total fat content is usually from 8% to 12%. The white lupin seeds used in this
study showed a high lipid content (13%), explained by the fact that in the Mediterranean
climate white lupin is characterized by an 8% higher lipid content than in other regions

[1]. Ash, phenolic compounds, and lignin were the minor components identified in the

19



CHAPTER 3. RESULTS AND DISCUSSION

seeds, which agrees with previous studies [2, 63, 64].

Total carbohydrates g/100 g lupin

Soluble sugars 8.2+0.1
Structural sugars 34.0+0.5

Table 3.2: Free and structural sugars identified in white lupin seeds (data are reported on a dry
mater basis; mean value + standard deviation, n=3)

The main objective of this thesis was to extract the alkaloids present in white lupin
seeds, to make them safe for consumption.

The determination of total alkaloid content was already done in a previous project
(Lourengo et al.). As mentioned in the section 2.2.8, the procedure required 8 extractions
to quantify the total alkaloids. In this work, only the first extraction was performed
and the result, 1.28%, is in a good agreement with the result from the previous project,
1.25%. The total content of alkaloids present in white lupin seeds, as well as the total
alkaloids extracted in each extraction is presented in Table 3.3, reproduced from the work

of Lourenco et al..

Extraction Alkaloids (g/100 g lupin)

1.25
1.15
0.51
0.22
0.11
0.05
0.02
0.02

o NN O G e W =

Total 3.34

Table 3.3: Total alkaloids content in white lupin seeds. Data are reported on a dry mater basis.

As expected, the result of total alkaloid content, 3.34 g/100 g lupin, demonstrated
that these species of lupin, Lupinus Albus L., is a bitter line. The high concentration
of alkaloids exceeds the limit of 0.02 g/100 g lupin [14], and makes the seeds toxic to
humans and animals.

The total alkaloid value 3.34 g/100 g lupin will be used for reference during this
study.
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3.2 Extraction study

The aim of this thesis concerns the extraction of alkaloids from the seeds of white lupin
using two different approaches: water extraction with water below its boiling point, and
subcritical water extraction. Both extractions were performed under batch conditions.

The yield of water soluble compounds was determined by measuring the amount of
extract obtained. The latter was determined by lyophilizing the liquor that remained in
the reactor after the assay.

The influence of several parameters on the yield of alkaloids was studied, namely the
effects of temperature, solvent-to-solid ratio, residence time, and successive extractions.

The yield (Y) of alkaloids is given by Equation 3.1:

mass of alkaloids in the extract

= 100 3.1
mass of alkaloids in the lupin seeds placed in the extraction vessel 8 (3:1)

Total carbohydrates and proteins were analysed in the extracts in order to study the

impact of extraction on the nutritional value of lupin after the debittering process.

3.2.1 Water extraction

The yield of extraction of compounds from a food matrix depends on different parameters.
In order to start with lower temperatures, which means lower operation costs, water below
its boiling point and at atmospheric pressure was studied first.

Firstly, the influence of solvent-to-solid ratio on the extraction of alkaloids was studied
at 50 °C, for extraction times of 3 and 6 hours. Table 3.4 shows that increasing solvent-to-
solid ratio significantly increased the yield of alkaloids. In the 3 hours experiments, as
that ratio varied from 10:1 to 40:1, the yield of alkaloids increased from below 1% to over
21%. The same trend was observed in the 6 h experiments. Table 3.4 also shows that the
duration of the experiments in the time interval considered — 3 to 6 h — had a negligible
effect on the yield of alkaloids.

The increase in the yield of alkaloids with the increase in solvent-to-solid ratio can
be explained by the principles of mass transfer, where the concentration gradient is
considered to be the main driving force. This concentration gradient is higher with
higher solvent-to-solid ratios, which consequently increases the diffusion rate. Similar
results were seen by Cacace et al. [36] and Lovasoa et al. [38].

