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Abstract  

Every year, large amounts of fresh water is used by food processing industry to deliver safe 

food to society. The resulting high volumes of wastewater have to be treated before released back to 

the environment. The present work considers lupin beans processing wastewater and discusses 

effectiveness of approaches for water treatment, able to recover lupanine, an alkaloid with 

pharmaceutical properties. Nanofiltration, ion exchange, liquid-liquid extraction are among the 

separation units evaluated for lupanine wastewater detoxification, with lupanine rejection, binding or 

extraction higher than 99% when using NF270 nanofiltration membrane, a strong acidic resin (e.g. 

Amberlyst36) and an extracting solvent, respectively. A process for lupin beans wastewater 

detoxification and lupanine recovery was envisaged with three sequential operations: a centrifugation 

for removal of suspended solids, a nanofiltration operation using a NF270 membrane to obtain a 

detoxified water permeate and a lupanine rich retentate, and a solvent extraction of the retentate 

stream for isolation of lupanine from aqueous soluble compounds. Alternatively, an additional lupanine 

purification stage using resin Amberlyst36 is also considered, between the nanofiltration and solvent 

extraction for additional purification and volume reduction. Additional work-up would include solvent 

exchange by distillation of extraction solvent and addition of hexane to promote lupanine crystals 

formation to be isolated by decantation. The envisaged process was modelled using the SuperPro 

Designer on the basis of the detoxification of wastewater from selected fractions with higher lupanine 

contents resulting into the estimation of lupanine recovery higher than 98.5% for an optimistic scenario 

and with a purity >95%.  

 

Key words: Lupanine, Alkaloid, Nanofiltration, Resin, Liquid-Liquid Extraction, Amberlyst36, 

NF270, SuperPro Designer 
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  Aim of studies: Motivation, Objectives and thesis outline 1.

The aim of the work is to provide insights to reduce the amount of water used for lupin beans 

debittering process and the preliminary studies to develop a route for detoxification of the wastewater 

generated in that process; allowing water with quality enough for being recycling in the process, while 

recovering lupanine. While toxic, lupanine is a compound interesting to be used as building block in 

pharmaceutical industry. Considering the low margins of food industry and high need of water with 

quality the intended process should occur at the lowest possible cost.  

To achieve the aim of this thesis several step objectives were defined: 

(i) The industrial lupin bean debittering process wastewaters, where  the lupanine can be found, 

was characterized in order to understand in which phases of the water treatment process the toxic 

lupanine is at higher concentrations.  

(ii) Different unit operations were studied to choose the best method for water treatment and 

recovery of lupanine. Permselectivity of different ultrafiltration and nanofiltration membranes 

(NADIR010 and 030, NF90, 200 and 270); lupanine binding to different resins (Amberlyst15 (wet), 16 

(wet), 36; Amberlite IRC50, IRC86, IRA68, IRA458, AG50W-X2; XAD7, and CG-400) was evaluate 

and different regeneration protocols assessed; and coefficient of extraction of lupanine from an 

alkaline solution for different solvents (dichloromethane, toluene, hexane, heptane, methyl t-butyl 

ethane, methyl isobutyl ketone). 

(iii) Finally, this work includes a theoretical chapter of the process, where SuperPro Designer 

8.5 was used to model potential processes for wastewater detoxification and lupanine isolation and 

assessing the efficiency of the project.  

This thesis begins with a theoretical introduction and explanation on lupin beans, alkaloids and 

lupanine. Additionally, a brief introduction on the theory behind the unitary operations that it will be 

talked about (such as nanofiltration, ultrafiltration, resins and extraction liquid-liquid) is also described 

in Chapter 1. The main goals aimed with this project are in Chapter 2 and the experimental methods 

and materials used to achieve them are described in Chapter 3. The results obtained as well as their 

discussion can be found in Chapter 4. Lastly, a short conclusion and an overview on the concretization 

of the initial objectives is presented in Chapter 5. 
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 Introduction 2.

The current section of this this provides an overview on the state of the art of topic, concerning 

its contextualization and technological platforms to be used in this thesis. The first subsection 

concerns the description and characterization of Lupinus albus L and their use in the food sector, then 

a second section elaborates on different quinolizidine alkaloids, their toxicity and metabolic pathways 

for their synthesis as well as methods for their quantification. A third subsection is dedicated to 

lupanine, its potential uses and methods developed for their isolation. The last three sections of this 

introduction elaborate in different separation process units explored in this thesis for wastewater 

detoxification and lupanine isolation, namely membrane filtration, ionic exchange resins and solvent 

extraction. 

 

2.1. Lupinus albus L. 

Lupins (Lupinus albus Leguminosae) belong to the Leguminosae family and are one of the 200 

species of the genus Lupinus located mostly in South America and the Mediterranean Basin
1
. Lupin 

seeds have been used as human and animal food since 1900 due to their high nutritional value, 

similar to soybean seeds
3
. Depending on their genotype and environmental ecosystem, lupin seeds 

contain high amounts of protein (32-52%), fibre (16-40%), oil (5-20%) and sugar (6%), and they also 

have essential amino acids like lysine, leucine and threonine. Regarding lupin’s oil, it is essentially 

composed of monounsaturated (55%) and polyunsaturated (31%) fatty acids, being the remainder 

composition saturated fatty acids and sugars, mainly sucrose (71%) (see Table 1). Other components 

include such as vitamins, like thiamin, riboflavin and niacin, can also be found in these seeds. 
1–3

 

 

Table 1 – Mono and disaccharide composition of lupin seeds (L. albus) and ratios of individual sugars to 
total sugar. The values are reported on a dry mater basis. 

1
 

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

Sucrose 41151 ± 1543 70.7 

Galactose 4880 ± 319 8.4 

Glucose 3902 ± 269 6.7 

Ribose 3352 ± 43 5.8 

Maltose 2955 ± 234 5.1 

Fructose 1609 ± 39 2.8 

Xylose 321 ± 48 0.5 

Total 58170 100 

 

The species of lupins most cultivated are the Lupinus albus L., commonly known as the white 

lupin, the Lupinus angustifolius L. or blue lupin, Lupinus luteus L. or yellow lupin and Lupinus 

mutabulies also known as pearl lupin. With selective breeding it is possible to get lupin strains called 

“sweet lupines” with reduced alkaloid content. 
1,3

 These seeds, as mentioned, are cultivated for 



3 
 

ruminant food and human nutrition but their ability to fix nitrogen and to grow in areas where soybeans 

cannot be grown is also a determinant factor. 
1,2

 

 

Figure 1 – The four species of lupins of agricultural interest and respective seeds. 
3
 

Each year in Europe, approximately 500,000 tons of goods containing lupins are consumed, 

including lupin flour, lupin bran, lupin-tofu and lupin-derived “milk” in a variety of products such as 

bread, biscuits, pasta, sauces, milk substitutes, soy substitutes, chocolate spread, sausages, pastes 

and in some countries the seeds are traditionally eaten as snacks. 
3
 

Nowadays with the increasing population numbers, it is important to find and increase food 

sources that can sustain the high nutritional needs of people and lupine is undoubtedly an option to 

consider due to its high nutritional value, making it a plausible alternative to soya. 
4
 In Table 2 the 

overall vitamin and fatty acid composition of lupin and other vegetables is displayed. Here it is possible 

to see that lupine seeds are a good choice to implement in our diet. 

 

Table 2 – Vitamins, saturated and unsaturated fatty acid compositions of Lupin (L. albus) and other 
legumes and vegetable oils. The vitamins are reported on a dry mater basis. 

1
 

 
Vitamins Saturated 

Fatty Acids 

Unsaturated Fatty Acids 

Thiamin Riboflavin Niacin Mono Poly 

Lupin 3.9 ± 0.2 2.3 ± 0.1 39.1 ± 1.1 13.5 55.4 31.1 

Soy bean 7.6 3.0 32.6 15.5 23.7 60.8 

Lentil 5.6 2.8 24.5 - - - 

Haricot Bean 5.6 1.8 22.5 - - - 

Wheat 4.5 1.3 54.0 21.1 15.7 63.2 

Sesame - - - 14.6 39.5 45.8 

Olive - - - 15.2 64.3 10.5 

Sunflower - - - 11.0 20.1 68.9 

Corn - - - 7.5 16.5 76.0 
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Although lupin seeds have great nutritional value, they also contain quinolizidine alkaloids in 

their composition. This component renders the seeds improper for consumption without prior 

treatment as they can cause breathing problems and liver damage. Those alkaloids are also the ones 

responsible for the bitter taste in lupins. Since most of alkaloids are water-soluble, lupin seeds 

treatment includes soaking in running water, brine or scalding as this helps to decrease the alkaloid 

level from 0.5-4% to 0.04%. These low concentrations allow for safe lupin seeds consumption as 

alkaloids are non-toxic in low concentrations. 
3
 Another alternative is the use of breeding programs 

that allow the production of “sweet” lupins with already low concentration of alkaloids (0.002%).
2
 

 

2.2. Quinolizidine Alkaloids 

2.2.1. Quinolizidine alkaloids and its toxicity 

Quinolizidine alkaloids (QA) are found in several plants included in the Lupinus genus. Although 

the quantity and variety of those alkaloids is highly variable between species, their main purpose is to 

defend the plants against insect, other herbivores, microbial pathogens and even against competing 

plants. Because of their toxicity and bitter taste, alkaloids are a relevant limiting factor in the 

acceptation of Lupinus for consumption. Normally, these plants have 2% of alkaloids, mostly lupanine, 

sparteine, multiflorine, lupinine, anagyrine. 
4,5

 

Studies with pigs of standard weight were carried by the United States Food and Drug 

Administration (FDA) to measure the toxicity of D-lupanine, lupinine, sparteine and hydroxylupanine by 

observing the effects of different administered doses. It was concluded that the most toxic alkaloid was 

D-lupanine followed by sparteine, lupinine and hydroxylupanine that has one-tenth of the toxicity of the 

first one. 
6
 Still some authors argument that sparteine is more toxic than lupanine. 

7
 

The autonomic nervous system is divided into the parasympathetic and sympathetic nervous 

systems where the first one is responsible for maintaining the basal resting state, also called as “rest 

and digest” system and the second one is responsible for arousal and energy generation being often 

termed the “fight or flight” system. Both these systems act on nerve transmission pathways composed 

of neurons and ganglion chains. There are two types of neurons the i) pre-ganglionic neurons that 

transmit the nervous impulses from the central nervous system (CNS) to the ganglion and ii) the 

postganglionic neurons that transmit the impulses to the ganglion on the organs. 
8
 

Lupanine has a similar pharmacological behavior to sparteine and studies were performed 

using these two alkaloids administered intravenoulys route in rats. Both compounds inhibited 

ganglionic transmissions of the sympathetic nervous system and lupanine also suppressed the effects 

of preganglionic stimulation of the pneumogastric nerve (responsible for, among others, lung, heart 

and stomach control) in the parasympathetic nervous system. 
5
  

In order for lupanine to cause acute toxicity in a human adult, 24 mg of lupanine need to be 

ingested per kilogram of body weight. 
7
 The biological effect of quinolizidine alkaloids is mostly on the 

nervous system with some symptoms such as malaise, nausea, pulmonary arrest, ataxia, visual 

disturbances and progressive weakness. Tests prove that LD50 for mixtures of alkaloids are much 

higher when compared to those of pure lupanine and sparteine (by oral administration). The value of 



5 
 

alkaloid content of marketable sweet lupin is about 130-150 mg/kg. 
5
 So if a man have 70 Kg, he can 

take up to 24mg/Kg*70 Kg = 1680 mg. If one Kg of lupins have 150 mg of lupanine, so means the man 

can take 11 kg of sweet beans. However, bitter beans have 2wt% lupanine, that is 20 g/Kg of bitter 

lupins he can only take 84 g of bitter lupin beans to get in the hospital. 
5
 

In reports of traditional use of lupine beans in Europe, it is described that a daily dose of 0.35 

mg of lupin beans by Kg of human body mass can be tolerated in adults without adverse effects. 

Thereby, applying a safe factor of 10 to account the uncertainties in the data and human variation, the 

provisional tolerable daily intake (PTDI) for humans would be 0.035 mg/kg/day. 
5
  

 

Quinolizidine alkaloids chemical properties 

QA are compounds characterized by the presence of nitrogenous bases in a heterocyclic ring 

system (Figure 2). According to the number of ring systems they can be called bicyclic, tricyclic, 

tetracyclic, and so on, quinolizidine alkaloids. Although the number of complex rings can be as high as 

10, the more usual is to find bi, tri and tetracyclic alkaloids. Alkaloid precursors are amino acids such 

as phenylalanine (Phe), tyrosine (Tyr), triptophan (Trp), ornithine (Orn) and lysine (Lys). Alkaloids that 

are derived from Lys are divided into piperidine, quinolizidine, indolizidine and lycopodium alkaloids 

(Figure 3). 
5,9

 

 

 

Figure 2 – Common quinolizidine alkaloids peculiar to lupins.  

 

Figure 3 – The basic structures of Lys-derived alkaloids. 
9
 

 

QA occur mainly in Leguminosae and they are of interest to the health sector as they have 

pharmacological properties such as cytotoxic, oxytocic, antipyretic, antibacterial, antiviral and 

hypoglycemic activities. 
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In some leguminous species, the final products of their biosynthesis as well as the intermediate 

are alkaloid esters that are one type of energy storage. The tigloyl esters of quinolizidine alkaloids are 

found as the major forms among ester alkaloids in some Lupinus plants including L. termis, L. albus, 

and L. polyphyllus. 

 

2.2.2. Lupanine and other QA biosynthetic pathways 

Although several biosynthetic pathways have been proposed for lupanine biosynthesis, the one 

more accepted by the scientific community, as it is reported in several papers and reviewed by quite a 

few researchers such as Hartmann and Wink, and Kinghorn and Balandarin, is described in Figure 4. 

This biosynthesis occurs in leaf lupin chloroplasts. 
10,11

 Quinolizidine alkaloids are synthesized by the 

decarboxylation of L-Lys (Lysine from L-aspartic acid originated from the Krebs cycle) that form 6-

membered piperidine rings. This decarboxylation into cadaverine using the enzyme lysine 

decarboxylase (LDC) is the first step in piperidine, quinolizidine and lycopodium alkaloid biosynthesis. 

12
 

 

 

Figure 4 – Biosynthetic pathway of lupanine and other QA.  

By using the enzyme 17-oxosparteine synthetase to catalyze the reaction shown in Figure 5, 

cadaverine is converted into 17-oxosparteine. From the six amino groups of the three cadaverine 

units, four are eliminated by transamination with pyruvate as NH2 acceptor. 
10,11,13,14

 On the last step, 

the 17-oxosparteine is converted to lupanine which serves as precursor of some alkaloids such as (+)-

13α-Hydroxylupanine and (-)-13α-Tigloyloxylupanine.  

 

 

Figure 5 – Reaction of 17-oxosparteine formation. 
13
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The enzymes involved in the biosynthesis of these alkaloids are the following i) (+)-13α-

hydroxylupanine O-tigloyltransferase (HLT) and ii) (-)-13α-hydroxymultiflorine O-tigloyltransferase 

(HMT). Both transferases can catalyze the transfer of an acyl group (tigloyl group from tigloyl-CoA) to 

13-hydroxylupanine or 13-hydroxymultiflorine. 
9,15,16

 It is also possible to produce a universal 

intermediate, Δ
1
-piperidine Schiff base, from cadaverine (Figure 6). By oxidative deamination (where 

an amine functional group is replaced by a ketone group) of cadaverine catalyzed by the copper 

amine oxidase (CuAO) forms the 5-aminopentanal that is spontaneously cyclized to Δ
1
-piperideine. 

9
 

 

Figure 6 – Schiff base obtained by reacting amine with ketone, forming thus a C=N bond within the 
molecule of piperidine. 

The biosynthesis of lupanine is described in some studies as occurring via the activity of the 

diamine oxidase with Schiff base formation and coupling to the compound substrate. Here, two 

synthetic pathways would be formed to originate lupanine and other to form sparteine Figure 8 

evidences this process. ]
12

 In Figure 7 is a summary of some of biosynthetic pathways of quinolizidine 

alkaloids formation.  

 

 

Figure 7 – Biosynthetic pathway of QA, derived from the decarboxylation of Lys. Enzymes involved are 
indicated: LDC: Lys decarboxylase; HMT/HLT: (–)-13α-hydroxymultiflorine/(+)-13α-hydroxylupanineO-
tigloyltransferase; ECT/EFT-LCT/LFT: (+)-epilupinine/(–)-lupinine O-coumaroyl/feruloyltransferase.

9
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Figure 8 – Development of QA. DO:deamine oxidase; SBF:Schiff base formation; CCU:cleavage of the C4 
unit.

12
 

 

2.2.3. Detection and quantification of alkaloids 

Many techniques have been used over the years to detect QA such as atomic and molecular 

electronic spectroscopy, vibration spectroscopy, electron and nuclear spin orientation in magnetic 

fields, mass spectroscopy, chromatography, radioisotope and electrochemical techniques. 12 

The determination of QA was developed with the following methods that will be explained 

further on: taste testing, Dragendorf reagent (DRG), fluorescence, calorimetry, photometry, 

spectrometry, paper chromatography, thin layer chromatography (TLC), high-performance liquid 

chromatography (HPLC), gas chromatography (GC), gas liquid chromatography-mass spectrometry 

(GLC-MS), nuclear magnetic resonance (NMR), X-ray, enzyme-like immunosorbent assay (ELISA) 

and radioimmunoassay (RIA). 12 
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Taste testing methods are biological methods based on the bitter taste of QA in lupine beans. 

