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Abstract

Peas are a renewable feedstock and very attractive as a source of protein due to their

wide availability, low cost, high digestibility etc. Pea protein provides an alternative to

meat and dairy based protein sources which are less effective to produce, and importantly

worse for the environment. Even so, the properties of pea proteins are still poorly un-

derstood. The thermal properties of a protein are amongst the most important for food

applications, as thermal treatments, like cooking and pasteurization, are exceptionally

common. In this work, we investigate the thermal properties and morphology of dry

pea protein isolates (PPI). We use multi-modal thermal analysis to study moisture loss,

denaturation, and degradation when heating the protein. Optical microscopy and X-ray

scattering are employed in conjunction with thermal analysis to determine sample mor-

phology and crystallinity. By performing all measurements on three different samples of

the same pea protein isolate and duplicating each measurement we have demonstrated

good repeatability of our results. A survey of pea proteins from three different manu-

facturers found moisture contents ranging from 3.58 % to 4.22 % when evaluated at 150
◦C, and denaturation temperatures ranging from 124.7 ◦C to 133.1 ◦C. We have thereby

demonstrated that the thermal properties of a PPI depend on its source. Thermal analy-

sis of PPIs treated with a reducing agent (DTT) showed that increasing the concentration

of DTT had a clear negative effect on the thermal stability of the samples, with at least

some of this being attributed to the presence of DTT itself in the samples. By tracking

the samples over the course of 20 days, we found that the samples evolved in a non-linear

fashion over time. The process of freeze-drying the samples after reduction treatments

was shown to contribute to the instability of samples over time.
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1 Introduction

This project aims to further our understanding of the structure and thermal behavior of

pea protein isolate. Pea (pisum savitum) proteins, along with other legume proteins, have

a wide array of applications. These include material applications like bio-based plastics

and bio-polymer films,1,2 as well as food applications like plant-based dairy and meat

alternatives.3,4 With the temperature of our planet rising, it is critical that we work to

reduce our production of greenhouse gasses and consumption of fossil fuels. In this regard,

pea-based protein products are very attractive alternatives to animal proteins which have

a higher environmental impact, as the legume is a renewable feedstock which is grown

in most countries and easily harvested.5 Furthermore, it is inexpensive, hypoallergenic,

highly nutritional, and rich in most essential amino acids. Despite the many benefits of

pea proteins, not much is known about their thermal properties. This is especially im-

portant considering that heat treatments, like baking, pasteurization, or sterilization, are

amongst the most common treatments of food products. By improving our knowledge of

the thermal properties of pea protein, we can better design the pea-based food products

of the future to have desirable properties in the store, the kitchen and at the dinner table.

Peas are a legume, meaning that they belong to the Fabaceae family which also in-

cludes lentils, chickpeas, and soybeans just to name a few. Compared to other plants,

legumes have a high protein content. The pea contains around 25% protein, with some

species and varieties being richer in protein than others.6,7 For comparison, most meats

contain around 17-22 g protein per 100 g and chicken eggs around 12.5 g per 100 g.8 Other

constituents of peas include starch, dietary fiber, and small amounts of fat. For this study,

we focus in on pea protein isolates (PPI). These are peas which have undergone a series of

processing steps including milling, chemical treatment, and physical separation to reach

a protein concentration of around 80 %. Only few studies on the thermal properties of

pea proteins exist. A 2018 study by Ricci et al.1 compared the thermal properties of pea

protein concentrates with purity degrees of 30-80 %. They showed a clear correlation be-

tween improved thermal stability and higher purity degrees. Proteins with purities above

60 % could be denatured without undergoing thermal degradation, making them more

useful for various aggregation and polymerization purposes. In 2022, Rui Liu did a study

on the thermal properties of pea protein isolates.9 Two samples, which were collected at

different times but otherwise assumed to be identical, were studied. These samples were

found to have very different properties. These properties include, but are not limited

to, morphology, thermal denaturation, moisture contents, and thermal degradation. The

results of these two studies raise the need for an in depth investigation of pea protein

samples with high purity, where reproducibility of the data is ensured.
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Figure 1: Representation of the three types of interactions between water and proteins: bulk

water (no interaction), hydration water (surface interactions), and bound water

(strong intermolecular interactions like hydrogen bonds).

A central molecule which can influence the thermal properties of proteins is water.

Water is a small polar molecule, with a volume of 17.7 Å3 and a great ability to form

hydrogen bonds.10 Hydrogen bonds occur when two electronegative atoms such as oxygen

both compete to bind to the same hydrogen atom. The hydrogen atom formally remains

covalently bound to one competitor, but interacts strongly with the other as well. The

hydrogen bond is a strong non-covalent bond, and it plays an important role in forming

and stabilizing the secondary, tertiary, and quaternary protein structure. Therefore, wa-

ter molecules are often found within the protein structure as bound water.11 Water can

also be present in proteins as hydration water, which interacts with the surface of the

proteins and help solubilize them, and bulk water which is found at a distance greater

than the van der Waals interaction of the protein-water interface and is therefore free to

move.12 This is illustrated in Figure 1.