To determine the impact of the extraction process on the lupin matrix, the yield of
water soluble compounds was also assessed. In the 3 hours assays (Figure 3.1), increasing
the solvent-to-solid ratio from 10:1 to 20:1 increased the amount of material extracted
from the lupin matrix from 16% to about 23%. On the other hand, a change in that ratio
from 20:1 to 40:1 had a negligible effect.
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Extraction conditions Yield of alkaloids

Temperature (°C) Time (min) Ratio g/100 g lupin

50 180 10:1 0.02 (0.60%)
50 180 20:1 0.39 (11.6%)
50 180 40:1 0.73 (21.9%)
50 360 10:1 0.02 (0.60%)
50 360 20:1 0.37 (11.2%)

Table 3.4: Extraction with water below its boiling point: The influence of solvent-to-solid ratio
on the yield of alkaloids. In parenthesis are given the percentage of the total amount of alkaloids
extracted.

100% - . .
90% 11,8 14,2 13,2
I . =
80%
16,4
22,8 ),
70% I 22,9 I
60% I
50%
40%
70,5
30% 65,4 62,9 ’
20%
10%
0%
40:1 20:1 10:1

Solvent-to-solid ratio

Lupin residue Water soluble compounds Losses

Figure 3.1: Extraction with water below its boiling point: The influence of solvent-to-solid ratio
on the yield of water soluble compounds (temperature: 50 °C; time: 180 min). Error bars are
given.

In the 6 hours experiments (Figure 3.2), very similar results were obtained. Increasing
the solvent-to-solid ratio is advantageous for the alkaloids extraction, but on the other
hand, it promotes the extraction of other compounds from the lupin matrix. This might
be due to the fact that a larger volume of solvent can solubilize a higher amount of solutes,

even at similar concentrations.
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100% - "
90% 16,0 15,4
i 4t
80%
15,9
21,6
70% I
60% I
50%
40%
68,7
30% 62,4
20%
10%
0%
20:1 10:1

Solvent-to-solid ratio

Lupin residue Water soluble compounds Losses

Figure 3.2: Extraction with water below its boiling point: The influence of solvent-to-solid ratio
on the yield of water soluble compounds (temperature: 50 °C; time: 360 min). Error bars are
given.

In all the assays loss of material was observed, as measured by the difference in the
weight of lupin powder placed in the extractor, and the sum of lupin residue and water
soluble compounds recovered at the end of the experiment. This can be explained by
the fact that the lupin residue is first dried and then weighed, when compared to the
original material placed in the extractor, which has a water content of about 10%. During
the procedure there may also be loss of material when carrying out the collection of the
residue from the extraction, and in the filtration procedure.

Moreover, in order to study more specifically the impact of water extraction of alka-
loids on the lupin nutritional value, carbohydrates and protein contents in the extracts
were determined, since these are the main compounds present in the white lupin seeds.
The methods used were the same as described in chapter 2.

The results obtained showed that increasing the solvent-to-solid ratio had a small
effect on the relative amounts of carbohydrates. On the other hand, the protein extracted
increased about 2 g from 10:1 to 20:1 or 40:1 (Table 3.5).

This can be explained by the fact that at the temperature of the assays, water can only
extract soluble carbohydrates and soluble protein of the lupin matrix, of nonstructural
nature. As seen in the section 3.1, lupin seeds have 8.2 g of soluble sugars per 100 of
lupin and 6.5 g of soluble protein per 100 of lupin, values that are close to those given
in Table 3.5. In the case of soluble protein, a consistent increase in the amount extracted
can be observed as the solvent-to-solid ratio increases from 10:1 to 20:1 or 40:1, which

might be due to the capacity of a higher amount of water to solubilize this protein.
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Extraction conditions Yields (g/100 g lupin)

Temperature (°C) Time (min) Ratio Carbohydrates  Protein

50 180 10:1 8.34 £ 0.21 5.15+0.15
50 180 20:1 8.58 £ 0.19 7.23 +0.15
50 180 40:1 8.06 £ 0.20 7.51+0.18
50 360 10:1 8.33 £0.22 5.37£0.13
50 360 20:1 8.02+0.17 7.15+0.18

Table 3.5: Extraction with water below its boiling point: The influence of solvent-to-solid ratio
on the yields of carbohydrates and protein (data are reported on a dry mater basis; mean value +
standard deviation, n=3).