The tasters could be men or animals. 12 

DRG is a reagent containing potassium iodine that allows the detection of heterocyclic nitrogen 

compounds and quaternary amines. 12 

Fluorescence methods to detect lupanine and its derivatives rely on their fluorescence capacity 

to light at 366 nm. Bitter seeds are fluorescent and sweet seeds are not. This method is also used in 

other alkaloids with fluorescence in others wavelengths. Although useful, this method is not faultless 

as the seeds must have 90% of dryness. 12 

The calorimetry method to detect QA relies on measurements and comparison of unknown 

compounds with a calibration curve prepared from known pure standard compounds. It is based on 

chemical reactions characteristic of the compounds. 12 

Photometry is a method used for vegetal material with low alkaloid content. It was developed for 

determination of sparteine, lupanine, lupinine, hydroxylupanine and angustifoline and it compares the 

absorption of radiant energy in a particular wavelength in solution of a sample, to the absorption of 

several standard solutions. 12 

Paper chromatography method uses paper in a very similar way as thin layer chromatography, 

being the main difference the absence of special coatings. It can be a qualitative and quantitative 

method if the standard is scaled. The solution containing alkaloids is transferred onto tissue-paper and 

the color of the tissue-paper is then compared against the standard. The different distribution and 

behavior of compounds or their parts in the stationary and mobile phase of the solid are fundamental 

considerations to identify QA. 12 

The TLC method is used with samples with at least 50-100 µg of alkaloids. It is a method used 

for alkaloid metabolite extraction, analysis and purification. In the mobile phase, which is coated with 

an adsorbent material, the sample moves across the layer from one side to another. As the different 

analytes ascend the TLC plate the different rates of migration allow for compound separation. This 

separation is also influenced by the different properties of the mobile phase, as analytes may interact 

differently with it. 12 

HPLC is a useful method for QA analysis especially when pure standards are available. HPLC 

operates according to the same principle of liquid chromatography, with a stationary phase (solid or 

liquid) on a support that can interact with the mobile phase by adsorption, ion exchange, relative 

solubility and steric effects. This method has been used to extract and analyse alkaloid metabolites 

and also four anti-cancerous alkaloids have already been quantified using specific HPLC columns. 12,17 

Similar to HPLC, the GC method is also an easy way to determine alkaloids. There are two 

subclasses: gas-solid chromatography (GSC) and gas-liquid chromatography (GLC). The most used 

to analyse lupine alkaloids is the second one. For alkaloids analysis there is a need for a nitrogen 

detector and also a need to maintain some degree of temperature stability, so the substance can be in 

its gas form. Although the possibility of alkaloid detection, it is needed other method to identify the 

different alkaloids. However, this method is not proper for lupanine as it’s difficult to get it in its 

gaseous states in the amounts to measure. The GLC-MS method has been very successful in the 

separation and identification of complex mixtures of alkaloids, as it combines the ideal separator that 
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is GLC to mass spectrometry (MS) that allows the identification of alkaloids. MS determines the mass 

spectrum from the alkaloid analysis, containing the masses of the ion fragments and the relative 

abundance of these ions that allow for compound identification. 12 

Two different NMR techniques are used in QA identification: 
1
H-NMR and 

13
C-NMR. Both use 

quantum theory, relating energy absorption with magnetic dipolar nature of spinning nuclei, however 

the first one is applied to hydrogen and the second one to the carbon, the 
13

C isotope. 
13

C-NMR 

spectra show chemical shifts that are more simple and with less overlapping signals than the 

hydrogen spectra, since there are less carbons than hydrogens in a molecule. With the X-ray method 

it is possible to know the three-dimensional structure of a molecule and an exact and complete 

chemical characterization of the compound. This is used for the analysis of alkaloids such as 

morphine, codeine and thebaine. QA that have a crystalline form can also be detected with this 

method. X-rays are absorbed by the material originating the X-ray absorption spectra. The spectrum 

provides material for the identification of alkaloids. 12 

The use of ELISA to determine total alkaloid content is based on antibody incubations. In this 

method, an enzyme is labelled with an alkaloid molecule. Then this labelled enzyme bounds by an 

anti-alkaloid antibody. When a free alkaloid such as hydroxylupanine is present, it competes with the 

enzyme alkaloid for antibody-binding sites again and reacts with bacterial substrate present in the 

tube. The activity of the enzyme is directly related to the concentration of free alkaloid in the sample. 

This method is not as precise as GLC for QA, but is good for plant breeding purposes. 12 

RIA is a method similar to ELISA that is based on the radioactive labelling of antibodies that 

interact with the antigen present in the tube. The radioactivity present in the bound complex is directly 

proportional to the antigen added to the tube. 12 

All the described methods for determination of alkaloids arise different types of results that are 

not comparable. 12 

 

2.3. Lupanine 

2.3.1. Lupanine’s potential 

Lupanine is a tetracyclic quinolizidine alkaloid dangerous for human and animal health (see 

sub-chapter 2.2). Nonetheless, several alkaloids are known to have beneficial properties for humans 

and are currently used in medicine. In fact, throughout history and around the world, plants which have 

alkaloids as a constituent have been used to improve health and this chapter will point out some of the 

benefic properties of lupanine. 

 

Antidiabetic Properites 

Lupanine can reduce blood glucose levels in similar way as antidiabetic drugs. It acts by 

inhibiting pancreatic K
+
 and Ca

2+
 channels to increase insulin secretion. When blood glucose levels 

increase, Langerhans islets’ cells release insulin and the glucose in the blood is transported by the 

glucose transporter, GLUT2, towards the Langerhans islets. After that, glucose is converted with 

formation of ATP. In the cellular membrane, ATP blocks the K
+
 channel by changing the membrane 
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potential and promoting its depolarization. This will activate the Ca
2+

 channels allowing the entrance of 

Ca
2+

 into the cell inducing the vesicle exocytosis that store insulin. Thus enabling glucose uptake by 

cells and reducing its blood concentration. Lupanine directly inhibits K
+
 channels leading to the release 

of insulin and thus decreasing the glucose levels in the blood agent. 
4,18

 

 

Antiarrhythmic agent  

Some authors, such as Jack Cazes 
19

, defend that lupanine can be used to correct arrhythmias. 

However, other studies conclude that lupanine does not have the same impact as ajmaline, quinidine 

or sparteine. 
12,20

 Those alkaloids regulate the activity of Na
+ 

and K
+ 

channels and consequently the 

signal transduction in the nerve cell. Acetylcholine (Ach) is a neurotransmitter that controls muscle 

activity (heart and skeletal for example). Any inhibition or overstimulation of neurotransmitter-regulated 

ion channels will influence muscular activity and thus mobility or organ function. Inhibition leads to 

relaxation of muscles and overstimulation makes the muscles tense and thereby may cause general 

paralysis and/or respiratory failure. 
21

 Lupanine inhibits Na
+
 channels and Na

+
 ion flux, activating the 

muscarinic acetylcholine receptors (mAChR) present in the parasympathetic nervous system, that in 

turn influence the heart rate. 
12

 

 

Biological plant protector 

Lupanine is a very active neurotransmitor for nAChR (nicotinic acetylcholine receptor) that are 

crucial for neuronal signal transduction. It can be used against herbivores and as prevention over a 

wide range of insect orders and toxic for other animals. 
20,22

 One good example is using lupine extract 

in potatoes, as researchers concluded that the alkaloid content was correlated with the decreased 

larval development and toxicity. Lupine can also be used as a pesticide and antifungal agent against 

other competing plants, viruses, microorganisms and bacteria. 
22

 

 

Production of new alkaloids 

Lupanine has a quinolizidine nucleus that is difficult to synthesize since many steps are required 

for the process without the loss of the main structural properties. Both its nucleus and symmetric 

structure confer versatility to lupanine when used as a starting material for the semi synthesis of other 

alkaloids. 
23

 

Some studies are being made using the microbiological capacity to convert the structure of such 

molecules, maintaining their complexity. In the concrete case of lupanine there is the potential opening 

of one of the lateral rings that would allow further chemical upgrading of such molecule. 
24

 

 

2.3.2. Extraction and isolation of lupanine 

Alkaloids form free bases (deprotonated) in alkaline solutions and they are usually insoluble in 

water but soluble in organic solvents such as ethanol, methanol and diethyl ether. At acidic conditions 

(pH<7), alkaloids occur in a protonated state and are usually soluble in water but insoluble in apolar 

organic solvents. This different solubility is very important to isolate and purify alkaloids. Each alkaloid 



12 
 

has its own method of extraction, isolation and detection. The first QA to be extracted were sparteine 

in 1851, lupinine in 1865 and lupanine in 1867. 
12

  

Lupine seeds have been used as food since bygone days, but because of their content in QA, 

and consequent health reasons, they must be debittered before consumption. Methods to extract QA 

from the seeds include soaking the seeds in water, boiling in water and salt, procedures with aqueous 

and organic mixed solvents, use of bacteria and also is possible to breed low-alkaloid content seeds. 

25
 

After years of investigation, when the first sweet lupin was cultivated, the problem of toxicity of 

alkaloids appeared to be solved. However, studies have shown that the removal of those alkaloids 

from lupin caused a decrease in resistance and yield in these plants. In fact, the removal of all QA 

leads to the death of the lupine plants. 
12

 Besides that, sweetness is genetically recessive and so, in 

places where lupine is spontaneous, like Iberian Peninsula, this approach is less valid. Although the 

progress in the refinement of sweet lupins has been significant, the bitter ones still play a substantial 

role. 
25,26

 

Several methods have been developed for debittering the lupin beans. One efficient method to 

debitter lupin beans consists in soaking the seeds in water and in acidic solution (e.g. 0.5 M HCl). 

Then treatment with organic solvents like ethanol or methanol to remove non-alkaloidal substances. 

The solution is then brought up to high pH (>12) and the alkaloids with ethyl acetate or diethyl ether 

are extracted. 
21

  

An alternative method that also been used (Chango et al.,1993) is the addition of coagulating 

proteins to an aqueous medium. First the seeds were washed and soaked in water, after that drained 

and ground with distilled water. After centrifugation, the soluble extract of the seed is collected (Figure 

9). The added proteins are previously solubilized in an aqueous medium with alginic acid, and 

coagulate in a bath of calcium chloride. 
27

 The alginate/protein/calcium mixture aggregates forming a 

fibrous textural precipitate. After that the precipitate is decanted to separate it from the liquid phase, by 

pressing and then washing with water several times. 
28

 

 

 

Figure 9 -Preparation of a textural protein concentrate. SES, soluble extract of seeds. 

The alkaline thermal treatment is also one possibility for lupine debittering. However, in terms of 

organoleptic properties, aqueous soaking at room temperature was a more favourable method than 

alkaline or thermal treatment for lupine bean snack. 
27
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There is not many methods reported in the literature for lupin beans wastewater detoxification 

and isolation of lupanine from the such streams. As far as it was found in this literature review two 

studies can contribute to such aim: It was reported that two gram-negative bacterial strains are 

capable of using lupanine as a carbon source, and therefore they metabolize lupanine and also 

degrade other alkaloids from lupine. The bacterial removed 99% of the initial lupanine after 30h of 

incubation and demonstrated the potential of the use of L. albus debittering since in 32h, 85% of initial 

alkaloids were removed. 
25,29

 Such bacteria could be used for biological detoxification of aqueous lupin 

beans processing wastewater. 

Another academic study suggests the use of osmotic evaporation mediated by an a hollow-fiber 

membrane to concentrate the lupanine from Lupinus Albus debittering wastewaters, using a solution 

of CaCl2 as osmotic agent. Then the effluent was basified and extracted with ethyl ether. This method 

had 18.5% of lupanine recovery (in 3 tons leaching batch of L. albus L. seeds, 740 g of lupanine was 

recovered.
23

 The air inside the porous hydrophobic membrane separates compartements with different 

water activity: one super concentrated osmotic solution and one diluted aqueous solution. This 

difference in the water activities induces a vapour pressure difference and thus evaporation occurs 

from in one side (higher activity side) of the membrane whereas condensation occurs in the other side. 

Usually NaCl is used as a salt solution to create high osmotic pressure differences. Nevertheless, 

electrolytes such as CaCl2 provide much lower water activities and, consequently, higher fluxes. Still, 

the main limitation of this method is the extremely low water fluxes obtained. 

 

 

Figure 10 – Mass transfer in osmotic evaporation.
23

 

 

This method was compared to the one used by Wink et al. (1995), where 0.5 M of HCl were 

added to the water with beans (for 30 min) prior to a 10 min centrifugation. Afterwards the water 

sample was basified by the addition of 2M NaOH. The solvent chosen was dichloromethane, which 

was then vacuum-evaporated.
30

 

Other process for obtaining Lupanine, particularly, enantiopure lupanine is described on the 

patent of Maulide Nuno and Carlos Afonso which refers two more reports that have demonstrated the 

resolution of Lupanine with a chiral acid: Clemo et. al. (J. Chem. Soc. 1931, 429-437) that used L-

camphorsulphonic acid and D- camphorsulphonic acid to get L-(-)-Lupanine and D-(+)-Lupanine in 

9.4% and 13% yields, respectively and Przybyl et al. (Tetrahedron 2011, 67,7787-7793) who improved 

the resolution with dibenzoyltartaric acid and LiAlH4. However, this process uses lot of solvents as well 
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as large amount of LiAlH4 (8.0 eq) as reducing agent, resulting in serious safety and post-reactional-

treatment issues. Thus, with this patent, it is obtained Lupanine starting with heat the lupine seeds in a 

water bath at 100ºC, adding an alkaline solution, with a pH> 12 (with NaOH or KOH), followed by 

extraction of lupanine with an organic solvent as diethyl ether and optionally, purifying the product 

obtained by HPLC wherein lupanine is eluted in ethyl acetate 
31

 

 

2.4. Membrane filtration 

A number of conventional methods have been used for removal of chemicals from water such 

as coagulation, activated carbon, activated sludge, membrane bioreactors, nanofiltration, reverse 

osmosis and advanced oxidation processes.
32

 Over the past years, membrane technology has 

become a choice of election for separation processes. Due to its relatively low energy use, easy 

process scale-up and the fact that it works without addition of chemicals, membrane filtration has 

become more and more competitive when compared to conventional techniques. 
33

 Membrane 

filtration processes usually use pressure as the driving force.  

There are many ways to classify membranes and membrane processes: i) by their materials, 

like organic and inorganic; ii) by porosity, porous and non-porous membranes; iii) their structure, 

symmetric and asymmetric membranes; iv) by their driving pressure, with low or high pressure 

membranes and v) by operation mode with cross flow or dead-end cell modes. 
34

 According to the 

pore size of the membrane used, from the bigger to the smaller, the processes can be called 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and Reversed Osmosis (RO). In MF and UF, 

because of its larger pores, the solution flow across the membrane is high while the pressure 

differences are low (low pressure membranes). When using NF or RO membranes it is possible to 

discriminate lower size molecules, but to obtain acceptable solution fluxes across the membrane, the 

pressure required will be higher (high pressure membranes) than the pressure required for MF and 

UF. 
33

 

 

2.4.1. Nanofiltration  

NF is a membrane filtration process with promising perspectives that was introduced in the late 

1950s mostly to use in water softening and wastewater, filling the gap between RO and UF. Since 

then the application of nanofiltration has been extended to the food industry, chemical and 

pharmaceutical industry with new answers to new challenges such as arsenic removal, removal of 

pesticides, virus and bacterial removal and chemicals separation. 
35

 This type of filtration was 

described as “a pressure driven membrane process between reverse osmosis and ultrafiltration”. 
36

 

Some of the used membrane materials include polyethylene terephthalate (PET) or metals like 

aluminum. The first ones (made of PET or similar materials) are made by bombarding a thin polymer 

film with high energy particles making tracks, which are pores, into the membrane. The second ones 

are made by electrochemically growing a thin layer of aluminum oxide from aluminum metal in an 

acidic medium. Temperature and pH have influence in the pore dimension. In both cases the pore 
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formation process aims to develop nanometer sized cylindrical through-pores that intercept the 

membrane at 90°. Other types of membranes are integral skin asymmetric membranes or composite 

membranes with a supporting material and an active top layer, in both cases the separation at the 

molecular scale is usually attributed mainly to the top part of the membrane [molder]. 
37

 

Challenges for nanofiltration include i) avoiding membrane fouling and possibility to remediate it; 

ii) improving the separation between solutes; iii) further treatment of concentrates; iv) chemical 

resistance and limited lifetime of membranes; v) insufficient rejection of pollutants in water treatment; 

and vi) need for modelling and simulation tools. 
38

 A disadvantage associated with this technology, as 

with all membrane filter technology, is the cost and maintenance of the membranes used.
 

Nanofiltration membranes are an expensive part of the process and repairs and replacement of 

membranes is dependent on total dissolved solids, flow rate and components of the feed. 
37

 

 

2.4.2. Ultrafiltration 

 Low pressure membranes such as UF and MF are very efficient separating substances such as 

algae, bacteria, colloids, protozoa, solid particles, and other particulates bigger than 0.01 microns. 
34,39

 

UF membranes are very used in industry and research to purify and concentrate macromolecular (10
3
-

10
6 

Da) solutions, particularly protein solutions, to avoid their denaturation them while using a more 

energy-efficient method when compared to traditional methods that use chemicals that promote 

denaturation or temperature based. UF membranes can be used in combination with other 

membranes such as RO or NF membranes, as a pre-stage, to reduce fouling and therefore, to reduce 

the chemical cleaning frequency (as well as the operating costs) and increase the potential of 

operation at higher fluxes. The main advantages of this technology when compared with clarification 

and disinfection (post chlorination) processes are the i) no need for chemicals such as coagulants, 

flocculates, pH adjustment, ii) the good and constant quality of the treated water when referring to 

particle or microbial removal and iii) process and plant compactness and simple automation.
40

 

 

2.4.3. Membrane performance 

Membrane performance is given by three main factors: the membrane selectivity, the flow and 

the molecular weight cut-off (MWCO). The flow is measured in flux (a productivity parameter), defined 

as the volume of solvent (or solution) passing through the membrane per unit area and unit time 

(L/(m
2
h)) or permeation rate, that within a given range of pressures, is independent of operating 

pressure (L/(m
2
h.bar)).  

 

Flux 𝐽 [L𝑚−2h−1] =
𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [𝐿/ℎ]

𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 [𝑚2]
  (Equation 1) 

Permeance 𝐿𝑝 [L𝑚−2h−1𝑏𝑎𝑟−1] =
 𝐽 [L/(𝑚2ℎ)]

𝛥𝑃[𝑏𝑎𝑟]
  (Equation 2) 

 

The membrane selectivity can be assessed by the relative solute rejections, also known as the 

percentage of compound that does not passes through the membrane: 
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A 

Rejection 𝑅𝑖[%] = (1 −
𝐶𝑝,𝑖

𝐶𝐹,𝑖
) × 100  

(Equation 3) 

where Cfeed and Cp are the concentration of the compound in the feed and in the sample which 

passed the membrane (permeate), respectively. The MWCO value can be determined from rejection 

of compounds with increasing molecular weights plotted versus the rejection in a MWCO-curve, 

providing information in which range of solute sizes the membrane is able of molecular discrimination. 

33,37
 

 

2.4.4. Industrial commercial membranes 

Membrane modules exist in different configurations and allow for easy membrane scale up. The 

membrane module type is selected by taking into account a number of aspects such as the cost, 

permeation demand, packing density, operation conditions, feed water quality and, additionally, it is 

desired for the membrane to have a large surface area per unit volume. According membrane 

configuration (tubular vs planar membranes) different types of membrane modules are available: (a) 

tubular membranes systems are divided in tubular, capillary and hollow-fibre membranes and (b) the 

flat membrane systems are presented as Plate and Frame membranes or Spiral wound membranes.  

 

Tubular membranes 

The tubular membranes (Figure 11A), used to process difficult feed streams, are located inside 

a tube and the flow is inside out. Plugging of these tubular membranes is unlikely to occur because of 

the membrane surface size and easy cleaning would be another advantage. However, the packing 

density is low and because of the large inner diameter of the tubes, the needed flow is higher than on 

other system configurations. In capillary membranes (Figure 11B), the flow can be inside out or 

outside in and the membrane must be strong enough to resist the filtration pressures. In this system, 

the diameter is much smaller than in the tubular system and so the chances of plugging are much 

higher. Nonetheless, the packing density is better than in the tubular membranes. One thing both 

these systems have in common is the use of cross flow. In hollow-fiber membranes (Figure 11C), the 

diameter of the tubes is the smallest and because of that, the plugging probability is very high. These 

membranes are used just for water treatment with low suspended solids content. These membranes 

have a high packing density and are very used for nanofiltration and reverse osmosis. As a 

disadvantage they are more likely to break because of their poor flexibility. However, it is also because 

of their flexibility that certain filter configurations are possible. 
33,41

 

 

 

Figure 11 – Model configuration of tubular system: (a) tubular membrane, (b) capillary membrane and (c) 
Hollow Fiber membrane. Red arrows: feed and retentate, blue arrows: permeate. 

41
 

B 
C 
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Plate and frame  

It consists of two end plates, the flat sheet membrane and spacers. The plate and frame 

modules (Figure 12) were one of the first types of membrane system, but because of their relatively 

high cost they have been replaced by spiral-wound and hollow-fiber modules, however they have a 

higher permeate capacity per unit of membrane area compared with spiral wound membrane 

elements. 
42,43

 

The membranes are placed in a sandwich-like fashion with their feed sides facing each other. 

Between each feed and permeate compartment a spacer is placed. The module is build up by the 

number of membrane sets needed for a given membrane area equipped with sealing rings and two 

end plates. As disadvantages, they have a low packing density (membrane surface per module 

volume) and require several sealing. 
44

This module is mostly used in electrodialysis and pervaporation 

systems and in a limited number of reverse osmosis and ultrafiltration applications with highly fouling 

conditions. 
42,43 

 

Figure 12 – Schematic drawing of a plate and frame module. 
42,43

 

 

Spiral Wound 

The spiral wound membranes are made of flat-sheet membranes and feed separators placed in 

a permeate tube, represented in Figure 13 and Figure 14. The several membrane envelopes are 

wrapped around a permeate drain collector tube in the center originating high packing densities. The 

feed flows on one side of the membrane and the permeate is collected on the other side and spirals in 

towards the center collector. This system can use cross flow technology but still has a fouling higher 

than in the tubular system. To reduce the plugging of the membranes, the feed channel is located at 

an upper height level. This are the most popular module in industry for nanofiltration and reverse 

osmosis membranes. Those membranes can be used in different configurations being possible to 

change length, diameter, and membrane material.
45

´ 
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Figure 13 – Spiral Wound scheme 

 

 

Figure 14 – Cross section of a spiral wound module. Permeate goes by a spiral path to the collector tube. 
The feed is pumped to the feed channel in a perpendicular direction to the plane of the paper. 

46
 

In Table 3 are summarized the advantages and disadvantages of each membrane module. 

 

Table 3 – Comparison of membrane modules 
47

 

System Advantage Disadvantage 

Plate and 
frame 

Low hold up volume 
Permeate from individual 
Membrane replacement easy 

Difficult to clean 
Susceptible to plugging 

Spiral wound Compact 
Minimum energy consumption  
Low capital/operating cost 

Not suitable for very viscous fluid  
Dead spaces 
Difficult to clean 
Faulty membrane - change whole module 

Hollow fibre Low hold up volume 
Low energy consumption 

Susceptible to end-face fouling  
Not suitable for viscous fluids 
Single fibre damage – replace entire 
module  

Tubular Feed stream with particulate 
matter can be put through 
membrane 
Easy to clean 

High energy consumption  
High hold-up volume  
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The membranes can be made from different materials. The materials can be synthetic organic 

polymers such as polysulfone and cellulose acetate, inorganic materials like ceramics or metals and 

they also can be made of a more modern material as a polymer that were doped with silver 

nanoparticles, for example, to avoid biofouling. Micro and ultrafiltration membranes usually are made 

of synthetic organic polymers but prepared under different conditions so that the size of the pores is 

different. Ceramic membranes are usually used for microfiltration membranes. They are microporous, 

thermally stable, chemically resistant but of high cost and mechanically fragile. On the other side, the 

metallic membranes (most of the time made of stainless steel), usually used for water filtration at high 

temperatures or as a membrane support, can be very porous.
48

 

There are also membranes made of polyamide. These are the most commonly used because of 

their lower pressure requirements and more flexible operating conditions. These membranes are 

intolerant to oxidants such as oxidant chlorine, chloramine, bromine and ozone. Also remarkable is 

that the surface of the polyamide membrane carries an anionic charge (pKa ~5,7 which means that 

under neutral water the functional group of polyamide is carboxyl which will disassociate by releasing 

one H
+
 and in that way, causing the membrane surface negatively charged), which makes the 

membrane more susceptible to fouling from contaminants carrying a cationic charge.
48,49

 

 

2.4.5. Factors affecting membrane performance 

Fouling 

Fouling is described as the performance decrease of the membrane due to the accumulation of 

compounds, suspended or dissolved, on its surface and pores. This contamination causes a higher 

energy use, a higher cleaning frequency and a shorter life of the membrane. Overall fouling is mostly 

inevitable in membrane filtration processes but it depends on many factors such as the feed quality, 

the type and materials of the membrane and the process design and control.  

There are three main types of membrane fouling: (i) particles, (ii) biofouling and (iii) scaling. The 

first one is the resistance caused by the accumulation of particles on the membrane through filtration 

of water with a certain level of suspended solids, making a “cake”. The second one is due to 

adsorption of organisms either in or on the membrane. Finally, scaling is what happens when particles 

block the membrane's pores.  

Due to fouling, to assure the same capacity of the membranes over time, there is a need to 

increase the pressure while keeping in mind that high working pressures make the membranes no 

longer economically and technically viable. 
33,37

 

One way of measure the fouling potential of suspended solids is with the Silt Density Index 

(SDI), well defined in the American Standard for Testing Material (ASTM). It measures the time that it 

takes to filter a fixed volume of water through a standard membrane’s pore of 0.45 µm with a pressure 

of 30 psi. The SDI value is the difference between the initial time and the time after 15 minutes. 

One process that strongly contributes to fouling is concentration polymerization, which results 

from a stagnant liquid layer at the interface membrane-feed solution, where solute mass transport is 

limited. This makes a higher concentration of the compound in the surface than to the rest of feed 

solution, having a negative effect in flux and rejection performance of membrane. 
37
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Concentration Polarization 

In a membrane filtration process some components flow through the membrane from the feed to 

the permeate. Components that have less permeability than others flow through the membrane at 

slower rates, or tin some cases they cannot flow through it at all, creating a gradual build-up in the 

feed side. A layer is therefore formed on the surface of the membrane and so right near the 

membrane on the feed side, the concentration of the components that will flow slower or not flow 

through the membrane (because are bigger than the pore size for example) will increase while the 

concentration of the fast permeating solute (and solvent) will be depleted close to the membrane. 

Therefore, a concentration gradient is formed in the fluid adjacent to the membrane known as 

concentration polarization. This will lead to flux reduction and membrane selectivity. 

One way to reduce concentration polarization is to increase the turbulent mixing by increasing 

the fluid flow velocity past the membrane surface or using mixing perpendicular to it so that the 

thickness of the stagnant liquid film at the membrane interface is minimized allowing compounds 

retained to diffuse back to the solution bulk faster and then mitigating concentration polarization. 

 

2.4.6. Dead-end and cross-flow operations 

Filtration can be performed as a dead-end (or frontal filtration) or as a cross-flow (or tangential 

filtration) operation. In the first one (Figure 15), the flow direction of the feed is perpendicular to the 

surface membrane. The particles are retained in the membrane surface forming a concentration 

gradient that will block the pores. For this reason, the filtration performance is reduced in a relatively 

short time and a cleaning process is needed. During the cleaning, the module is temporarily not used 

in the separation operation and as a result, dead-end management is a discontinuous process. It has 

as an advantage the use of lower loss of energy than when applied a cross-flow filtration.
37,50

 

In the cross flow operation (Figure 16), the feed is added in a turbulent flow that is parallel to the 

membrane surface while the permeate flows through the membrane in a perpendicular way. Here the 

solvent is recirculated in a loop. This allows for a better mixing and less fouling since it minimizes the 

formation of a concentration gradient on the surface of the membrane. With this configuration it is 

possible to achieve stable fluxes. The cross-flow system is applied usually for RO, NF and UF and 

MF. 
37,50

 

 

Figure 15 – Scheme of a dead-end operation and its flow conduct over time. 
50
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Figure 16 – Scheme of a cross-flow operation and its flow conduct over time. 
50

 

 

2.4.7. Membranes used in this study 

The rejection of solutes from aqueous solutions is affected by chemical-physical factors such as 

solution pH, ionic strength, hardness, total dissolved solids and temperature. 
32

 It has been reported 

that the same membranes exhibited different performances in different aqueous solutions. 
51

 In the 

current work, it was selected three nanofiltration (NF) and two ultrafitltration(NADIR) flat sheet 

membranes from Lenntech, FILMTEC. The work was performed in a laboratory scale, but the 

membrane selected are also available for use at industrial scale. The nanofiltration membranes 

include: NF90, NF200 and NF270 with cut-offs between the range 200-400 
52

(with NF270 as the 

higher MWCO and NF90 being the lower); NADIR NP 010 and NADIR NP 030.The goal of using NF 

membranes is to concentrate the lupanine (with higher molar mass), while collecting treated water, 

that passed through the membrane, as a permeate. NADIR membranes, however, were assessed 

aiming to remove larger components, like proteins, colloids and microorganisms from a water with 

lupanine stream to mitigate fouling of the nanofiltration stage and collect macromolecules for further 

valorization. 

All the nanofiltration membranes selected are negatively charged above pH 3. 
53

 The NF90 is 

made of an aromatic polyamide (Figure 17, left image) containing benzene rings which makes the 

membrane structure tighter. It also has free carboxylic acid and amines which give high chemical 

stability to the membrane. NF200 and NF270, with mixed aromatic and aliphatic polyamides in their 

selective layer, are also referred as polypiperazine membranes (Figure 17, right image), showing a 

less rigid structure. 
54

 The latter type, adopts a chair conformation in 3D which means that the 

structure is looser than polyamide. With those structures it is expectable that NF90 would have a 

smaller pore size than NF200 and NF270. 

 

Figure 17- (left image) Barrier layer of aromatic polyamide membrane, (right image) Barrier layer of 
aromatic/aliphatic polyamide nanofiltration membrane. The presence of amine (blue) and carboxylate (green) end 
groups are shown. 

54
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The polyamide nanofiltration membranes mentioned comprise three layers (polyester support 

web, microporous polysulfone interlayer and the ultra-thin polyamide barrier layer on the top surface). 

Such structure makes these membranes highly resistant to mechanical stress and fairly resistant to 

chemical degradation with high permeability at higher pressure. 

The ultrafiltration membranes are produced using a non-woven serves as supporting structure. 

The non-woven is casted with the polymeric solution and it is immersed into a precipitation bath filled 

with a non-solvent. The diffusion will make the solvent and non-solvent exchange in the precipitation 

bath. The phase rich in polymers will be the porous matrix and the poor phase will form the membrane 

pores. 
55

NADIR010 and NADIR030 membranes are hydrophilic and chemically resistant, made of PES 

(polyethersulfone) and with a back-material non-woven of polyester/polypropylene. Actually, in the 

name NADIR NP 010/030, NP represents that is in nanofiltration range, made of PES and the 

numbers represents the % of NaCl rejection (10 and 30% respectively).
56

 Below is summarized some 

characteristics of each membrane according to their data sheet provided from the suppliers. 
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Table 4 – Membranes data sheet resume. 

Membranes 
 

Average rejection (%) 
 

   

Pmax 

operation (bar) 
NaCl (%) 

CaCl2 

(%) 
MgSO4 Na2SO4 Tmax (ºC) material 

pH 

range* 
Obs. 

Filmtec 

NF90 41 97 90 97 
 

45 
Aromatic 

polyamide 
3-10 

For high salt, iron, pesticides, 

herbicides, and TOC removal 

NF200 41 
 

57 97 
 

45 Polypiperazine 3-10 

For high atrazine and TOC 

rejection, medium calcium 

passage. 

NF270 41 50 50 97  45 Polypiperazine 2-11 

High productivity for removal 

of organics with medium salt 

and hardness passage 

Microdyn 

NADIR NP010 N/A 10 
  

35-75 95 PES 0-14 
Acid/caustic preparation, metal 

and chemical industry 

NADIR NP030 N/A 30 
  

90 95 PES 0-14 
Acid/caustic preparation, metal 

and chemical industry 

*continuous operation 
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2.5. Resins 

Resins are commonly used in water treatment or in the separation of compounds by their size, 

hydrophobicity, or ionic selectivity. It is a usual option for separations in chemical synthesis, medical 

research, food processing, agriculture and many other areas. The resins present as advantage the 

possibility of being possible to reuse them in successive operations, upon their regeneration. An 

example of the operation principles, adapted inhere for the removal of lupanine, for a weak cation 

exchange resin is shown below (Figure 18):  

 

Figure 18- Representation of a weak cation exchange resin, linking with lupanine, followed by resin's 
regeneration with HCl. 

The ionic exchanger R (from RCOOH) in the carboxylic acid form is able to exchange for 

lupanine and thus, to remove lupanine from the water and replace it with an equivalent quantity of H
+
. 

Subsequently, lupanine can be recovered by treating the resin with a HCl solution, regenerating it 

back to the RCOOH form, so that is ready for another cycle operation. 

Ion exchange resins are made of a cross-linked polymer matrix with a relatively uniform 

distribution of ion-active sites. Those resins usual are of spherical (bead) form, either with a particle 

size distribution from about 0.3 to 1.2 mm or with all particles within the same size range. They can 

also vary in the capacity, which is the number of sites available for exchange. 

A variety of resins was used in this thesis:  

(i) Ion exchange resins, such as AG50W-X2, Amberlyst 16, Amberlyst 36 and Amberlyst 15 as 

strong acidic resins and IRC50 and IRC86, as weak acidic resins. Basic resins such as Amberlite 

IRA68 and Amberlite IRA 458 Cl (acrylic gel) were also used. Ion exchange resins are based in the 

reversible exchange of ions between a liquid and a solid (the resin). 

(ii) Polymeric adsorbent resin: XAD7. Those polymeric adsorbents find application in the 

removal and recovery of phenols, antibiotics, chlorinated pesticides, and various aromatic and 

nitrogen compounds from aqueous streams, hydrogen peroxide, etc. 

(iii) Chromatographic-Grade Ion-Exchange Resins: CG-400. This resin is right for column 

chromatographic separation of similar compounds such as organic bases, aminoacids, vitamins, 

antibiotics and inorganic materials. Table 5 is presented some characteristics for the selected resins. 
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Table 5 – Characteristics of the selected resins. 

Name of 

the Resin 

Functional 

group 
Form Exchange Observations 

Amberlite 

AG50W-X2 

Sulfonic acid 

(-R-SO3-) 
Hydrogen Strong cation exchange 

Useful for separation or concentration of peptides, nucleotides, and amino acids. 

High resistance to acid, base, organic solvents, and oxidizing and reducing agents. 

Amberlite 

IRC50 

Carboxylic 

acid 

(-R-COOH) 

Hydrogen Weak acidic resin Remove alkaloids and aminoacids. 

Amberlite 

IRC86 

Carboxylic 

acid 
Hydrogen 

Weak acid, gel polyacrylic 

copolymer-type cation exchange 
For dealkalisation of water. 

Amberlyst 

15 (wet) 
Sulfonic acid Hydrogen Strongly acidic cation exchange 

It can be used for removal/recover of ionic or organic impurities process liquor. Both 

cationic and anionic compounds can be removed through either ionic and adsorptive 

interactions of the polymer and its acidic groups with the impurity. 

Amberlyst 

16 (wet) 
Sulfonic acid Hydrogen Ion exchange resin Particularly for heterogeneous catalysis of medium molecular weight esters. 

Amberlyst 

36 
Sulfonic acid Hydrogen Ion exchange Particularly for heterogeneous catalysis. 
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Table 6 – Characteristics of the selected resins. 

Resin’s name 
Functional 

group 
Form Exchange Observations 

Amberlite 

XAD7  

“Moderately 

polar”, 

Acrylic ester 

Polymeric adsorbent 
Used to adsorb molecules up to MW 60,000; insulin recovery, metal ions, 

dry waste, organic removal and recovery; antibiotic recovery. 

Amberlite 

IRA 68 

Tertiary 

Ammonium 

N+R3 
 

Weakly basic anion exchange resin High capacity for remove large organic compounds. 

Amberlite 

IRA 458 

Quaternary 

ammonium 

N+R4 

Chloride 
strong base, crosslinked acrylic gel-

type anion exchange resin 

Effective adsorption and desorption of naturally occurring organic 

molecules, such as humic and fulvic acids. 

Amberlite 

CG-400  
Hydroxyl Strong base, ion resin exchange 

 

´ 

And also proposals of regeneration methods for each selected resin taken from the supplier data sheet. 

 

Table 7 – Resins' Regeneration Methods 

Resins 
Minimum Time 

(min) 
Solvents and concentrations (%) Slow rinse Fast rinse 

Amberlite IRC86 
30 

HCl (2-5%) 

H2SO4 (0.5-0.7%) 

2 BV at regeneration flow 

rate 
2-4 BV at service flow rate 

Amberlite 50 

AGW-X2 - 
50 ml of 3 M HCl through the column, followed 

by 75 ml of distilled water 
- - 

Amberlyst 15 wet 

30 
HCl (4-10%) 

H2SO4 (1-5%) 

2 BV (15 gal/ft3) at 

regeneration flow rate 

2-4 BV (15 to 30 gal/ft3) at 

service flow rate 
Amberlyst 16 wet 

Amberlyst 36 wet 
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 Materials and Methods 3.

 

3.1. Material and reagents 

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, it was used a 

Microplate reader (SpectraMAX 340 pc, Software: SoftMAXPro 5.4.1). The melting point of Lupanine 

was measure using a Melting point meter (SMP10, Stuart). The pH of all samples subjected to HPLC 

was measured using a pH meter (744 pH Meter, ΩMetrohm).  

Considering the extraction of lupanine from the beans a Rotavapor (BUCHI, rotavapor R-3) was 

used to evaporate the solvents. 

The Spectrophotometer (Hitachi U2000), as well as Quartz cuvettes (SUPRASIL, 10mm 

HELLMA FRANCE) were used to measure the wavelengths and absorbances of the six water phases 

of the process, after and before centrifugation (using IKA miniG). To measure their viscosity, a 

viscometer (Brookfield) was used. 