In addition, a second extraction was performed at 50 °C for 180 minutes, and with a
solvent-to-solid ratio of 10:1. This consists of using the residue from the first extraction,
which was submitted to a second extraction assay. The yield of water soluble compounds
was only 6.7 g/100 g lupin (Figure 3.3), of which 4.6 g were protein, 1.7 g were carbo-
hydrates and only 0.003 g were alkaloids (Table 3.6). The result for protein is somewhat
surprising, since the amount of soluble protein was determined to be 6.5%. However,
this value was determined with a matrix that was not the one submitted to the second
extraction assay. It is possible that the changes in the matrix due to the removal of certain
compounds made some of the soluble protein more accessible. Alkaloids were detected
in the extract, but at very low levels, indicating that at these conditions, alkaloids were

mostly removed in the first extraction.

Extraction conditions Yields (g/100 g lupin)

Temp (°C) Ratio Time (min) Extraction Alkaloids Carbohydrates  Protein

50 10:1 180 1 0.02 8.34+0.21 5.15+£0.15
50 10:1 180 2 0.00 1.77 £ 0.11 4.62 +0.16
Total 0.02 10.1 £ 0.16 9.76 £ 0.16

Table 3.6: Extraction with water below its boiling point: The influence of multiple extractions on
the yields of alkaloids, carbohydrates, and protein (data are reported on a dry mater basis; mean
value + standard deviation, n=3).
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3.2. EXTRACTION STUDY
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Figure 3.3: Extraction with water below its boiling point: The influence of multiple extractions
on the yield of water soluble compounds (temperature: 50 °C; solvent-to-solid ratio: 10:1; time:
180 min). Error bars are given.

As reported, temperature is one of the most important variable in the extraction

process.

The effect that temperature has on the alkaloids extraction from the lupin seeds was
studied at 50 °C and 80 °C, in 30 minutes assays, with a solvent-to-solid ratio of 40:1,
since it previously led to higher yields. Table 3.7 shows that increasing the temperature
from 50 °C to 80 °C, notably increased the yield of alkaloids, from 14% to 36%. The
increase in temperature facilitates, at the same time, the solubilization and diffusion of

alkaloids from the matrix to the solvent, which results in better alkaloid yields.

Extraction conditions Yield of alkaloids

Ratio Time (min) Temperature (°C) g/100 g lupin

40:1 30 50 0.47 (14.0%)
40:1 30 80 1.19 (35.5%)

Table 3.7: Extraction with water below its boiling point: The influence of temperature on the yield
of alkaloids. In parenthesis are given the percentage of the total amount of alkaloids extracted.

Furthermore, the water soluble compounds that were extracted also increased with
temperature. At 50 °C, 16% of total solids were extracted, and at 80 °C it was observed an

increase of 6%, i.e. from 16% to 23% (Figure 3.4). Within the water soluble compounds,
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CHAPTER 3. RESULTS AND DISCUSSION

total carbohydrates and protein were analysed and the values were similar at both tem-
peratures. Soluble sugars, about 8 g per 100 of lupin, and 7 g per 100 of lupin of the
total proteins were extracted. As previously mentioned, only the non structural sugars
and proteins are extracted at low temperatures. In addition, the lipid content in these
extracts was also quantified and it was observed that 3 g/100 g lupin were extracted at
80 °C (Table 3.8).

100% a .
12,3 12,0
90% . 1
80%

0 16,1 22,5
70% I I
60%

50%
40%
71,6

30% 65,4
20%
10%

0%

50 80
Temperature (°C)

Lupin residue =~ Water soluble compounds ' Losses

Figure 3.4: Extraction with water below its boiling point: The influence of temperature on the
yield of water soluble compounds (solvent-to-solid ratio: 40:1; time: 30 min). Error bars are given.

Extraction conditions Yields (g/100 g lupin)
Ratio Time (min) Temperature (°C) Carbohydrates  Protein Lipids
40:1 30 50 8.79£0.19 7.31 +£+0.14 0.02 +0.09
40:1 30 80 8.96 + 0.20 7.64 +0.15 2.81+0.10

Table 3.8: Extraction with water below its boiling point: The influence of temperature on the
yields of carbohydrates, protein and lipids (data are reported on a dry mater basis; mean value +
standard deviation, n=3).