To calculate the dry matter of the six water phases of the process, it was necessary to dry the 

solution using a vacuum oven from Thermoscientific, vacutherm, Controltecnica Instruments. 

The lupanine’s purity was determined by NMR, using as solvent the Chloroform-d1, from 

ACROS Organics. 

 

3.1.1. Nanofiltration 

The water from the phase three was subjected to filtration. Those processes were performed by 

using nanofiltration membranes (Dow FILMTEC Membranes NF90, NF200, NF270) and ultrafiltration 

membranes (Lenntech, MICRODYN-NADIR NP030 P; NP010 P) also using a pump gear from 

ISMATEC BVP-Z. The schematic representation of the process is presented below: 
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Figure 19- Nanofiltration system: a) pump gear, b) cell A, c) cell B (both cells have the filtration 
membranes inside); d) feed/retentate container; e) permeate; f) pressure system. 

Potassium hydroxide (Mw:56.11g/mol, Panreac, CAS:1310-58-3) was used to adjust the pH to 

11 of the water from the phase three when was necessary. 

 

3.1.2. HPLC 

The samples were treated previous to HPLC injection, by centrifugation in a IKA miniG 

centrifuge and filtration with Nylon syringe filters (Tecnocroma, diameter=13mm, Pore size=0.22µm). 

The HPLC system was from Merck HITACHI, La Chrom (UV Detector L-7400; Interface D-7000, 

Programmable Autosampler L-7250) and both the column and the pre-column were from Kinetex (5µm 

EVO C18 100Å, 250x4.6 mm). 

The membrane filters used to prepare aqueous HPLC solvents (water milliQ and 0,01M 

Na2HPO4 buffer  from Panreac) were from Whatman, Schleicher&Schuell, mixed cellulose ester 

(diameter=47mm, Pore size=0.45µm). 

Acetonitrile used was HPLC grade(Mw:41.04, CAS: 75-05-8) from Fisher Chemical. Disodium 

phosphate ( Mw:141.96G/mol) was from ,Panreac. 

 

To study the optimum HPLC injection pH the reagents used were: Potassium carbonate 

(Sigma-Aldrich, CAS: 584-08-7); Potassium phosphate tribasic monohydrate (Sigma-Aldrich, CAS: 

27176-10-9) and Potassium hydroxide Mw:56.11g/mol (Panreac, CAS:1310-58-3). 

 

The Potassium hydroxide Mw:56.11g/mol (Panreac, CAS:1310-58-3), was also used to basify 

the samples before injection in HPLC. 

a

b 

c 

e 

d 

f
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3.1.3. Resins 

In order to assess the resin with higher lupanine binding and recovery, different resins were 

studied: Amberlite IRC86, Fluka, CAS: 211811-37-9; Amberlite IRC50, Rohm and HAAS france S.A; 

Amberlite AG50W-X2, Bio-Rad Laboratories; Amberlite IRA 68, Rohm and HAAS france S.A; 

Amberlite IRA 458, Rohm and HAAS france S.A; Amberlite resin CG-400, laboratory BDH 

reagentAmberlyst 16 (wet),  Fluka, CAS:125004-35-5; Amberlyst 36, Sigma-Aldrich, CAS:039389-20-

3; Amberlyst 15 (wet), Sigma-Aldrich, CAS: 39389-20-3; Amberlyst 16 (wet), Fluka, CAS:1250004-35-

5; XAD7, Rohm and HAAS france S.A. The solvents used to study the resin regeneration process 

were: Ethanol (Merck ACS., CAS No. 64-17-5), NaOH (Eka Pellets, CAS:1310-73-2), HCl (Merck,1.19 

g/cm3 (20 °C)). The samples were agitated in a stir plate from AccuPlate Stirred (Labnet).  

 

3.1.4. Extraction 

During the extraction of lupanine it were used: activated carbon from Fagron; celite- Fisher 

Scientific, ACROS Organics; dichlotomethane- Sigma-Aldrich, CAS: 75-09-2; diethyl ether- 

density:0.706 g/mL, Mw:74.12 g/mol, bp. 34.6°C; Hexane- Sigma-Aldrich, CAS: 110-54-3; Magnesium 

sulfate Anhydrous- Fisher Scientific; Sodium hydroxide, CAS:1310-73-2; and lupin beans from the 

Sociedade agrícola de Alicante, SOCOMAL, Temuco, provincia de cautin-chile. 

Different solvents were used to assess which one presents the better efficiency in lupanine’s 

extraction: MTBE, for HPLC Lab-Scan; toluene, from Fisher Scientific; Hexane, Fisher Chemical, CAS: 

110-54-3; Heptane,HPLC grade from Fisher Scientific; dichloromethane, HPLC grade, Fisher 

Scientific, CAS: 75-09-2; Mibk, Acros Organics, 99.5%, d=0.8. 
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3.2. Methods 

3.2.1. Lupanine Extraction and Purification 

1Kg of lupin beans were weighted and put into 5L of water and refluxed overnight. After 

separating the water from the beans, it was basified with NaOH (approximately 0.5Kg) so that 

lupanine ceases to be protonated. This reaction is extremely exothermic so, the mixture must be 

coolled to room temperature. It is advisable to make the mixture into a plastic container since glass is 

corroded. 

To this solution, approximately 2 L of diethyl ether were added (the same volume of water that 

is obtained after separation from the seeds). At this point the lupanine now unprotonated will go to the 

organic phase. 

The mixture was decanted to separate the aqueous phase (brown color and very basic, that 

contains proteins and other unwanted components) from the organic phase that has the lupanine. 

Firstly, the organic phase is turned directly into a glass container with anhydrous magnesium sulphate. 

This reagent will remove any contaminants that may be present in the organic phase or water. 

When it became difficult to separate the phases, approximately 1L of ethyl ether was added 

again. The organic phase was separated from the plastic container directly to the glass vessel with 

magnesium sulphate, until it was too difficult to separate the phases again. At this point the mixture 

was placed in a separating funnel and the phases were separated. The organic phase went into the 

glass vessel previously used with magnesium sulphate. 

The solvent was removed in a rotary evaporator and the residue obtained was transferred to a 

smaller round bottom flask using dichloromethane (DCM) to ensure total lupanine transfer from one 

flask to the other. The solvent was removed in the rotary evaporator and left overnight under vacuum 

to dry the lupanine. 

For lupanine purification, 20 mL of hexane per 1 g of lupanine were added to the solid and 

gently heated until its full dissolution. 0.1 g of activated charcoal (10% of the amount of lupanine) were 

added. The mixture was heated and while still hot it was vacuum filtered on Celite. The flask that 

contained the mixture was washed with 50 mL of hexane per gram of lupanine. The solvent was 

evaporated in the rotatory evaporator and left under vacuum to dry the solid. In this purification step, 

approximately 5 % of the desired product is lost. 

Following the above procedure, about 4g of lupanine were extracted from 1kg of beans.  

 

3.2.2. Lupanine quantification: 

Lupanine was quantified by HPLC, which is an analytical technique that separates, identifies 

and quantifies each component of a solution. The sample mixed with the solvent (mobile phase) 

interacts with the adsorbent (stationary phase) while passes through the column helped by pressure. 

Due to the different degrees of interaction between the adsorbent and the mobile phase, it is possible 

to separate the different components of the mixture. The stationary phase that was used in this project 

is comprised by particles with a low diameter (5 µm) coated by hydrocarbon chains with 18 atoms of 
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carbon (reverse phase). It has Core-shell silica particles with ethane cross-linking which allows an 

increase in resolution: the solid core plus the porous shell originates a larger particle which lows the 

operating back pressure. 
58

 On the other hand, the porous shell and small solid core can provide 

higher surface area for the separation to occur.  

The elution sequence was in isocratic mode. The wavelength of the Diode Array Detector was 

selected according to the relative heights of absorbance maxima of spectra. This is a useful method 

for QA analysis since it is exact, sensitive and fast. 

For lupanine quantification the solvents used were: A – 0.01 M phosphate buffer (Na2HPO4, pH 

10.5) and B – Acetonitrile (MeCN) with a flux of 1 mL/min with 85% A / 15 % B for 25 minutes, an 

injection volume of 20 uL, and detection at 220 nm. To prevent salt precipitation, the equipment was 

washed with milliQ water after the injections and the HPLC column was stored in a mixture of 10 % 

milliQ water and 90 % MeCN. The injections were performed at room temperature. 

 

Buffer preparation:  1.8g Na2HPO4 + 1L demineralized water – solution A 

         1.0g NaOH + 20mL demineralized water – solution B 

Add some drops of solution B to the solution A until it reaches a pH of 10.5. 

Then a vacuum filtration is needed. The buffer is stable for 2 days. After that the pH needs to be 

adjusted again with solution B that can be stored in a closed flask.  

 

Sample preparation for calibration: Lupanine samples with concentrations between xx g/L and x 

g/L were prepared in milliQ water.. 

Sample preparation to quantification: about 18.3-35mg/mL of KOH were added to 5mL of the 

sample to reach a pH value between 13 and 13.5. The sample was centrifuged for 2 min (2000G) and 

the supernatant was filtered a syringe filter (syringe filter 0.20µm; 13mm; Nylon). 

 

3.2.3. Total Protein – Bradford Protein 59 

The Bradford protein assay was used to determine the total protein concentration of a sample. 

The method is based on the proportional binding of the dye Coomassie to proteins. Greater protein 

concentration present, more Coomassie bindings. It is a colorimetric method so, 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 and then 

determined. The concentration is determined by Lambert-Beer law. The protein used as standard was 

Bovine Serum Albumin (BSA).
59

 

 Calibration curve preparation:  

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

o Do test solutions for the reference standards according to table 1. 
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Table 8 – BSA standard solutions. 

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 

 

o Shake vigorously in a vortex. 

o 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).  

o Wait 2 minutes. 

o Measure the absorbance at 595 nm using a microplate spectrophotometer. 

o Plot the absorbance of each standard solution as a function of its theoretical 

concentration. The plot should be linear.  

Use this equation to calculate the concentration of the protein sample based on the measured 

absorbance. 

 

 Determination of protein concentration in the samples: 

o In a 96 well plate add 196µL of coomassie + 4µL of sample. It is important to 

make a blank too (196µL of coomassie + 4µL of water).  

o Wait 2 minutes. 

o Measure the absorbance at 595 nm using a microplate spectrophotometer. 

Use the calibration curve to obtain the protein concentration. 

 

3.2.4. COD and TOC 

Made by Laboratório de Análises from IST. 

Both parameters are usually used as indicators of water quality. TOC, which means, total 

organic carbon, is the amount of carbon found in an organic compound. The wastewater here 

mentioned contains a variety of organic compounds in various oxidation states. Chemical processes 

that can be characterized by COD and TOC can oxidize some of these carbon compounds. Two 

standard methods were used to characterized the water: the persulfate-ultraviolet or heated-persulfate 

oxidation method (SMEWW 5310C) for TOC, and M.M.3.7.1 (2011-05-09) for the COD. 

 

3.2.5. COD3 

Chemical Oxygen Demand (COD) measures the oxygen required to oxidize organic matter. In 

this work, Cr2O7
2-

 was used to oxidize the organic matter present in solution to CO2 and H2O under 

acidic conditions. Silver  was added  to facilitate  oxidation of some organic substances and mercury 

https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Organic_compound
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to reduce the interference from oxidation of chloride ions.  This method is applicable  to a maximum 

COD of 700mgO2/L..
60

 

In this determination several solutions are needed: (A)Potassium dichromate digestion solution, 

(B)H2SO4 with Ag2SO4 solution, (C) Concentrated Ferrous ammonium sulfate solution (FAS) 0.125M, 

(D) FAS 0.0125M, (E) K2Cr2O7 standard solution, (F)Ferroine solution, (G) cromo-sulfuric and (H) 

H2SO4 

In each glass tube introduce, by the following order: 1.5mL of sample, 1mL of solution A and 

2mL of solution B. Do duplicates for each sample.  

 Prepare also two blanks by substituting the 1,5mL of sample by 1,5 mL of distilled water. 

 Mix and put the tubes into a digester at 148°C during 2hours . 

 After digestion let the temperature cool down to room temperature away from light. 

 Transfer to a 50ml Erlenmeyer, washing twice with distilled water. Add one drop of 

ferroine solution (F) and titrate  with solution D. The end of titration is reached when the 

color changes from pale blue to red. 

 Write the values of volume of D used to titration. 

 Prepare two standards adding to each 50ml Erlenmeyer, 1mL of solution E, distilled water 

and 2mL of concentrated H2SO4. 

 Do the titration again with those two standards. 

 Write the values of volume of D used to titration. 

 To wash the COD tubes add 4.6mL of cromo-sulfuric solution (G) and leave it inside the 

tubes for at least 1hour. Then wash with sulfuric acid 20% (H) twice and finally with 

distilled water three times. Then leave the tubes in a hoven do dry. 

Solutions: 

A- Potassium dichromate digestion solution: Prepare an aqueous solution with 10.216g 

K2Cr2O7 previously dried at 103°C during 2hours. Add 167mL of concentrated H2SO4 with 

magnetic stirring. Finally add 33.3g of HgSO4. Complete the volume up to 1L with distilled 

water. 

B- H2SO4 with Ag2SO4 solution: dissolve 10.12g of Ag2SO4 in concentrated sulphuric acid, 

complete the volume up to 1L.  

C- Concentrated Ferrous ammonium sulphate solution (FAS) 0.125M: Dissolve 49.01g of 

Fe(NH4)2(SO4)2.6H2O in around 500mL of distilled water and add slowly 20mL of 

concentrated H2SO4, let cool down and complete the volume up to 1L with distilled water. 

D- FAS 0.0125M: Dilute 100mL of solution C in distilled water up to the volume of 1L. 

E- K2Cr2O7 standard solution: dissolve 12.26g of K2Cr2O7, previously dried at 103°C for 2hours, 

in distilled water and complete the volume up to 1L. 

F- Ferroine solution: 0.025M, from SigmaAldrich 

 

Washing solutions:  

 

G- Cromo-sulfuric: dissolve 20g of K2Cr2O7 in 54mL of H2SO4. Add distilled water up to 1L. 
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H- H2SO4: Add 20mL of concentrated H2SO4 in a 100mL volumetric flask and complete the 

volume with distilled water. 

The chemical reaction that occurs during titration is the following: 

Cr2O7
2-

(aq)+14H
+

(aq)+6Fe
2+

(aq)2Cr
3+

(aq)+6Fe
3+

(aq)+7H2O(l) 

The COD determination is based on equation 4: 

 

COD (mgO2/L)=
(𝐴−𝐵)×𝑀×8000

𝑉𝑠
   (Equation 4) 

 

Where Vs is the volume of sample or standard (in this work was constant and equal to 0.0015L); 

A and B are the volumes (in liters) of solution D measured in first and second titration respectively and 

M is the FAS Molarity. (A-B) is the volume spent in titration of the excess dichromate, and (A-B)xM  

are the moles of Fe(II) consumed. 

The relation between the moles of Fe(II) consumed and the dissolved oxygen is given by the 

next equation: 

1

2
O2(aq)+2H

+
(aq)+2Fe

2+
(aq)⇆2Fe

3+
(aq)+H2O(l) 

So, the moles of O2 necessary to oxidate Fe(II) to Fe(III) are given by 

(𝐴−𝐵)×𝑀

4
    (Equation 5) 

Since COD is in mgO2/L, and mg(O2)=moles(O2)xMM(O2), comes that  

mg(O2)=
(𝐴−𝐵)×𝑀×32000

4
   (Equation 6) 

That is why the equation of concentration of chemical oxygen demand comes like equation 4. 

Mol FAS= mol Fe2+ =6 x mol Cr2O72
-
 = 6 x 

[𝐾2𝐶𝑟2𝑂7]

𝑀𝑀(K2Cr2O7)
× 𝑉K2Cr2O7 (Equation 7) 

M= 
6 𝑥 

[𝐾2𝐶𝑟2𝑂7]

𝑀𝑀(𝐾2𝐶𝑟2𝑂7)
×𝑉𝐾2𝐶𝑟2𝑂7

𝑉𝐹𝐴𝑆 𝑡𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛
   (Equation 8) 

3.2.6. Total reducing sugar – DNS61 

The capacity of 3,5-dinitrosalicylic acid (DNS) to be reduced to 3-amino-5-nitrosalicylic acid by 

glucose (containing hydroxyl groups, -OH) makes this spectrophotometric analysis  a reliable, robust 

and simple method.  

The DNS is reduced to a similar colored product that absorbs light with a wavelength of 540 nm, 

and can thus establish a direct relationship between the colorimetric measurement and the amount of 

reducing sugars.
 62

 

 Calibration curve preparation:  

o Do test solutions for the reference standards according to Table 9. 
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Table 9-Standard solutions with glucose. 

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 

 

o Shake the prepared samples in a vortex. 

o In a 96 well deep plate add 100µL of DNS + 100µL of standard solution. It is 

important to make a blank too (100µL of DNS + 4µL of water).  

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

minutes. 

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

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

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

o Plot the absorbance of each standard solution as a function of its theoretical 

concentration. The plot should be linear.  

 

Use this equation to calculate the concentration of the sugar sample based on the 

measured absorbance. 

 

 Determination of reducing sugars in the samples: 

o In a 96 well deep plate add 100µL of DNS + 100µL of sample solution. It is 

important to make a blank too (100µL of DNS + 4µL of water).  

o Cover the 96 well deep plates with aluminum foil and incubate at 100°C for 5 

minutes. 

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

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

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

o Convert the optical density values for reducing sugar concentrations based on 

calibration curve. 
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3.2.7. Dry Matter 6 

This method measures the mass of something when completely dried. The mass of 

water that a solid contains is calculated through the difference of weights before and after the 

removal of all the water. It can be an indicator of the amount of nutrients or other compounds 

that are available in the feed.  

The steps required to determine the dry mass of the water samples from the six phases 

are the following: first it is needed to place 50 mL falcon tubes, that are going to be used to 

weight the sample, in an oven at 60°C for 4h and after that they are placed in a desiccator for 

2h. The empty falcons are weighted (measure 1) and then filled with 45 ml of sample. The 

falcon with the sample is placed in the drying oven thermostatically controlled at 90°C with 

forced air ventilation, for 3 days. The falcons with the sample are allowed to cool in the 

desiccator during 2h and are weighted again (measure 2). The dry matter is calculated 

through the difference of the values for  measure 1 and measure 2.  

 

3.2.8. Nanofiltration 

 In these studies, water from phase 3 collected in Tremoçeira, without pre-treatment, was 

used. 400mL were centrifuged at 6000rpm for 30min at 20°C. 