In the interest of achieving better alkaloid yields, a second extraction was performed
at 80 °C. As previously mentioned, this second extraction consists of using the residue
collected from the first extraction, with fresh water.

It was observed that, from the first to the second extraction, the amount of water
soluble compounds increased only by about 3 g/100 g lupin (Figure 3.5). The alkaloid
yield did not show much better results with a second extraction. Only 0.08 g/100 g
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3.2. EXTRACTION STUDY

lupin of alkaloids were additionally extracted (Table 3.9). This suggests that in the first
extraction the solvent accessed those components that were accessible at the conditions
of the experiment. By keeping those conditions constant in the second extraction, the
solvent found a matrix that was nearly exhausted. The total amount of carbohydrates
extracted barely changed with two extractions. However, 3 more grams of protein were

removed per 100 g of lupin (Table 3.9).
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Figure 3.5: Extraction with water below its boiling point: The influence of multiple extractions
on the yield of water soluble compounds (temperature: 80 °C; solvent-to-solid ratio: 40:1; time:
30 min). Error bars are given.

Extraction conditions

Yields (g/100 g lupin)

Temp (°C) Ratio Time (min) Extraction Alkaloids Carbohydrates Protein
80 40:1 30 1 1.19 8.96 + 0.20 7.64 +0.15
80 40:1 30 2 0.08 0.15+0.11 3.01 +0.17
Total 1.27 9.11 £0.16 10.6 £ 0.16

Table 3.9: Extraction with water below its boiling point: The influence of multiple extractions on
the yields of alkaloids, carbohydrates, and protein (data are reported on a dry mater basis; mean
value + standard deviation, n=3).

Within the study that solvent-to-solid and temperature have on the extraction of

alkaloids, the effect of residence time was also analysed.

It was reported that residence time also had influence on the alkaloid yield. From

30 to 180 minutes, at 50 °C and with a solvent-to-solid ratio of 40:1, the yield increased
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CHAPTER 3. RESULTS AND DISCUSSION

from 14% to 22%. On the other hand, in the 180 and 360 minutes assays, the alkaloid
yield remained constant, verified at two ratios, 20:1 and 10:1 (Table 3.10). An explanation
could be the fact that over time the solid has imbibed more solvent, which dissolves better
the compounds to extract, where the maximum is achieved in 180 min. After 180 minutes,
the solvent appears to be saturated, and the thermodynamic equilibrium was reached.
Moreover, the results of the total carbohydrates and proteins showed similar values in
all the experiments, because, as previously mentioned, temperature is the main variable
that influences the extraction of these compounds. At 50 °C only non structural sugars

and soluble proteins were extracted (Table 3.10).

Extraction conditions Yields (g/100 g lupin)

Temp (°C) Ratio Time (min) Alkaloids Carbohydrates Protein
50 40:1 30 0.47 (14.0%) 8.79 £ 0.19 7.31 £0.14
50 40:1 180 0.73 (22.0%) 8.06 + 0.20 7.51 +0.18
50 20:1 180 0.39 (11.6%) 8.58 +0.19 7.23 +0.15
50 20:1 360 0.37 (11.2%) 8.02 +£0.17 7.15+0.18
50 10:1 180 0.02 (0.60%) 8.34+0.21 5.15+0.15
50 10:1 360 0.02 (0.60%) 8.33 £ 0.22 5.37 +£0.13

Table 3.10: Extraction with water below its boiling point: The influence of residence time on
the yields of alkaloids, carbohydrates and protein (data are reported on a dry mater basis; mean
value + standard deviation, n=3). In parenthesis are given the percentage of the total amount of
alkaloids extracted

Throughout the water extraction study, it was observed that about 16-22 g/100 g lupin
of water soluble compounds are always extracted from the matrix to the solvent. Jimenez
Martinez et al. also reported that 12-27 g/100 g lupin of solids are removed during the
thermal debittering process, which is in a good agreement with our results [26].

Within the water soluble compounds, soluble sugars, protein and also lipids are the
main nutrients that are extracted besides alkaloids. These results were also observed by
Erbas: when the seeds were debittered with water at 65 °C, carbohydrates, protein and

lipids contents decreased in the seeds [2].

3.2.2 Subcritical water extraction

Given that the alkaloid yield from water extraction was not enough to make the lupin
seeds safe for consumption, subcritical water extraction was performed. The application
of subcritical water as an extraction enables the use of higher temperatures, which can
improve the mass transfer and solubility effects.

In this experiment, the influence of temperature on the yield of alkaloids, as well as

other components, was studied at 100, 120 and 140 °C, with a solvent-to-solid ratio of
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3.2. EXTRACTION STUDY

20:1, and a residence time of 60 min. Pressure was only the necessary pressure to keep
water liquid (Table 3.11).

Extraction conditions

Temperature (°C) Time (min) Ratio Pressure (bar)

100 60 20:1 10
120 60 20:1 10
140 60 20:1 15

Table 3.11: Subcritical water extraction: Assay conditions.

Data obtained when subcritical was used indicated a downward tendency with the
increase in temperature from 100 °C to 140 °C (Table 3.12). The alkaloid yield reached
its maximum at 100 °C, with a value of 47.9%.

The decrease of alkaloids yield could be explained by the fact that these compounds
are sensitive to heat, and higher temperatures may degrade the alkaloids. The degradation
was significantly noted above 100 °C, demonstrating a possible degradation at higher

temperatures.

Extraction conditions Yield of alkaloids

Ratio Time (min) Temperature (°C) g/100 g lupin

20:1 60 100 1.60 (47.9%)
20:1 60 120 1.45 (43.5%)
20:1 60 140 1.27 (37.9%)

Table 3.12: Subcritical water extraction: The influence of temperature on the yield of alkaloids.
In parenthesis are given the percentage of the total amount of alkaloids extracted.

Wang et al. also reported these results, the total alkaloid yield from Sophora flavescens
increased firstly with temperature from 70 to 100 °C, and then decreased from 100 to
190 °C, reaching its maximum at 100 °C [41].

Moreover, increasing the temperature from 100 °C to 140 °C increased the total
amount of water soluble compounds from 22.5 % to 42.6 % (Figure 3.6) as expected,
due to the fact that solubility of many compounds increases with temperature. With the
increase in temperature, water also becomes a better catalyst for biomass hydrolysis. Be-
cause of this, some valuable compounds are extracted, and the nutritional value of white
lupin seeds is negatively affected.

As previously mentioned, in all the assays there exist losses, explained by the fact that

the lupin residue is first dried and then weighted, losing its water content, of about 10%.
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Figure 3.6: Subcritical water extraction: The influence of temperature on the yield of water soluble
compounds (solvent-to-solid ratio: 20:1; time: 60 min). Error bars are given.

Moreover, in the collection of the residue from the reactor and in the filtration procedure
there may also be losses.

White lupin seeds are a rich source of protein and carbohydrates (Table 3.1) so, in
order to study the impact that subcritical water application has on the lupin nutritional
value, total carbohydrates and protein contents were analysed in these extracts, using the
same methods described in the chapter 2.

The values of total carbohydrates content (Table 3.13) in the extract increased as
temperature increased from 100 to 140 °C. At 100 °C it was observed that only the
soluble sugars were extracted, but from 120 to 140 °C some structural sugars are also
extracted, explained by the fact that water becomes more reactive at higher temperatures.
Increasing the temperature, raises the ionic product of water, and consequently water
catalyses the hydrolysis of biomass.

The same was observed with protein content (Table 3.13), the yield increased as tem-

peratures increases.
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Extraction conditions Yields (g/100 g lupin)

Ratio Time (min) Temperature (°C) Carbohydrates  Protein

20:1 60 100 8.17 £ 0.21 7.01 £0.11
20:1 60 120 10.1 £ 0.20 8.34+0.18
20:1 60 140 13.1 £ 0.21 11.9+£0.15

Table 3.13: Subcritical water extraction: The influence of temperature on the yields of carbohy-
drates and protein (data are reported on a dry mater basis; mean value + standard deviation,
n=3).

Afterwards, the influence of solvent-to-solid ratio on the yield of alkaloids was studied.
The temperature and time chosen in the experiment were 100 °C and 60 min, since the
maximum alkaloid yield was obtained at these conditions. The solvent-to-solid ratios
studied were 20:1 and 40:1.