 The supernatant from the centrifugation was then subjected to a nanofiltration and 

ultrafiltration, using the selected membranes (NF90, NF200, NADIR010 and NADIR030) 

from Filmtech, in "cross flow" mode at room temperature, with recirculating 350 cu. The 

NADIR membranes were operated under an applied pressure of 10 bar while the NF 

membranes were operated at 24 bar. 

 50 ml of the supernatant were separated and labelled as "Original"; 

 350 ml of the supernatant were transferred to the nanofiltration system, homogenized by 

recirculating the solution (without the application of pressure) for 5 min and, subsequently, 

an aliquot was collected and tagged as "Feed". 

The pressure applied to the membrane was to promote the solution’s nanofiltration through both 

membranes in series, placed in the cells A and B.  

The flow through the membrane as well as the membrane’s permeability were quantified.  

By the end of the nanofiltration, the solutions that passed through both membranes A and B 

were collected and labelled as “Permeate” whereas the solutions that got retained were labelled as 

“Retentate”. 

The conductivities of the "Original", "Feed", "Permeate" and "Retentate" solutions were then 

measured. 

 

3.2.9. Melting Point 

This is an old, easy and fast technique to determine the purity of a substance as even a low 

concentration of impurities can have an impact in the value of its melting point, mp.
63
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The melting point SMP10 apparatus, from Stuart Equipment, was used to measure the lupanine 

mp. The operation proceeded as described by the supplier. 

A plateau temperature was selected in the digital display. The unit then quickly heats up and 

remains at the selected temperature until the user is ready to start the test. The powder sample is 

placed inside a capillary tube which is inserted in the equipment. The unit then heats at a fixed rate of 

2°C per minute and when the sample starts to melt, the operator takes note of the temperature. This 

experience was done in duplicate. 

 

3.2.10. Wavelength Scanning 

Spectrophotometry measures how much of the intensity of a given wavelength in a spectrum of 

light is absorbed by the substance when it passes through the sample. 

For this experiment, a Hitachi U-2000 spectrophotometer and a Quartz cuvette with an optical 

path length of 10 mm from SUPRASIL, Hellma, were used. 

 First, a UV-Vis wavelength scanning of lupanine’s absorption spectra was made, [from 

100 nm to 800 nm] with a solution of the extracted lupanine prepared in distilled water. 

 The same procedure was followed for water samples 1 to 6, also known as “crude 

samples”. 

 The previous procedure was repeated after centrifugation of the samples . These samples 

are referred as “clean samples”. 

 After each measurement, the cuvette was washed with dichloromethane, followed by 

methanol and lastly with acetone. This procedure was repeated 3 times. 

 

3.2.11. Resins  

Resins have the capability of exchanging particular ions of the materials used in its constitution 

with the ions of the solutions that pass through them. Synthetic resins are widely used for water 

purification and separation of other elements, as in the scope of this work. 

A variety of resins was used:  

(i) Ion exchange resins: AG50W-X2, Amberlite IRC50, Amberlite IRC86, Amberlyst 15, 

Amberlyst 16, Amberlyst 36, Amberlite IRA68, Amberlite IRA 458 Cl ( acrylic gel), CG-400; 

(ii) Polymeric adsorbent resins: XAD7. 

 

Lupanine binding experiments: 

 0.15 g of resin, 1.5 mL of sample and a magnetic agitator were added to an Eppendorf 

tube of 2 mL, which was then placed in a stir plate at 250 rpm for 15 hours at room 

temperature; 

 After that, the Eppendorf tube was centrifuged at 1400 rpm for 2 minutes; 

 Finally, the supernatant solution was recovered with the help of a needle and a syringe, 

filtered with a syringe filter and  further analyzed in HPLC.  
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Resin regeneration: 

After removing the supernatant of the lupanine binding experiment, the resin was regenerated 

by adding 1.5 mL of regenerating solution (HCl 10% in water, for example) to the Eppendorf. The 

same procedure as before was followed, the Eppendorf tube was placed in a stir plate at 250 rpm for 

15 hours at room temperature and then it was centrifuged at 1400 rpm for 2 min. The regeneration 

solution was removed with the help of a syringe and needle to be further analyzed in HPLC. 

 

Note: To analyze in HPLC, the lupanine concentration after the binding experiment, the sample 

had to be  basified (with KOH) until pH 13 and then centrifuged if the samples used were: (i) water 

from phase 3, (ii) water from the NF90 retentate or (iii) water with lupanine at pH 6. The reason for this 

is, because the first two sample types mentioned [(i) and (ii)]  have other organic molecules present 

and the last one , (iii), because it has to be in a basic pH. In the case of the water with lupanine at pH 

9, the sample is directly injected in the HPLC after being filtered. The ideal pH to inject samples is 

studied in the Chapter Erro! A origem da referência não foi encontrada.. 

Also before injecting the samples in HPLC, the pH of the samples after regenerating with  HCl 

and NaOH has to be adjusted to be between 13-13.5. However, for the solutions prepared in ethanol, 

the solvent had to be evaporated and the pH adjusted afterwards, before injection of the sample in the 

HPLC. For that, they were placed in a hotte for two days, bubbled with N2 afterwards, and the volume 

was refilled, with water, to 1.5 mL again. Then the same steps – basification, centrifugation, filtration – 

were performed once again, before injection to the HPLC system  

 

3.2.12. Extraction 

In this work, the liquid–liquid extraction, or solvent extraction, consisted in transferring the 

lupanine in the water from phase 3 to another immiscible liquid, in this case an organic solvent. The 

formation of two immiscible phases is due to the relative solubilities of the liquids.  

 

 6 mL of the phase 3  and 3 mL of an organic solvent were added to a test tube, which 

was closed and agitated in a vortex; 
 Two phases were formed upon agitation and the aqueous phase was extracted to a 

second tube with a Pasteur pipette.  
 From the aqueous phase, 2 mL were collected for HPLC analysis whereas the other 4 

mL were subjected to a second extraction; 
 In the second extraction 2 mL of the organic solvent were added to the 4 mL of aqueous 

phase; 

 The mixture was vortexed and the aqueous phase was recovered for HPLC analysis. 
The solvents used for this experience were DCM, MTBE, toluene, hexane, heptane and MIBK. 

The aqueous phases were injected into the HPLC system after being basified with KOH to pH 13-13.5, 

centrifuged and filtrated. 
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 Results and Discussion 4.

4.1. Characterization of industrial wastewater from lupin beans 

debittering process   

A case study of lupin bean industrial process (Case study A) is considered in this thesis and 

represented in Figure 20. The process comprises 4 stages: 

 

(i) In the hydration stage, Mdry_beans ton of dry lupin beans and V0 m3 of water are loaded in a VTotal m
3
 

tank (hydration tank) and left to swell for T hidratation. Dry weight of 100 lupin seeds was estimated at 

73.6 g and once soaked in water their weight was of 131.3 g, meaning swelling mass a ratio of 1.784 

Mswollen_beans/Mdry_beans, and 784 kg of water intake per ton of dry beans. 

 

(ii) in the cooking phase, Mhydratate_beans ton of swollen beans are submitted at TEMPboiling ºC for Tcooking  

minutes in a boiler to allow lupanine to be extracted through the beans walls.  

 

(iii) In the swelling process, swollen beans and cooking water are transfer from boiler to another tank 

(Detoxification Tank) where they are cooled down to room temperature and left in contact for several 

days (TMin_Swelling to TMax_Swelling day). By the end of the swelling process, the lupin beans are left inside 

the tank, but the water is discharged, yielding a VHigh m3 of a wastewater stream labelled as “High”, as 

it is the stream with the highest concentration of lupanine from the whole extraction process, namely 

CHigh = 3.4 g/L as it is possible to see in the Table 10.  

 

Figure 20- Process scheme of one lupin bean industry A. 

(iv) In the sweetening stage the Detoxification Tank with the Mhydratate_beans ton of beans is refilled with 

clean water with a V1 m3 of water (=VHigh). 

In Case study A: the sweetening is carried out in a continuous mode, fresh water is added to 

the tank at a flow of Fsweetening (or Fw) m3/h for Tsweetening hours, the volume of solution in the tank is 

kept constant over such time as the outflow of wastewater continuously discharged equals the inflow 
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of fresh water added. The total volume of wastewater discharged Vsweetening will have different lupanine 

concentrations, starting from a higher value to a value in which virtually all the lupanine has been 

extracted from the beans and the concentration of lupanine in beans and water is negligible. 

Therefore, the wastewater volume resulting from the sweeting stage will be subcategorized in VMedium, 

VLower and VNegligible according with decreasing lupanine concentrations. 

Diavolumes are inhere defined as 𝐷𝑖 =
𝐹𝑤

𝑉𝑤
 𝑇𝑠𝑤𝑒𝑒𝑡𝑒𝑛𝑖𝑛𝑔

𝑖  

In Case study B: the sweetening is carried out in a batch mode for TBatch hours, with the V1 

corresponding to the volume discharged after boiling and successive loadings of fresh water and 

discharges of wastewater of equal volumes, Vi m3 with Vi =V1 for i = 2 to 10 for 9 successive batch 

washes.  

Diavolumes are inhere defined as  𝐷𝑖 =
∑ 𝑉𝑖𝑖

2

𝑉1
 

(v) A final salting stage is carried out where beans are transferred from the fresh water to a NaCl rich 

phase as beans are packed into the bottles to be distributed and sold. 

 

In an initial characterization of the of the wastewater generated in the process the collected 

wastewater from the extraction process for the continuous case study A  as: 

 Phase 1: from hydration process;  

 Phase 2: from the cooking water;  

 Phase 3: from swelling process;  

 Phase 4: a sample at 38.5% of total sweetening time (38.5%Tsweetening);  

 Phase 5: a sample at 64.1% of total sweetening time (64.1%Tsweetening)  

 Phase 6: a sample at the end of total sweetening stage (100%Tsweetening). 

 

For each water phase, the lupanine concentration was measured, as well as the chemical 

oxygen demand (COD), total reducing sugars, total protein, total organic carbon (TOC), dry matter, 

pH, conductivity and viscosity. In Table 10 is the summary of the results of the different tests made to 

the water of the different phases. 

 

Table 10 – Water samples characterization. *distilled water viscosity=1.12 cP; conductivity=1.93 µS. **analysis 
made by IST Water Analysis Laboratory 

Process phases 1 2 3 4 5 6 

Lupanine (g/L) 0.000±0.000 1.674±0.009 3.444±0.019 0.943±0.003 0.468±0.001 0.045±0.002 
Total reducing  
sugar (g/L) 

0.07±0.00 0.59±0.01 0.82±0.02 0.16±0.00 0.11±0.01 0.07±0.01 

Total protein (g/L) 0.00±0.03 0.107±0.030 0.323±0.109 0.029±0.021 0.026±0.030 0.032±0.030 
COD (g(O

2
)/L) ** 0.005 23.0 30.0 8.5 4.7 1.0 

TOC (gC/L) ** 0.0023 8.6 15.0 3.6 1.9 0.4 

Dry matter (g/L) 0.48 26.20 29.55 7.93 4.27 1.12 
pH 7.13 5.70 3.89 3.81 3.80 3.96 
Conductivity (mS) 0.671  3.92 7.64 2.71 0.135 0.625 
Viscosity (cP) 1.57 1.14 1.33 1.24 1.10 1.30 
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The different parameters measured for each of the 6 phases are resumed in Table 10 and a 

synopsis of the results more significant is presented in Figure 21. Considering these results, it is 

possible to confirm that the water from phase 3 is the richest when compared to the others. For this 

reason, the water from phase 3 was chosen for the subsequent experiments. 

 

Figure 21 -Comparison of Lupanine concentration, COD and Total reducing sugar for all the 6 phases of 
water of the process 

 

COD and TOC values 

 

The values of COD are a measure for total organic carbon in the aqueous solution, which 

result not only from lupanine and other alkaloids, but from the presence of several small and 

macromolecules present at the different wastewater stages. Lupanine full oxidation into water, carbon 

dioxide and ammonia will follow the stoichiometry: 

 

C15H24N2O + 19 O2 → 15 CO2 + 9 H2O + 2NH3 

 

Considering molecular weights of 248.4 g/mol and 32 g/mol for lupanine and molecular 

oxygen, for each 1 g of lupanine oxidized, 2.447 g of oxygen is required. Similarly, for each 1 g of 

lupanine we obtain 0.725 g of total organic carbon. Considering such assumptions one can estimate 

COD and TOC due to the lupanine contribution, providing an overview of percentage of other organic 

contaminants (see  

Table 11).  

 

COD analysis were initially made by IST Water Analysis Laboratory, a certified laboratory for 

water analysis, however the very same samples were, after two months analyzed in house. Some 

decrease in COD values could result for presence of microorganisms on the water that consume the 

organic matter, decreasing COD values. 
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Table 11 – Comparison of COD and TOC results for all the 6 phases of water samples, by the 

laboratory and by the method described in chapter 3.2.5. 

 

 

Case Study A – Process run 2: Initial analysis of case study A sweeting stage taken for a first 

process run 1, only consider discrete samples of wastewater at 38.5%, 64.1% and 100% of the total 

sweetening time (Tsweetening). However, such approach impairs a more detail analysis of this continuous 

stage, in particular on the initial times. Therefore, to further analyze this process, water samples from 

the sweetening phase were collected every 10 minutes for times below Tsweetening using a peristaltic 

pump. The water composition was analyzed and with the obtained data, a concentration profile was 

made over time Figure 22).  

 

Figure 22 -Lupanine concentration profile from the sweetening phase. 

The results presented in Figure 22 clearly show that the lupanine concentration reaches a value 

below the detection limit of our analytical method (at a lupanine concentration of 1.95 mg/L) at a 

washing time of approximately 38.5% Tsweetening, meaning that the concentration of lupanine in the 

water is nearly zero, and from this point on, it may not need further treatment. This result would 

indicate that the amount of water needed to extract the total lupanine content from the lupin beans in 

this run would in fact be less than the one currently used. In other words, since Fw is constant (and 

Vadd = Fw . Tsweetening), about 61.5% of the fresh water used in this stage could be saved and only 

38.5% of the water requires to be treated. 
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Phase 1 2 3 4 5 6 

Lupanine (g/L) 0 1.674 3.444 0.943 0.468 0.045 
Estimated TOC from lupanine 
(g(C)/L) 0 1.21 2.50 0.68 0.34 0.03 

Estimated COD from lupanine 
(g(O2)/L) 0 4.10 8.43 2.31 1.15 0.11 
% estimated COD from 
lupanine over measured COD  0% 14% 17% 19% 18% 8% 

TOC (gC/L) ** 0% 18% 28% 27% 24% 11% 
COD (g(O2)/L)** 

      COD (g(O2)/L) (In house) 0.0023 8.6 15 3.6 1.9 0.4 
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 However, one should consider that reducing water in the sweeting stage may affect other 

factors, such as the organoleptic safety window for washing the lupanine in this stage may need to be 

respected. Indeed, this result is inconsistent with samples taken from process run 1, where discrete 

samples taken at 38.5% Tsweetening and 64.1% Tsweetening have values of lupanine concentration at 

values of 0.943 g/L and 0.468 g/L; values reached quite earlier in the sweetening process run 2; 

showing batch to batch discrepancies. Indeed, also from figure 22 it is possible to see that the initial 

concentration for the sweetening stage is about 1,75g/L which is very different from CHigh of 3.4 g/L 

previously observed at the end of the swelling stage for process 1. Sources from batch to batch 

variability may be due to lupanine content in lupin beans, but also due to poor parameters control, 

such as variability on fresh water flowrate used and thus correspondent Fw/Vw ratio. The differences 

between run 1 and run 2 could be allocated to a decrease of a Fw/Vw from 0.326 to 0.08 h
-1

 (values 

obtained by fitting equations derived in the next paragraph to the data). The initial concentration of the 

sweetening stage may also be lower than the stream labelled as “high”, corresponding to the 

wastewater discharged after swelling time, because the tank was refilled with fresh solution before to 

start the sweeting phase and the lupanine may not have the time to reach the equilibria between 

seeds and such water solution.  

 

Still the concentration profile represented in Figure 22 allows further analysis of the profile of 

lupanine over the sweetening stage. Such concentration variation of lupanine in a tank of volume V 

with time can be described by writing a component material balance over the solute as indicated 

below: 

 

 

 

 

 

𝑉
𝑑𝐶

𝑑𝑡
= 𝐹𝑤𝑖𝐶𝑎𝑑𝑑 − 𝐹𝑤1𝐶𝑡   (Equation 9) 

 

where 𝐶𝐴𝑑𝑑 and 𝐶𝑡 (g/L) represent the concentration inlet and outlet of the stream, respectively, 

and 𝐶1 is the average concentration in the tank. Vw (L) is the working volume of liquid solution in the 

tank, which is maintained constant; and Fwi, Fw1 (L/h) is the flow rates of fresh water added to and 

wastewater leaving the tank, respectively, which are equal to each other (Fw = Fwi = Fw1) and also 

constant in time. Since fresh water is added to the system, Cadd = 0 g/L the equation can be 

rearranged and integrated, as follows: 

 

𝑉𝑤
𝑑𝐶(𝑡)

𝐶𝑡
= −𝐹𝑤𝑑𝑡 ⇔ ∫

𝑑𝐶(𝑡)

𝐶(𝑡)

𝐶𝑡

𝐶0
= −

𝐹𝑤

𝑉𝑤
∫ 𝑑𝑡

𝑡

0
 ⇔ 𝑙𝑛

𝐶𝑡

𝐶0
= −

𝐹𝑤

𝑉𝑤
𝑡 ⟺ 𝐶𝑡 = 𝐶0𝑒𝑥𝑝−(

𝐹𝑤
𝑉𝑤

𝑡)
 

(Equation 10) 

 

Vw 
F1, C(t) 

Fi, Cadd = 0 
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where 
𝐹𝑤

𝑉
 is the dilution rate, D (h

-1
) and C0 is the lupanine concentration in the starting of the 

sweetening stage. Note that this analysis assumes instantaneous equilibria of lupanine between the 

beans and the water in the tank or at least that such equilibria is reached significantly faster than the 

time needed to washout lupanine from the tank. Knowing the initial concentration of lupanine in the 

tank, values for 𝐹𝑤1 and the volume of liquid in the tank where lupanine is dissolved a theoretical curve 

could be calculated using equation 10. Still lupanine exist dissolved in the water solution in the tank, 

but also inside the lupin beans, making more difficult the calculation of working volume, V, as it results 

from contributions of aqueous solution and beans. 

 

The estimation of Vw is not trivial as different assumptions can be taken to estimate it, 

according with the considerations made for lupanine distribution between liquid solution surrounding 

the lupin beans and the lupin beans themselves. One can consider (i) full homogeneity, and in such 

case Vw is the volume of the tank (VT) or (ii) that the only relevant volume is the volume of water in 

the tank, i.e Vw = V1 (or VHigh), Fw/Vw will be 0.2045 or 0.477 h
-1

, respectively, for these two extreme 

cases. An intermediate case considering lupanine present in the water in the tank (V1) plus in the 

volume of water that used to swelling of the beans will result in a Fw/Vw of 0.294 h
-1

, note that in such 

case is assumed a partition of 1 between beans aqueous interior and water outside the beans. 

V1, or VHigh the volume of the stream with high concentration of lupanine was actually not 

measured, but one can calculate it considering the volume of the tank (VT) less the volume occupy by 

swollen beans, VHigh = VT - Mswollen_beans / swollen beans. the density for swollen beans was also estimated 

at swollen beans=1.06 Ton/m3 using 100 swollen lupin seeds. The water content of the beans can be 

calculated considering the water input when swelling the dry beans and swelling degree. 

Fitting equation 10 to the results in Figure 22, the result the “dilution rate” that better fits in the 

experimental data is Fw/Vw = 0.326 h
-1

 which is in the range of the values previously discussed. The 

differences observed result of the approximations to the reality, since there should be variations in the 

lupanine concentration within the lupine (from the outside to the inside). For further analysis the 

empirical values obtained by fitting will be used as expressed in the following equation: 

 

𝐶 = 1.75 exp(−0.326𝑡)   (Equation 11) 
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Figure 23 -Fitting of theoretical equation to experimental data. 

. 

The following analysis aims to categorize the wastewater volume resulting from the sweetening 

stage in VMedium, VLower and VNegligible according with decreasing lupanine concentrations to assess 

which fractions makes sense to target recover lupanine. 

Integrating equation 11 and multiplying Fw, it is possible to calculate the amount of lupanine in the 

wastewater collected until the maximum integrating time 

 

∫ 𝐶(𝑡). 𝑑𝑡
𝐶(𝑡)

𝐶0

= ∫ 𝑒𝑥𝑝 (−
𝐹𝑤

𝑉𝑤
𝑡) . 𝑑𝑡

𝑡

𝑡=0

= −
𝑉𝑤

𝐹𝑤
. 𝐶0.  [𝑒𝑥𝑝 (−

𝐹𝑤

𝑉𝑤
𝑡) − 𝑒𝑥𝑝 (−

𝐹𝑤

𝑉𝑤
0)] 

∫ 𝐶(𝑡). 𝑑𝑡
𝐶(𝑡)

𝐶0

=
𝑉𝑤

𝐹𝑤
. 𝐶0.  [1 − 𝑒𝑥𝑝 (−

𝐹𝑤

𝑉𝑤
𝑡)] 

𝑀𝑆𝑤𝑒𝑒𝑡𝑒𝑛𝑖𝑛𝑔 
𝑡 = 𝐹𝑤 ∫ 𝐶(𝑡). 𝑑𝑡

𝐶(𝑡)

𝐶0
= 𝑉𝑤. 𝐶0. [1 − 𝑒𝑥𝑝 (−

𝐹𝑤

𝑉𝑤
𝑡𝑆𝑤𝑒𝑒𝑡𝑒𝑛𝑖𝑛𝑔 )]  (Equation 12) 

 

The total amount of lupanine retrieved during the full sweetening stage (Msweetening, total) can be 

calculated as: Msweetening, total = Vw.C0.  One should recognize that the diavolumes (D) used at each time 

is D = Vadd/Vw = Fw Tsweetening / Vw. So the exponential term in equation 11 and 12 is “-D”. 

 

To calculate the concentration of a stream collected from the beginning of the sweetening 

stage to a time t, one need to consider the volume collected of such stream as D.Vw 

𝐶𝑆𝑤𝑒𝑒𝑡𝑒𝑛𝑖𝑛𝑔 
𝑐𝑜𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑡 =  

𝑀𝑆𝑤𝑒𝑒𝑡𝑒𝑛𝑖𝑛𝑔 
𝑡

𝐷.𝑉𝑤
=

𝐶0

𝐷
. [1 − 𝑒𝑥𝑝(−𝐷)]  (Equation 13) 

 

Therefore, to estimate the % of lupanine already eluded already in the wastewater for each 

diavolume one could theoretically use the expression 

%𝑀𝑆𝑤𝑒𝑒𝑡𝑒𝑛𝑖𝑛𝑔 
𝑡 =  

𝑀𝑆𝑤𝑒𝑒𝑡𝑒𝑛𝑖𝑛𝑔 
𝑡

𝑀𝑆𝑤𝑒𝑒𝑡𝑒𝑛𝑖𝑛𝑔 
𝑡𝑜𝑡𝑎𝑙 = 1 − 𝑒𝑥𝑝(−𝐷)  (Equation 14) 
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Using such equation one can calculate for different conditions how many diavolumes are 

needed to achieve a given lupanine removal efficiency as illustrated in the figure below, where a 75%, 

85% or 90% of lupanine recovery was aimed, one would need a diavolume of about 1.4, 1.9 or 2.4.  

 

The rational approach for water treatment and lupanine recovery calls for a categorization of 

wastewater volume resulting from the sweetening stage according with lupanine content as Medium, 

Low and Negligible concentration, where lupanine isolation from the fraction with medium contents 

should be feasible. Considering for example a Medium concentrations fraction should include about 

85% of all the lupanine extracted in this stage. Such fraction should comprise a volume of 1.9 Vw 

manageable to be send to a stage of wastewater detoxification. The lupanine concentration on such 

stream can be calculated using equation 15 for our case that start with a C0 of 1.75 g/L at a value of 

0.78 g/L. 

  

 

Figure 24 – Percentage of lupanine recovery when adding x times the volume of water being treated.   

 

It was previously established a stream characterized as “high” with a high concentration of 

lupanine, CHigh, worth to be send for lupanine recovery. The volume of such stream was also defined 

as the volume needed to fill the tank, V1, with the swollen beans already inside the tank. The lupanine 

available to be recovered from such stream is MHigh = V1.CHigh, with CHigh = 3.4 g/L of lupanine per 

batch. 

In here, when considering the “Medium” concentration fraction, for example 85% removal of all 

the lupanine extracted in the sweetening stage at 0.78 g/L on a volume of about 2 times Vw. One can 

indicate as lupanine available for recovery from this stream as Mmedium = D.Vw.CMedium, in this case 

CMedium, = 0.78 g/L, D = 2 and if considering Vw = V1, we can calculate the relation MMedium / MHigh = 2 

CMedium/CHigh = 0.78*2/3.4 = 0.45, implying that the Medium stream has less than half of the lupanine to 

be isolated and diluted  in the double of the solution calling for additional efforts to isolate such 

lupanine. 
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The fraction of the sweetening stage that follows stream “Medium”, for example form a 

diavolume of 2 to a diavolume of 5 represents about 14% of the lupanine in this stage, but only a 

concentration of 0.08 g/L lupanine (for the case considered of an initial concentration of the 

sweetening phase with initial concentrations of 1.75 g/L). Such stream is categorized as “Low” in  

lupanine content and isolation of lupanine from this phase, considering volume and concentrations 

may not worth the work load and cost associated. Therefore, the recommendation is to treat such 

stream through a destructive process, such as biological degradation. 
25

 The following fractions of the 

sweetening stage are extremely low in lupanine content, less than 1 % of the lupanine in sweetening 

phases can be found in the streams collected from diavolume 5 to 10, and the lupanine concentration 

is estimated to be about 1.2 mg/L, therefore such wastewater can be disposed directly without any 

treatment or reuse in the company site. 
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4.2. Lupanine Characterization and analytical method 

4.2.1. Structural Characterization 

Lupanine is not available at accessible values from the market, therefore the first steps of the 

preparation of this thesis consist on the isolation of lupanine at purity high enough to be used as a 

standard to further set-up an HPLC method at the laboratories of IST. The method used for such 

extraction and purification of lupanine from lupin beans is described in the materials and methods. To 

confirm the purity of lupanine isolated different methods were carried out, including NMR, elemental 

analysis and melting point determination of the product obtained. The spectrum of the lupanine in the 

UV-visible was also determined allowing to establish the wavelength to be used in the HPLC method.  

Some lupanine properties to be taken into account are the following
66

: 

 Molecular formula: C15H24N2O 

 Molecular weight: 248.36 g/mol 

 Density: 1.16 g/cm
3
 

 Boiling point: 396.7°C 

 Flash point: 172.7°C 

 Index of Refraction: 1.581  

 Molar volume: 213.4 cm
3
 

 Vapour Pressure: 2.2x10
-7

 kPa (25°C) 

 pKa: 9.1 
67

 

Lupanine in solution is protonated at neutral pH as represented in  Figure 25. 

 

Figure 25 -Protonate and not-protonate Lupanine throughout the pH range. 

 

In Figure 26 is displayed the absorbance spectrum of lupanine with two absorption peaks at 220 

nm and 317 nm. 
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Figure 26 – WL Scanning for Lupanina (maximums of absorbance at 220 and 317nm). 

4.2.1.1. NMR 

After lupanine’s extraction its purity was assessed by comparing the NMR of the product 

obtained with the lupanine NMR spectra reported in the literature
68

. The spectrum of 
13

CNMR is 

displayed in Figure 27. 

 

 

Figure 27 – Lupanine 
13

C-NMR spectra in CDCl3. 

The solvent used for 
1
H and 

13
C NMR analysis was CDCl3, a trichloromethane molecule in which 

the hydrogen atom is replaced by its isotope, deuterium. This solvent is commonly used in NMR 

because it does not have the hydrogen nuclei that originate signals in an 
1
H NMR spectrum and 

because it is easily recognizable in an 
13

C NMR spectrum. In a 
13

CNMR spectrum each peak identifies 

a carbon atom in a different environment within the molecule, which can be affected by the 

electronegativity of the atoms surrounding  them. From the lupanine spectra of Figure 27 27 it is 

possible to identify the peak corresponding to the CDCl3 solvent, at 77 ppm and the peak  at 170 ppm 

corresponds to the carbon-oxygen (C=O) double bond.  In annex , To quantify the lupanine purity, 1H 

and 13C NMR spectra were made. Below, (Table 15 – Comparison of theoretical NMR data of 

lupanine (in CDCl3) and extracted lupanine.) is a comparison between the theoretical and 
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experimental data obtained for 13C NMR spectrum of lupanine. Elemental analysis was performed to 

our lupanine and compared to theoretical values (Table 16). 

Table 15 it is Comparing this spectrum with the one reported in the literature
68

. Overall the 
13

C-

NMR and 
1
H-NMR data were consistent with those in the literature.  

 

The integration of the peaks’ area is proportional to the number of protons that the peak 

represents. Therefore, the integral indicates the relative ratio of the number of protons for each peak. 

In Figure 28 is represented the 
1
H NMR spectrum of the lupanine obtained after extraction from the 

dry lupin beans. The lupanine purity was assessed by the ratio between the integration of the peaks 

attributed to impurities at 5 ppm and 7 ppm and the lupanine peak at 4.5 ppm, according to the 

following equation: 

𝑃𝑢𝑟𝑖𝑡𝑦 = 1 −
0.100

0.99
× 100 = 89.9% 

 

  

Figure 28 -Lupanine H NMR spectrum in CDCl3. The integration values of the impurities and a refrencia 
peak from lupanine is given in the spectrum. 

 

4.2.1.2. Elemental analysis CHN 

Elemental analysis was also used to assess lupanine purity after extraction from the dry lupin 

beans. Such analysis was carried out at the IST water analysis Laboratory. The theoretical value for 

each element is calculated by dividing the total molecular weight of each element, by the molecular 

weight of lupanine (248.36 g/mol). The following equation exemplifies the calculation for nitrogen with 

a molecular weight of 24 g/mol: 

𝑁 =
24×2

248.36
∗ 100 = 11.28 ; 

0.09 
  0.10 

0.99 

CDCl3 
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The values of the results from the analysis laboratory are shown in Table 12. The experimental 

error associated with this method also is presented in the table below. 

 

Table 12 -Comparison of theoretical and experimental elemental analysis data of lupanine. 

Element Expected value 
Experimental 

data 

%Experimental 

error 

N 11.28 10.92 11.02 2.7±0.6 

C 72.54 72.31 72.81 0.3±0.04 

H 9.74 10.22 10.41 5.9±1.4 

 

 

4.2.1.3. Melting Point 

The melting point (mp) was also used to assess the purity of lupanine. Pure substances have 

well defined mp. While increasing the temperature of a solid substance, the attractive intermolecular 

forces decrease and so molecules reach a higher liberty state (liquid). A pure substance melts at well-

known and very characteristic temperature, depending on the pressure (but usually insignificant). If 

lupanine sample includes impurities, even in small quantities, the intermolecular interactions will be 

easier to break and the mp will be lower. Also the melting point will be a range of values as the 

different impurities make the fusion process uneven and spaced through time.
69

 The theoretical value 

of mp in the literature differs from author to author with reported values for (±)-lupanine of 127-128°C 

and (-)-lupanine of 190°C in some studies 
63

, while values of 98-99°C for (±)-lupanine and 144-145°C 

for (-) lupanine salt is found in other bibliographic sources; 
68,70

; moreover it is also reported that free 

lupanine remains as a yellow oil.
71

 In the current study, the experimental value for the lupanine 

measured was a discrete value of 86±1°C which means that the compound is most likely pure and that 

the difference from this value to the ones in the literature can be because the lupanine obtained is a 

racemic mixture and therefore the mp tends to decrease. 

. 

4.2.2. Analytical method 

 

To achieve the aim of current thesis was crucial to quantify lupanine using an expedite method. 

Therefore an HPLC method was set-up as described in the section of materials and methods. In such 

method a UV detector is used to quantify lupanine against solutions with defined concentrations 

prepared using the standard lupanine isolated. Figure 26 displays the absorbance spectrum of 

lupanine with two absorption peaks at 220 nm and 317 nm. Based in this result, a wavelength of 220 

nm  was selected for HPLC analysis.   

 

Several experiments were performed to optimize the HPLC method, namely pH optimization of 

the eluent phase as the product is basic and interactions with HPLC column and eluent phase will 

depend on solution pH and protonation state of the lupanine. To ensure that lupanine was always 
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deprotonated, a basic buffer must be used as eluent, but the concentration of such buffer was 

adjusted to 0.01 M of Na2HPO4  in water to prevent salt precipitation in the HPLC column. Analyzing 

the areas and retention times of the peaks obtained the organic solvent/buffer ratio and running time 

of the method were adjusted iteratively. The best conditions selected were, as referred in the chapter 

30 , a ratio of eluent MeCN/buffer of 15%/85% with a flux of 1 mL/min for 25 minutes, an injection 

volume of 20 µL, and detection at 220 nm. Moreover, it was also observed that the retention times and 

the peak seems to be affected with buffer age, therefore it was established that the buffer could only 

be used until two days of being made.  

Although sample preparation (such as centrifugation and filtration) before injection is required to 

remove impurities, samples like the wastewater from the phase 3 can still damage the column (or the 

pre-column) making the pressure to rise up quicker than it should. Therefore, the use of a pre-column 

is mandatory. However, its crucial to study a more efficient cleaning process of the sample before the 

injection on the HPLC column or use less expensive pre-columns, otherwise this method is not viable. 

Moreover, for phase 3 injected samples, the chromatograms showed shifts in the lupanine rejection 

time or overlap with peaks of impurities. This could result from lupanine being in a salt form and not in 

its neutral form. The use of a buffer did not result on neutralization of all the organic matter. Therefore, 

KOH began to be added to the samples before injection to guarantee that lupanine would be in the 

deprotonated state. To basify the samples several reagents, such as potassium phosphate tribasic 

monohydrate, potassium hydroxide and potassium carbonate were considered. The effect of the 

alkaline agent used, as well as its quantity needed to reach the optimal pH were studied and the 

results are shown in Figure 29. 

 

Figure 29 – Different lupanine’ concentrations for achieve fo different sample pHs.  

 

With only 0.06 g of KOH it was possible to reach a pH for the sample of phase 3 in water of 

around 13-13.5. To this pH value also corresponded the highest amount of lupanine detected after 

HPLC injection. For the remaining reagents to reach a pH value of only 12 higher amounts were 

needed (0.73 g of K3PO4 and more than 3 g of K2CO3) and the injection in the HPLC revealed lupanine 
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peaks with less intensity when compared with KOH. Based on this, all the samples from waste water 

to be analyzed by HPLC were previously basified to pH 13-13.5 with KOH. 

It was also verified that the pH of lupanine in water in the same concentration as in the sample 3 

(3.4 g/L), as a pH of 10.6 which means that all the organic matter and other compounds that also exist 

in the water from the phase 3, makes the pH decrease to a value around 4.  

A calibration curve for lupanine was prepared using this HPLC  method with concentrations 

between 0.00195 and 7 g/L. Standards deviation of 0.0092 were found for high concentration sample 

and 0.0056 for the lower ones. The calibration curve is in annex , Figure 45. 
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4.3. Unitary Operations and process design 

4.3.1. Envisaged process 

In section 4.1 the wastewater resulting from the lupin beans debittering process was 

characterized and recommended to follow different approaches, where lupanine recovery should be 

targeted for the a first volume stream taken after lupin beans boiling/swelling together with the first two 

diavolumes of the sweetening, labelled as “high” and “medium”, respectively. This chapter is focused 

on providing routes for detoxification of this wastewater and isolation of lupanine. 

The following diavolumes from diavolume 2 to 5 contain about 14% of the lupanine removed 

during the sweetening process, but is so diluted that it was recommended to be disposed through a 

destructive process, e.g. biological degradation. Wastewater from diavolumes 5 onwards only contain 

1 % of the lupanine in this stage and it is so diluted that such wastewater most probably can be 

directly disposed or reused within the company. 

At the center of the process envisaged it is a nanofiltration membrane able to provide clean 

water in the permeate and a lupanine concentrate retentate.  Upstream of the nanofiltration it is 

envisage operations that contribute to removal of macromolecules and other fouling agents, such as a 

centrifugation followed by a precipitation and/or an ultrafiltration. The goal of those operations is to 

remove the macromolecules such as proteins and other organic molecules and inorganic molecules 

that can be present in the water. The solids isolated from the centrifugation and the retentate from the 

ultrafiltration could be used to make methane, which could be transformed into energy to warm up the 

water where the beans are boiled, for example. The precipitation would occur with the addition of 

reagents such as KOH. 

 

Figure 30 – Process diagram flow of a lupin bean wastewater treatment in industry. Starting from the left to 
the right: centrifugation, ultrafiltration, nanofiltration, resin and extraction operations are represented. 

 

After extracting the bigger molecules, the water would pass through a nanofiltration system 

where the membranes with a molecular cut off lower than the molecular size of lupanine so that the 

lupanine would be retained and from the permeate would leave clean water. This operation would also 

allowed a reduction of the water volume. Downstream the nanofiltration stage, the retentate from 

nanofiltration could be sent to further purification. An optional step would be the use of a resin, which 

would bind the lupanine while allowing elution of other impurities; lupanine will then be recovered by 
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elution from the resin in a resin regeneration step. The nanofiltrated retentate or the eluent from the 

resin regeneration will be then submitted to a solvent extraction for lupanine recovery.  