With the increase in solvent-to-solid ratio, the yield of alkaloids in the extract sig-
nificantly increased. From 20:1 to 40:1, the yield of alkaloids was raised by about 30
percentage points (Table 3.14). This could be explained with the principles of mass trans-
fer. With higher solvent-to-solid ratios, concentration gradient is better, which results in
an increase of diffusion rate [36].

Extraction conditions Yield of alkaloids

Temperature (°C) Time (min) Ratio g/100 g lupin

100 60 20:1 1.60 (47.9%)
100 60 40:1 2.59 (77.4%)

Table 3.14: Subcritical water extraction: The influence of solvent-to-solid ratio on the yield of
alkaloids. In parenthesis are given the percentage of the total amount of alkaloids extracted.

On the other hand, the increase in solvent-to-solid ratio barely changed the amount of
water soluble compounds extracted (Figure 3.7). At 100 °C, water does not have the ability
to attack the hemicellulose structure of lupin, and therefore carbohydrates, proteins, and
also lipids are extracted in similar amounts, irrespective of solvent-to-solid ratio. The
results obtained at 100 °C are similar to those obtained at 80 °C (Figure 3.5).

The yields of carbohydrates and proteins are reported on table 3.15. As expected, at
100 °C only the soluble sugars and proteins were extracted. Additionally, lipids were also
analysed in the extract at 100 °C, for a solvent-to-solid ratio of 40:1. It was observed that
4 ¢/100 g lupin of lipids were removed from the matrix to the solvent, at these conditions.
This value is higher than the value obtained at 80 °C, and shown in Table 3.8, which can

be explained by the effect of an increase in temperature.
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Figure 3.7: Subcritical water extraction: The influence of solvent-to-solid ratio on the yield of
water soluble compounds (temperature: 100 °C; time: 60 min). Error bars are given.

Extraction conditions Yields (g/100 g lupin)
Temperature (°C) Time (min) Ratio Carbohydrates Protein Lipids
100 60 20:1 8.17 £ 0.21 7.01 £0.11 -
100 60 40:1 7.54+0.17 7.35+0.09 4.01 +0.08

Table 3.15: Subcritical water extraction: The influence of solvent-to-solid ratio on the yields of
carbohydrates, protein and lipids (data are reported on a dry mater basis; mean value + standard
deviation, n=3).

A second extraction was performed at 100 °C, for 60 minutes, with a solvent-to-solid
ratio of 40:1. The residue collected from the first extraction was used with fresh water.

It was observed that a second extraction barely improved the total amount of alka-
loids removed from the lupin, only an additional 0.05 g/100 g lupin being extracted
(Table 3.16).

Moreover, in the second extraction the amount of water soluble compounds increased
by only 7 g per 100 of lupin (Figure 3.8). The total amount of carbohydrates extracted
barely changed, but 3 g of protein per 100 of lupin were additionally removed with a
second extraction (Table 3.16). These results are similar to those shown in Figure 3.5, for

a temperature of 80 °C.
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3.2. EXTRACTION STUDY

Extraction conditions Yields (g/100 g lupin)

Temp (°C) Ratio Time (min) Extraction Alkaloids Carbohydrates Protein

100 40:1 60 1 2.59 7.54 +0.17 7.35+0.09
100 40:1 60 2 0.05 0.33+£0.13 3.04 £0.15
Total 2.64 7.87 £0.15 10.4+£0.12

Table 3.16: Subcritical water extraction: The influence of multiple extractions on the yields of
alkaloids, carbohydrates, and protein (data are reported on a dry mater basis; mean value +
standard deviation, n=3).
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Figure 3.8: Subcritical water extraction: The influence of multiple extractions on the yield of
water soluble compounds (temperature: 100 °C; time: 60 min; solvent-to-solid ratio: 40:1). Error
bars are given.
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4 | Conclusion

The purpose of this thesis was to develop an alternative and environmentally friendly
method for the extraction of alkaloids, which are toxic compounds present in the white
lupin seeds that confer a bitter taste. The alternative methods used were extraction with
water below its boiling point, and extraction with subcritical water.

The influence of a series of parameters (temperature, solvent-to-solid ratio, residence
time, and multiple extractions) on the yield of alkaloids was analysed. Special attention
was also given to the effect that the extraction methods had on the chemical composition
of lupin seeds that constituted the residue of those extraction processes.

Firstly, a chemical characterization of white lupin seeds was performed. It was found
that white lupin seeds have a high content of protein, about 37%, which makes lupin
more valuable comparing with other legumes. A high content of carbohydrates was also
revealed, 42%, where 8% are free sugars and 34% are structural sugars. Furthermore, the
lipid content in the seeds was 13%, quite higher than normal but characteristic in seeds
from the Mediterranean.

The extraction yield of alkaloids was determined at five temperatures (50, 80, 100,
120 and 140 °C), three solvent-to-solid ratios (10:1, 20:1, 40:1), and at different residence
times. The best alkaloid yield was obtained at 100 °C, 40:1 ratio, residence time of 60
min, and with a process consisting of two consecutive extractions: 2.64 g of alkaloids per
100 of lupin were extracted. However, the result obtained is not enough for bringing the
alkaloid content under the desired toxicity levels. The assays at 50 °C led to very low
yield in alkaloids, which suggest that low temperatures are not efficient. Furthermore,
the results suggest that white lupin alkaloids are thermally sensitive and temperatures
at or above 120 °C may lead to degradation, which must be taken in consideration in
process optimization.

The study of the influence of the above variables on the alkaloid yield showed that
temperature and solvent-to-solid ratio had the largest effect, increasing these parameters
increasing the yield of alkaloids. This could be a consequence of an improvement in
the water solubility, mass transfer effects and surface equilibria. The diffusion of water
through the matrix increases and allows greater extraction yields.

Increasing the residence time did not show significant effect but it was observed that
the maximum alkaloid yield may occur in 3 hours extraction time. Moreover, a consec-

utive extraction with fresh water, performed at 50, 80 and 100 °C, barely improved the
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extraction of alkaloids. A reason for these results could be the fact that the remaining al-
kaloids are trapped in deeper matrix areas, which hinders their extraction. The presence
of higher pressures may facilitate the process.

Besides alkaloids, it was also analysed the water soluble compounds extracted through-
out the process. Data reported that always about 16-22% of solids are removed from the
white lupin seeds during the debittering. The lowest result was obtained at 50 °C, with a
solvent-to-solid ratio of 10:1. As a result, one consequence of the debittering pretreatment
is the decrease in the nutritional value. The nutrients extracted in higher amounts were
found to be carbohydrates, more specifically the soluble sugars (8% of total lupin seeds),
and proteins (about 7% of total lupin seeds). Lipids were also extracted at 80 °C (3 g/100
g lupin) and 100 °C (4 g/100 g lupin), increasing temperature having a positive effect.
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5 | Future work

This thesis proposed two new approaches for the debittering pretreatment, testing a
set of parameters. The results obtained indicate that the use of subcritical water is a
better option for debittering lupinus, although none of the approaches used succeeded in
reducing the alkaloid content to the target toxicity levels.

Future work can optimize subcritical water extraction and exploit, in particular, the
effect of pressure that might facilitate diffusion within the matrix.

To clarify the results of the assays with subcritical water, namely the fact that the
amount of alkaloids detected in the extracts decreased as temperature increased from
100 to 140 °C, a mass balance should be performed for alkaloids. This involves quantify-
ing alkaloids not only in the extracts obtained, but also in the lupin matrix that remains in
the reactor at the end of the experiments. As indicated earlier, analysis of alkaloids in the
lupin matrix requires a laborious process of eight consecutive extractions. If the alkaloids
content of the remaining matrix decreases as temperature increases, then the progres-
sively lower content of alkaloids in the extracts should be due to thermal degradation of
those compounds.

If it is possible to meet the target alkaloid content, then the impact of the subcriti-
cal water treatment on the lupin matrix must be carefully considered, and strategies to

recover components of interest must be studied.
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A | Calibration curves

A.1 Gallic acid standard curve
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Figure A.1: Gallic acid standard curve.
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APPENDIX A. CALIBRATION CURVES

A.2 Glucose calibration curve
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Figure A.2: Glucose calibration curve.
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Figure A.3: Glucose calibration curve.
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