In this chapter, the operations marked by a green box were studied and discussed in this thesis. 

Moreover, two processes of different complexities were designed including the several operations 

evaluated for the lupine isolation as illustrated in diagram shown in Figure 30 and Figure 40. 

 

4.3.2. Ultrafiltration and Nanofiltration assessment 

The membranes studied in this work were the ultrafiltration membranes, NADIR010 and 

NADIR030 and the nanofiltration membranes from Dow filmtec, NF90, NF200 (apparently 

discontinued) and NF270. The characteristics of each membrane are described in Chapter 2.4.7. 

The membranes were studied on their flux, flow, permeability and rejections for COD, total 

reducing sugars and lupanine. The values mentioned can be found in annex, Table 17, Table 18, 

Table 19 and Table 20. 

The rejections and permeabilities obtained for the ultrafiltration at 10 bar (Figure 31) and 

nanofiltration membranes (Figure 32) at 24 bar are presented in the figure below. All the rejections 

were measured for a concentration factor of 66%, i.e 66% of the feed solution was collected as 

permeate. The rejection of lupanine was higher than expected and the rejection for COD was 

significant lower, considering that one expects a large contribution of macromolecules for COD. It was 

hypothesize that 10 bar pressure was too high for this membranes affecting the results. However, the 

use of 5 bar pressure didn’t improve membrane selectivity.  

 

Figure 31 – Lupanine, COD and total reducing sugar rejections in the primary axis; permeability in the 
second axis for the ultrafiltration membranes at 10 and 5 bar. Rejections were made from feed solutions either at 
pH 4 or 11 as labeled in the figure 

By using an ultrafiltration membrane, the goal was that lupanine passes through the membrane 

to the permeate, while all the macromolecules, which should contribute significantly for COD and total 

reducing sugars, do not. The pH of the solution has shown to have a small effect on lupanine (pKa ~9) 

rejection, with the protonate form being more retained. The rejection of COD was fairly low, indicating 

that its composition should include a high content of small molecules.  The total reducing sugars 
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showed a higher rejection, reaching a value about 70%, at pH 11, so it is also possible to conclude 

that ultrafiltration membranes work better for reduced sugar rejection at basic pH; considering that 

these are neutral molecules one can hypothesize that the higher rejection is due to changes in 

polarization of the PES membrane surface. Also, the decrease in the pressure, from 10 to 5 bar, led to 

an increase in the permeability and in the lupanine rejection, which is consistent with some relaxation 

of the polymeric material at lower pressures, leading to a slight increase in pore diameter.  

 

The same experimental approach was taken to assess the nanofiltration membranes, however 

considering that this separations separate at a nanoscale a higher pressure of 24 bar was applied. 

 

Figure 32 - Lupanine, COD and total reducing sugar rejections in the primary axis; permeability in the 
second axis for nanofiltration membranes at 24 bar. 

The aim of using nanofiltration membranes is to retain the lupanine in the retentate, while 

providing a permeate of clean water. As shown by the results, all the membranes reject very well the 

lupanine (rejections above 99% in all cases) as well as having a good performance in retaining COD 

and the total reducing sugars. Comparing all the nanofiltration membranes, the ones with higher 

rejections for lupanine are the NF270 and NF90, with the former having a slightly higher rejection 

value. All of the membranes seems to work better at acids pH, which was expected since they are not 

supposed to be stable at a pH of 11. The only membrane which supplier reports to be compatible with 

a pH of 11 is the NF270. Therefore the use of the NF270 membrane could allow to work at basic pH 

for both ultra and nanofiltration membranes if improvement of ultrafiltration membranes require 

alkaline conditions (since it seems that ultrafiltration membranes work better in basic pH). However the 

use of pH 4 is closer of the pH of the industrial effluent and the permeability of NF90 and NF270 

seems to increase to such lower pHs. 

 

To study the concentration factors possible for the nanofiltration operations.  The flux over time 

was estimated at different feed/permeate ratios were 50%, 65% and 75% for the more promising 

membranes, NF90 and NF270. Samples of the permeate and retentate were also taken to evaluate 

lupanine concentration over the filtration in concentration mode. The experiment was very limited by 
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the equipment, which made it impossible to continue the higher concentration ratios. However, it was 

possible to note that the flow is kept constant over time for this range of concentration factors. Note 

however that this was a short time experiment, which do not allow to assess fouling and scaling 

effects. Considering the concentration of lupanine in the retentate, one can observed that the 

membranes selected maintain an high performance accumulating lupanine to concentrations so high 

as 8.35 g/L  while lupanine in the permeate is virtually negligible. In the figure below are shown the 

results for the respective membranes. 

 

Figure 33 - Flux over time for NF90 and NF270 membranes. 

 

Figure 34 - Permeate and retentate concentration of NF90 and NF270 membranes over the ratio 
permeate/feed. 

 

The conductivity for each membrane from the permeate, retentate and feed water were also 

verified. The next graphic shows that ultrafiltration membranes allow the majority of the ions to pass 

through but the nanofiltration membrane NF90 has a higher ion retention. It is also possible to observe 

that the water with a higher pH has a higher concentration of ions than the water at pH 4, which is 

expectable because it was added to the sample, KOH to adjust the pH to the value of 11. The sample 

at pH 4 it was just used directly from the phase 3 water . 
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Figure 35 -% of Rejection of conductivity each ultra and nanofiltration membrane at different pH values. 

The membranes which retain more ions are the nanofiltration ones as it is possible to see in 

Figure 35. If the desire is that ions cross the membrane to avoid scaling and also because water to 

drink needs ions, then the best membrane would be the ultrafiltration ones. However, if the ions are 

toxic, there is the need to removed them and so, the nanofiltration membranes would be the prefer 

choice.   

 

4.3.3. Resins 

After the membranes operations, the water of the retentate would contain lupanine and many 

other organic and inorganic molecules of similar or larger size that would be of interest to separate 

from lupanine. To achieve such aim, the retentate solution enriched in lupanine could be submitted to 

a resin binding stage to retaining the lupanine and elution of other species. After that the resin would 

be regenerated, allowing its recovery and retrieving lupanine in the eluent. Therefore the next step 

was the study of the various resins for binding lupanine from an aqueous alkaline (pH around 9) 

solution and acidic phase 3, (pH around 4) and NF90 membrane retentate (pH 4). The results are 

shown in Figure 36. The manufacture specifications for each resin is reported in chapter 2.5 
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Figure 36 – Binding of the lupanine with the different acidic resins for a solution with lupanine at pH 9 and 
6. Percentage of recovery of lupanine after one and two regeneration treatments of the resins with HCl10% 

 

The results for lupanine binding in weak acidic resins, Amberlite (IRC 50 and IRC 86) and 

strong acidic resins Amberlyst (15, 16 and 36; AG50W-X2) are presented in Figure 36. Four 

experimental conditions were tested in triplicated for lupanine binding to these resins. The results for 

two first conditions assessed using synthetic made solutions are presented in Figure 34: (i) In the first 

condition for lupanine binding by the resins was tested in water without further pH adjustment (pH 9), 

and (ii) In a second trial was performed with an aqueous solution of lupanine that had been submitted 

to CO2 bubbling to decrease the pH to near of 4 (the same pH as that of the water from phase 3). 

However, after seven hours of bubbling, the pH still decreased to 6. While all the weak and strong 

resins present high binding efficiencies in water solutions at pH 9 (pH was not adjusted), weak acid 

resins show lower performance for solutions at pH 6, where pH was adjusted.  

In an initial attempt to regenerate the resins, the resins loaded with lupanine were immersed 

over a day in a 10 wt% HCl solution. The solution was then replaced by a new 10 wt% HCl solution 

one to a second recovery cycle. The results are presented in Figure 36, note that the lupanine 

recovery values for the second cycle are cumulative adding up the lupanine retrieved in first and 

second cycle (Figure 36). The higher lupanine recoveries, still at values lower than 50%, were 

observed for the weak acidic resins. This experiment was performed using resins loaded with lupanine 

according with the conditions used in the first experimental condition, i.e. addition of resin binding from 

a water solution of lupanine, pH 9 as reported in the chapter 3.2.11.  

 

The results for the two other conditions for lupanine binding to this set of weak and strong acidic 

resins are presented in Figure 37 and use real effluents the use of lupanine rich (iii) wastewater from 

phase 3 and (iv) the NF90 retentate. 
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Figure 37 -Binding of the lupanine with the different acidic resins for the phase 3 and for NF90 retentate, at 
pH 4. 

At acidic media, the strong acidic resins show higher binding percentages (AG50W-X2, 

Amberlyst 15,16 and 36), i.e the data point out that the weak carboxylic resins are more influenced by 

the pH than the sulfonic ones. For the retentate stream, with high concentration of lupanine, as well as 

other species concentrated in the nanofiltration process, the binding percentage of lupanine were 

lower. The reason could be due to the existence of competition with the other components of the water 

besides the lupanine. However, such behavior was not observed when wastewater from phase 3 was 

used, suggesting that the main reason would be resin saturation (either by lupanine or other species). 

 

While high binding efficiencies are crucial for this unit process feasibility, the resins regeneration 

is crucial to close cycles and retrieve the product of interest, while regenerating the resins. The 

regeneration step was again attempted for the weak and strong resins loaded with lupanine from 

phase 3. The preliminary attempt using 10 wt% HCl aqueous solution is again shown in Figure 36 for 

illustrative reasons. Additional conditions and results for resin regeneration and lupanine retrieving are 

presented in Figure 38. 
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Figure 38 -Lupanine recovery percentage for different resins and regeneration. 

The more efficient option tested to recover the resin assessed by the amount of lupanine 

retrived is the use of a HCl wt%10 with IRC50 resin, with values not high enough to shows the 

possibility to recovery of enough lupanine.  

 

 

4.3.1. Extraction and isolation of lupanine 

Solvent extraction of lupanine in an organic solvents from a concentrated aqueous phase allows 

further concentration of this compound, while separating it from water soluble compounds and 

isolating lupanine in a stream easier to process chemically or further concentrate by solvent 

distillation. In the Materials and Methods chapter diethyl ether was used to lupanine isolation. In the 

current chapter several other solvents are assessed to extract lupanine from an alkaline solution. 

Table 13 resumes some characteristics of different solvents used in this study. The selected solvents 

for the extraction process had to respect the following requirements: (i) allow the formation of two 

phases with water, (ii) not being hydrolysis by NaOH, (iii) efficient lupanine extraction and (iv) volatility. 

Regarding the parameters measured for each solvent, polarity measurements (bonds between 

atoms with different charges), refer to relative polarity as these values were obtained using the 

reference value for water polarity that is 1 and the dielectric constant. Higher dielectric constant values 

indicate higher ability to stabilize charges and higher polarity.  

To assess the possibility of formation of two phases between the solvent and water, both the 

solubility of the compound in water and the water solubility in the solvent are important. The ideal is 

that none of them be soluble on each other so that when mixed two distinct phases is created. The log 

0

10

20

30

40

50

60

70

80

90

100

AG50W-X2 IRC50 IRC86 Amberlyst 15 Amberlyst 16 Amberlyst 36

% Lupanine recovery 

NaOH 10% HCL10% ethanol 100%



62 
 

Kow is the octanol/water partition coefficient and it is also related to water solubility. This coefficient is 

defined as the ratio of a compound’s concentration in the octanol phase to its concentration in the 

aqueous phase. Higher values of log Kow indicate higher hydrophobicity and, therefore, low water 

solubility. Considering the boiling point of the solvent, it is important that the value is neither too high 

nor too low to allow an easy separation and avoid evaporation. The vapour pressure is also an 

indication of a liquid’s evaporation rate, as high vapour pressures indicate higher volatility. Lastly, the 

environmental safety of the solvents must be assessed to understand if it is safe to use them in 

lupanine extraction. 
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Table 13 – Characterization of solvents (Hexane, Heptane, Toluene, Methylisobutyl ketone (MIBK), Dichloromethane (DCM), t-Butylmethyl ether (MTBE), and diethyl 
ether) with respect to their environmental impact; relative polarity, solubility in water, dielectric constant, health hazard, boiling point and LogKow.  

Solvents 

Environmental impact 
Relative 

Polarity
64

 

Solubility 

in water 

(g/100g) 

Solubility of 

water in 

100g of 

solvent 

Dielectric 

constant 

Health 

Hazard 

Boiling 

point 

(°C) 

Log 

Kow 

Vapour 

pressure 
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(kPa, 20°C) 
Aquatic Air 

VOC 

emissions 

Hexane 

(hydrocarbon) 
3 5 3 0.009 0.0014 <0.1 1.9 7 69 3.9 17.6 

Heptane 

(hydrocarbon) 
3 5 6 0.012 0.0003 <0.1 1.9 10 98 4.7 5.33 

Toluene 

(aromatic) 
7 2 6 0.099 0.052 <0.1 2.4 7 111 2.73 2.8 

DCM 

(chlorinated) 
8 6 1 0.309 1.3 0.2 8.9 7 40 1.25 47.4 

MIBK (ketone) 9 3 7 unknown 1.9 1.8 13.11 7 117 1.31 2.1 

MTBE (ether)  7 5 2 0.124 4.8 ? 2.6 7 55 0.94 27 

Diethyl ether 

(ether) 
5 3 1 0.654 6.1 1.5 4.3 10 34.6 0.89 58.7 
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Considering the water from phase 3 of the lupanine extraction process, two extractions were 

made with each solvent listed in Table 13 in a proportion of 2:1, twice. The results are shown in Figure 

39. 

 

 

Figure 39 - Lupanine extraction for different solvents. 

The solvent with the best extraction result was DCM, showing that it is in fact a good solvent, 

since a 88% extractions was achieved in a single step (2:1 solvent/aqueous phase), two steps would 

be needed to achieve 99%. However, the solubility of water in the solvent is a bit high. Other aspects 

need to be also studied to get a better conclusion such as, for example, the partition coefficient. 
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4.3.2. Preliminary process design and monitoring 

After consideration of all results, a simpler process scheme was envisaged as represented in 

(Figure 40). Such process starts with a centrifugation, with the aim to maintain the lupanine in the 

supernatant, and eliminate some of the particulates and larger colloidal molecules reducing the fouling 

in the next steps. After such stage, the wastewater would be fed to a nanofiltration membrane unit (the 

NF270 would be the best choice as already mentioned) from where clean water would leave the 

system through the permeate. The retentate, with lower volume, will be enriched in lupanine. To the 

retentate it would then be added a solvent such as DCM to extract lupanine. Other possible and 

simpler option, would be to introduce between nanofiltration and extraction a separation stage using 

resins to further purify lupanine and reduce the volume stream to be submitted to the solvent 

extraction. For this decision, an efficient analysis is need and that will be discussed in chapter 4.4. 

 

Figure 40 - Process diagram flow of a lupin bean wastewater treatment industry. Starting from the left to 
the right: centrifugation, nanofiltration and extraction operation are represented. 

As it was pointout in the chapter 4.1, there is the possibility to have a high batch to batch 

variability concerning concentration of lupanine in the lupin beans debittering wastewater different 

stages. Therefore it is important to have tools for online monitoring, which can support decisions on 

water use and stream fractioning in subcategories.  

To assess whether ultraviolet detection could be used for lupanine contents monitoring, the UV 

absorbance at selected wavelengths of each of the 6 phases collected was evaluated. 

The spectrum for each sample is in annex. 

 

Figure 41-Absorbance for selected wavelengths of the six phases of water. 
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The wavelengths were selected according to In the Table 14 are the wv corresponding to the 

maximum of absorbance verified in the figure before (Figure 44). 

Table 14 and Figure 44 annex: 260 and 290 nm because they are present in every sample or 

are the average in the value present. 220nm is the value used in the quantification of lupanine in the 

HPLC and 320nm is the value of the maximum of absorbance of lupanine (see Figure 26). Note that 

370nm is a value closer to 366nm, a wavelengths value that has been previously used to assess 

fluorescence capacity of lupanine
12

. Therefore, the higher wavelength allows for an easier distinction 

from the six samples between them. However this method is not the best since it is not just the 

lupanine that is contribute to absorbance at the showing wavelength selected. Other aromatic 

compounds for example, will absorb at the same UV wavelengths. Nevertheless, this can be one 

possibility to control the quantity of lupanine in water online. 

 

The other possible technique with potential to online monitoring was conductivity, which value 

for each phase is reported in the Table 10 (chapter 4.1). Conductivity varies for each wastewaters 

sample collected from the six phases of the process. Again, the main contribution for conductivity 

should not be lupanine, but ions instead, which accompanied lupanine washout during the sweetening 

stage. In the next chapter an economic analysis will be made and the final decisions will be taken. 

. 

  



67 
 

4.3.3. Modelling Process 

Two different process schemes are inhere considered for modelling. SuperPro Designer v8.5 

software was used. Considering the initial process envisaged, the options modelled do not include the 

use of an ultrafiltration, instead, upstream to the nanofiltration only a centrifugation is considered. 

Downstream the nanofiltration, both processes comprise a solvent extraction using extraction solvent. 

In addition to the operations experimentally studied in this thesis, it is also the modelling of a solvent 

exchange of the lupanine from extraction solvent to hexane, with distillation of the former and addition 

of the later solvent. Lupanine can be isolated from hexane in crystals. 

The difference between process scheme 1 and 2 is that in process scheme 2, between the 

nanofiltration and the solvent extraction, it is also include a resin binding step and the respective 

regeneration stage. It will be assumed the use of a regenerative solution which would have a >99% of 

lupanine recovery from the resin. An additional solvent distillation is needed to remove regeneration 

solvent.   

Some assumptions had to be made since the software had some limitations regarding the 

equipment available in its data base and limitations in information available. Both process options are 

shown in Figure 42 and Figure 43. 

 

 

Figure 42 – First option to a process scheme of wastewater treatment designed in SuperPro Designer. 

Both process schemes start with a tank where is collected the wastewater streams discharged 

from the lupin beans debittering, namely (i) “High” lupanine concentration wastewater collected from 

cooking/swelling stage in a Vw  m
3 

(3.4g /L of lupanine; 30g/L organic matter; 0.82 g/L reducing 

sugars) and (ii) “medium” lupanine concentration wastewater, collected from the first 1.53 diavolumes 

of the sweetening stage, at a 1.53 Vw m
3
 (1.56 g/L lupanine; 15g/L organic matter;0.40g/L reducing 

sugars) plus 0.32 Vw wastewater used for the cleaning in place (CIP) procedures in the previous 

process batch. The total volume collected in the tank feed at a value of 2.85 Vw with a lupanine 

concentration of about 2 g/L is targeted. Vw represents the volume of the tank for the sweetening 

stage in the debittering process. The 2.84 Vw solution targeted by the lupanine recovery process are  

centrifuged in order to remove the solids of the solution and the supernatant is fed into a nanofiltration 

system. 

The wastewater is filtrated through passes through the NF270 nanofiltration membrane (here 

represented by a Reverse Osmosis membrane) to retain the lupanine (99.85%) as well as other 
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organic compounds and reducing sugars (with rejection values equals to the ones obtained 

experimentally) dissolved in the feed solution. The nanofiltration is operated in concentration mode 

until a concentration factor of 85% or 80% is reached, i.e a 85/15 permeate/retentate ratio for the first 

option, and 80/20 for the second. Those ratios were chosen aiming to increase lupanine contents to 

concentrations in the range of 10-14 g/L and reduce lupanine rich stream volumes to values in range 

of 0.5 Vw. Membrane modules were selected accordingly to the catalogue from FILMTEC. Pressure 

and transmembrane flux were set at values experimentally measured (85.27 L/(m
2
.h)).  

It is in the next step that lies the great difference between the two possible processes. In the 

first option, the water goes to a mix tank where NaOH (28.6 g/L effluent) is added to basify the water 

for the liquid-liquid extraction to occur, after the addition of extraction solvent (0.7 L solvent per L of 

effluent). This operation requires lupanine to be soluble in the solvent of choice. In this case, it was 

assumed that lupanine’s solubility in extraction solvent was of 99.85% (see Table 13 – 

Characterization of solvents (Hexane, Heptane, Toluene, Methylisobutyl ketone (MIBK), 

Dichloromethane (DCM), t-Butylmethyl ether (MTBE), and diethyl ether) with respect to their 

environmental impact; relative polarity, solubility in water, dielectric constant, health hazard, boiling 

point and LogKow.).  

After the complete (100%) extraction of lupanine (Figure 39 - Lupanine extraction for different 

solvents.), the extraction solvent in solution was completely evaporated extraction solvent boiling 

point). Hexane was the next compound to be added to remove the remaining impurities. Lupanine is 

only soluble in hot hexane, therefore the hexane enters in the tank with a temperature of 55ºC. After 

being decanted (here represented by a centrifuge-decanter), the hexane is finally separated from the 

lupanine crystals. 

 

 

Figure 43 – Second option to a process scheme of wastewater treatment designed in the SuperPro 
Designer. 

In the second option, the retentate from the nanofiltration membrane passes through the resin, 

which retains >99% of lupanine. Afterwards, after a regeneration step with regenerative solution with 

ethanol, it is assumed a lupanine recovery of 99.85%. The next operation is the evaporation of the 

ethanol from the solution. 20 L of hexane per Kg of lupanine were added to the mix tank in the same 
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way as it was mentioned for the first option. Here, also it is added NaOH. Thereby, the next step was 

an extraction to separate the lupanine from the water, with extracting solvent, repeating the 

methodology of the first option. The NaOH and hexane ratios considered for both process options 

were based on the experimental data.  

In both process schemes, only a fraction of the wastewater generated in the lupin beans 

debittering process is targeted. Specifically, the fractions with higher lupanine concentration 

comprising a total volume of 2.54 Vw. This fraction comprises about 85% of the total lupanine on the 

debittering wastewaters at a composite concentration of about 2 g/L lupanine. According with the 

simulations performed the process schemes envisaged allows for 98.5% and 97.4% recovery of the 

lupanine in such wastewater fractions considered the first and second option scheme suggested. 

Additionally, 80% to 85% of the water volume in the 2.54 Vw wastewater will be treated, reaching a 

quality high enough to be reused within the process or safely returned to the environment. Considering 

the overall wastewater management, one should recall that there is a larger fraction of about 3.5 Vw of 

wastewater that is not targeted in this process with a composite lupanine concentration of about 0.2 

g/L lupanine (representing 10 to 14% of total lupanine in debittering wastewaters). Considering the 

“Low” concentration of lupanine in this fraction this fraction is better handle through a lupanine 

destructive process. The larger volume of wastewater generated corresponds to the later fraction for 

the sweetening process at a volume of 5 Vw, but the lupanine concentration there is lower than 5mg/L 

(and the amount less than 1% of the total lupanine in the wastewater). 

 

For the process design to recover lupanine and detoxify the wastewater of the fractions with 

higher lupanine fractions a the detail inventory was made, including equipment requirements, 

operation times, reagents, solvents, resins and membranes and other materials needed, as well as 

energy requirements allow to further calculate the process costs associated. Such model can be 

applied considering the different countries specificities and operation scales.   

Looking to the Gantt chart, where it is possible to see the duration of each unit operation, the 

process with evaporation has a duration of approximately 26h30m whereas the process with the resin 

has approximately 44h. 

The method used in this chapter to extract lupanine from the effluent was based on the 

research that took place at a laboratory scale, with a higher yield (6g lupanine/kg bean) than the one 

obtained with the method described in Chapter 3.2.1, and also because it requires less steps and 

reagents. This method includes putting the beans in boiling water, at 100ºC, for roughly 8h and 

allowed to cool down overnight. After that 10 0g of NaOH are added per each 3.5 L of effluent, and 

extracted with 2.5 L of MTBE, twice. The last step is the addition of 200 mL of hexane per 10 g of 

lupanine, which is then left at room temperature until the crystals are formed.     
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 Conclusion 5.

 

The present study allowed the decision of which operations should be performed in the 

treatment of wastewater from a lupin bean industry, as well as the best methods to recover lupanine 

from the effluent. Besides the experimental results, an environmental and healthy point of view were 

taken into account and, of course, it was also possible to assessing the efficiency of the process 

scheme using the SuperPro Designer. The process scheme of the wastewater treatment would start 

with a centrifugation, which does not eliminate any lupanine from the water but, on the other hand, 

eliminates some of the larger molecules reducing the fouling in the following steps. After that, the 

water would pass through a NF270 nanofiltration membrane (>99% lupanine retention) from where 

clean water would leave the system. To the retentate it would then be added NaOH to basify the 

effluent promote efficient extraction of the neutral lupanine to extraction solvent. Following this 

process, the solvent would have to be evaporated so that hexane would be added as well and then 

decanted. 

The difference between process scheme 1 and 2 is that in process scheme 2, between the 

nanofiltration and the solvent extraction, it is also includes a resin binding step and the respective 

regeneration stage. According with the simulations performed the process schemes envisaged have a 

potential in an optimistic scenario to reach 98.5% and 97.4% recovery of the lupanine for the first and 

second process scheme respectively, assuming 99.85% efficiency for lupanine nanofiltration lupanine 

rejection and resin steps and 99.9% for organic solvent extraction. For a more pessimistic scenario 

with 90% efficiency for lupanine nanofiltration rejection and resin steps and 90% for organic solvent 

extraction and a recrystallization efficiency more than half of the lupanine would still be recovered for 

both process schemes.  

Also, according to the Gantt Chart, the option with evaporation takes less time (approximately 

25h30) than the procedure using resin (approximately 42h). For an online monitoring, it is possible to 

use  the absorbance at 370nm as well as the conductivity to control, but only to roughly control the 

lupanine concentration in the effluent since none of the methods measures it directly or is only 

affected by lupanine.  

Additionally, it would be a good idea to try other ultrafiltration membranes since the one 

described In this work did not led to good results, as this method allowed the lupanine to pass through 

the membranes, retaining larger molecules such as proteins. Regarding the lupanine extraction, it 

would be advantageous to reduce the steps of purification of it as well as reducing the solvents used 

in the process. As a starting material for the semisynthesis of other alkaloids for the pharmaceutical 

industry, it would also be interesting to optimize the extraction of lupanine using enantiomeric 

separation, instead of performing the separation in the racemic mixture. 
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Annex 

To assess if there was a possibility of online monitoring of the process it was made a UV-Vis 

wavelength scanning of the process samples. Herein is presented, for the six process wastewater 

treatment process phases, the wavelengths that correspond to the maximum absorbance. The six 

samples were measured after (called as clean) and before (called as crude) centrifugation. 

 

 

 

  

 

  

 

 

 

 

 

  

 

 

 

 

  

 

 

 

 

 

 

 

Image9- WL Scanning for each sample (1,2,3,4,5 and 6). before (crude) and after (clean) 

centrifugation.  
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 Figure 44 - WL Scanning for each sample (1,2,3,4,5 and 6). before (crude) and after (clean) centrifugation. 
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In the Table 14 are the wv corresponding to the maximum of absorbance verified in the figure 

before (Figure 44). 

Table 14 – Wavelength corresponding to the maximum absorbance for the six samples. Before (crude) 
and after (clean) centrifugation. 

Samples Clean Crude 

1 210 210 

2 260; 290; 360 250; 290; 370 

3 260; 290; 360 260; 310; 370 

4 250; 290; 350 250; 280; 350 

5 270; 290; 350 270; 300; 350 

6 230; 260; 310 230; 260; 310 

 

To quantify the lupanine purity, 1H and 13C NMR spectra were made. Below, (Table 15 – 

Comparison of theoretical NMR data of lupanine (in CDCl3) and extracted lupanine.) is a comparison 

between the theoretical and experimental data obtained for 13C NMR spectrum of lupanine. Elemental 

analysis was performed to our lupanine and compared to theoretical values (Table 16). 

Table 15 – Comparison of theoretical NMR data of lupanine (in CDCl3) and extracted lupanine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Position of carbon 

13
C (ppm) 

theoretical 

13
C (ppm) 

experimental 

%experimental relative 

error 

2 171,9 171,4 0,3 

3 32,9 33,7 2,4 

4 19,2 19,6 2,1 

5 27,4 27,4 0 

6 60,6 60,9 0,5 

7 30,8 32,4 5,2 

8 25,9 26,8 3,5 

9 33,5 34,9 4,2 

10 46,1 46,8 1,5 

11 65,2 64 1,8 

12 31,3 33 5,4 

13 22,9 25,4 10,9 

14 22,7 24,5 7,9 

15 55,7 55,4 0,5 

17 51,4 52,9 2,9 
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Table 16 – Comparison of theoretical and experimental (from the IST Laboratory water analysis) elemental 
analysis data of lupanine. 

Element Expected value 
Experimental 

data 

N 11.28 10.92 11.02 

C 72.54 72.31 72.81 

H 9.74 10.22 10.41 

 

To quantify the Lupanine during all the experiments, a method was created in HPLC, that is 

described in chapter 3.2.2. The calibration curve obtained with that method is shown below as well as 

the chromatograms for the six phases of water from the process (Figure 47) and one chromatogram 

corresponding to a sample with pure lupanine in water (ph~9), in Figure 46. 

 

 

Figure 45 – Calibration curve from HPLC lupanine quantification method. 

 

 

 

Figure 46 -HPLC chromatogram from Lupanine in water at pH ~9. 
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Figure 47- HPLC chromatograms from the six phases of water. It is possible to see 
inside de orange circle the lupanine peak. 
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To study the best in organic molecules, reducing sugars and lupanine retention, different 

nanofiltration and ultrafiltration membranes were used. Below, in Table 17, are the results for COD for 

the effluent after (feed) and before passing through the membrane (permeate) or being rejected 

(retentate); in the Table 18 for the reducing sugars and in the In those tables below, are summarized 

for nanofiltration and ultrafiltration membranes the flow rate, the flux and permeability as well as their 

rejections to lupanine, COD and reducing sugars. 

 

Table 19 and 23 for the lupanine. 

 

Table 17- COD values for feed, retentate and permeate (cell A+cell B) from water of phase 3 , using 
nanofiltration (NF90,NF200 and NF270) and ultrafiltration (NADIR010,NADIR030) membranes. 

COD (gO2/L) 

Membranes pH Cell Feed Retentate Permeated 

NF200 4 A 30.88±0.67 50.68±0.45 8.40±0.22 

B 8.59±1.11 

11 A 26.39±0.26 52.42±1.28 8.50±1.02 

B 3.53±0.13 

NF90 4 A 30.60±0.45 55.09±0.89 2.93±1.11 

B 3.78±0 

11 A 26.66±0.13 52.27±1.49 1.81±0 

B 0.99±0.13 

NADIR270 4 A 40.58±0.96 66.28±0.32 1.71±0.51 

B 1.08±0.13 

11 A 32.69±1.28 67.64±0.96 0.45±0.00 

B 0.18±0.12 

NADIR010 4 A 27.89±0.63 43.79±0.21 21.90±1.01 

B 22.43±0.25 

11 A 29.14±0.13 41.41±0.21 23.95±0.63 

B 23.86±0.51 

NADIR030 4 A 26.99±0.13 41.71±1.05 21.18±0.51 

B 20.11±1.01 

11 A 31.64±0.13 36.36±0.22 23.89±1.20 

B 24.08±0.93 
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Table 18 -DNS values for feed, retentate and permeate (cell A+cell B) from water of phase 3 , using 
nanofiltration (NF90,NF200 and NF270) and ultrafiltration (NADIR010,NADIR030) membranes. 

  DNS 

Membranes cell pH 4 pH 11 

NADIR030 A 0.333±0.004 0.090±0.019 

B 0.374±0.000 0.130±0.0046 

F 0.609±0.007 0.259±0.014 

R 0.675±0.042 0.453±0.000 

NADIR010 A 0.352±0.001 0.090±0.002 

B 0.384±0.011 0.094±0.002 

F 0.571±0.056 0.332±0.005 

R 0.965±0.184 0.628±0.019 

NF200 A 0.108±0.012 0.085±0.005 

B 0.055±0.000 0.061±0.006 

F 0.574±0.004 0.290±0.002 

R 0.666±0.021 0.870±0.022 

NF90 A 0.076±0.012 0.060±0.009 

B 0.049±0.008 0.028±0.003 

F 0.734±0.082 0.0273±0.005 

R 0.392±0.026 0.760±0.049 

NF270 A 0.055±0.002 0.054±0.001 

B 0.061±0.002 0.063±0.010 

F 0.709±0.044 0.295±0.000 

R 0.571±0.150 0.701±0.0125 
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In those tables below, are summarized for nanofiltration and ultrafiltration membranes the flow 

rate, the flux and permeability as well as their rejections to lupanine, COD and reducing sugars. 

 

Table 19- Lupanine concentration values for feed, retentate and permeate (cell A+cell B) from water of 
phase 3 , using nanofiltration (NF90,NF200 and NF270) membranes. 

Lupanine  

Membranes pH  
P 

(bar) 

Flow rate 

(L/h) 
Flux (L/m2.h) 

Permeability  

(L/m2.h.bar) 

Lupanine Concentration (g/L) 

COD (gO2/L) 

Total reducing sugar (g/L) 

Feed  Retentate Permeated 
%Rejection  

(% mass ) 

NF200 

4 

24 

0.017±0.010 21.82±12.43 0.91±0.52 

3.36±0.13 5.46±0.27 0.03±0.03 99.13 

(99.77) 

28.80±2.94 46.72±5.60 7.91±0.82 72.53 

0.606±0.045 0.513±0.513 
0. 

063±0.030 
89.55 

11 0.034±0.008 42.32±9.67 1.76 ±0.40 

3.13±0.12 6.37±0.98 0.02±0.03 99.28 

(99.79) 

25.93±0.65 55.48±4.33 4.15±2.97 84.01 

0.250±0.056 0.662±0.295 0.052±0.026 79.06 

Water 0.021±0.021 31.69±20.75 1.32±0.86 - - - - 

NF90 

4 0.067±0.005 83.93±5.73 3.5±0.24 

3.64±0.08 7.93±0.04 0.00±0.00 100 

(100) 

30.6±1.12 55.09±4.20 3.36±0.60 89.04 

0.734±0.082 0.392±0.026 0.063±0.019 91.49 

11 0.030±0.008 37.59±9.79 1.57±0.41 

3.30±0.07 6.93±0.19 0.01±0.01 99.79 

(99.93) 

26.66±0.33 52.27±5.72 1.4±0.58 94.75 

0.273±0.005 0.760±0.049 0.044±0.022 83.88 

Water 0.247±0.034 308.15±42.81 12.84±1.78 - - - - 

NF270 

4 0.068±0.0074 85.27±9.25 3.55±0.39 

3.74±0.009 6.10±0.009 0±0.005 100 

(100) 

40.58±0.96 66.28±0.32 1.40±0.32 96.56 

0.709±0.044 0.571±0.150 0.058±0.005 91.79 

11 0.042±0.003 54.24±3.71 2.18±0.15 

2.88±0.009 5.24±0.009 0±0.006 100 

(100) 

32.69±1.28 67.64±0.96 0.27±0.13 99.17 

 0.295±0.00 0.701±0.013  0.058±0.006 80.27 

Water 0.230±0.009 287.28±11.31 11.97±0.47 - - - - 
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Table 20 -Lupanine concentration values for feed, retentate and permeate (cell A+cell B) from water of 
phase 3 , using ultrafiltration (NADIR010,NADIR030) membranes 

Lupanine  

Membranes pH  
P 

(bar) 
Flow rate (L/h) Flux (L/m2.h) 

Permeability  

(L/m2.h.bar) 

Lupanine Concentration (g/L) 
COD (gO2/L) 

Total reducing sugar (g/L) 

Feed  Retentate Permeated 
%Rejection  
(% mass ) 

NADIR030 

4 

10 

0.038±0.004 44.60±4.50 4.46±0.45 

3.26±0.52 4.52±0.28 2.37±0.53 27.28 

(78.90) 

26.81±0.25 40.00±2.42 17.36±4.42 35.25 

0.519±0.127 0.776±0.143 0.303±0.062 41.63 

11 0.034±0.005 42.37±5.90 4.24±0.59 

2.82±0.04 3.32±0.29 2.43±0.24 13.86 

(72.14) 

28.47±4.49 35.38±1.38 21.94±3.18 22.94 

0.237±0.031 0.432±0.028 0.090±0.029 62.04 

water 0.136±0.012 169.90±15.02 16.99±1.50 - - - - 

NADIR010 

4 0.084±0.014 105.21±17.41 10.52±1.74 

2.90±0.97 4.65±0.11 2.32±0.93 19.82 

(73.77) 

22.93±7.02 42.82±1.37 19.73±5.25 13.95 

0.465±0.150   0.314±0.071 32.52 

11 

0.083±0.007 
 

  

  

104.15±9.27 

  

  

10.42±0.93 

  

  

2.92±0.43 3.90±0.00 2.62±0.31 10.08 

(69.99) 

26.14±4.24 41.71±0.42 22.43±1.01 14.2 

0.263±0.098 0.590±0.053 0.077±0.020 70.76 

water 0.364±0.019 454.74±23.50 45.47±2.35 - - - - 
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Figure 48- Updated GSK Solvent Sustainability Guide single page view, providing scoring breakdowns for 
selected solvents.
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