Water also plays an important role as a plasticizer. Plasticizers change the properties

of a material by shielding inter- and intra-molecular interactions and reducing friction to

facilitate translational movement.13 This creates a material which is more flexible and less

brittle. In certain materials, such a change in mechanical properties can also be induced

by heat. This is called thermal plasticization. The transition itself is called the glass

transition, and the glass transition temperature, Tg, then describes the temperature at

which the material switches between a glass-like and a rubbery state. The plasticizing

effect of water can decrease the Tg with as much as 100K.14 This is of great importance,

as it has been shown that whether a food is stored at temperature above or below the

glass transition temperature, greatly affects its stability and shelf-life.14,15 Adding larger

amounts of water can also lead to protein aggregation. Aggregation is one of the two steps
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Figure 2: Representation of the processes leading to protein gelation. The proteins are un-

folded through the denaturation process, which is often induced by heat. The un-

folded proteins undergo aggregation by forming cross-linking inter-molecular bonds.

In the last step, the individual aggregates link together to form the protein matrix

that makes up the gel. Gelation can be induced by slowly cooling the proteins.

in gelation, the other being denaturation. Gelation is often described as one of the most

important protein interactions for food applications, as it is used to control texture.14,16,17

Pea proteins have in recent years been investigated as additives in food products. A

study of sponge cakes made with wheat flour fortified with different concentrations of

PPI showed that increasing PPI contents increased the crumb density and reduced air

incorporation, but also increased the stability of the batter.18 Another study found that

incorporating pea proteins in gluten- and egg-free pasta helps to improve the texture

and hardness of the pasta.19 Other applications of pea proteins as a fortifying ingredi-

ent include beef patties, protein shakes, chicken nuggets and extruded snacks and cereals.3

From a food perspective, some of the most interesting characteristics of the protein

are texture, color, taste, and gelling and emulsifying properties. Each can be affected in

various ways through chemical or physical treatments during and after protein isolation.

As an example, the PisaneTM C9* pea protein isolate used herein is extracted in aqueous

solution with a fermentation step which beneficially affects properties like color, viscosity,

mineral content, and sugar content of the final product.20

The emulsification properties of pea proteins have been widely studied. Proteins can

help stabilize oil droplets in aqueous environments due to their amphipathic nature. Pea

proteins have been found to perform well compared to soy proteins which are widely ap-

plied as emulsifiers.21 Gelling and emulsifying properties can be altered through various
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chemical, physical, and biological modifications. Varying the pH has been shown to have

great impacts on the emulsifying properties of pea protein isolates, with the best perfor-

mance at pH 3 and the worst performance close to the isoelectric point of the proteins at

pH 5.22 Furthermore, heat treatment of pea proteins at 95 ◦C for 30 min has been shown

to positively affect several factors important for emulsification.23 The gelling properties

of pea proteins have also been studied, e.g. for applications in fermented plant-based

cheese where an optimal pea protein matrix with good gel hardness was obtained for gels

produced with 10 % protein content and 10 % olive oil levels.24

A possible chemical modification of pea proteins is the addition of a chemical reducing

agent. Reducing agents like dithiothreitol (DTT) can be employed to break the disulfide

bridges in proteins. This can have great effects on the functional properties of a protein.

The addition of 10 mM DTT to a 15 % w/v whey protein concentrate solution has been

shown to greatly increase the hardness of heat-induced whey protein gels.25 Reduction

(50 mM DTT) of soy proteins has been found to greatly impact extrusion, but not heat-

induced gelation.26 In red bean, red kidney bean and mung beans, DTT (20 mM) has

been shown to weaken gel formation while not affecting thermal denaturation.27 Reduc-

tion of pea protein isolates has only been studied to a very limited extent, and the thermal

properties of reduced PPI are mostly unknown. In this project, we will therefore take

a closer look at reduced PPI with different concentrations of DTT using thermal analysis.

To understand the thermal properties of pea protein isolates before and after reduction

with DTT, we employ multi-modal thermal analysis (TA). TA is a powerful tool to study

important processes like denaturation, dissociation, and aggregation, as well as how each

of these are affected by heat treatment and moisture content. Here, we use a combination

of thermogravimetric analysis (TGA) coupled with evolved gas analysis (Infrared spec-

troscopy and mass spectrometry), and differential scanning calorimetry (DSC) to deepen

our understanding of the thermal properties of pea protein. TGA can be used to study

moisture content and the release of water and other species during thermal degradation.

By coupling to infrared spectroscopy and mass spectrometry, we gain insights into the

nature of the mass loss observed through TGA, allowing us to determine the underlying

thermal process. DSC is very useful for studying thermal denaturation of the proteins,

as well as glass transitions and any other phase transitions which might occur. We also

use X-ray powder diffraction (XRPD) to determine the crystallinity of the samples, and

optical microscopy (OM) and to study the morphology of the proteins.

This work will begin in Chapter 2 by going into further detail about pea proteins and

their isolates, applications, composition, and more. In Chapter 3, we will go over the
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experimental methods. Here, we will also describe the samples and specific experimental

settings in detail. Chapter 4 presents a data reproducibility survey of the PPIs, in which

the degree of heterogeneity within the samples are determined. This will also serve as a

general introduction to the thermal properties of PPIs. In Chapter 5, we compare PPIs

from three different manufacturers to determine whether the thermal properties of all

PPIs are the same. Chapter 6 is dedicated to studying the effects of the reducing agent

DTT on PPIs, while also determining the stability of the treated samples over time by

performing thermal analysis periodically over the course of 20 days. Finally, conclusions

and perspectives to further work are presented in Chapter 7.
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2 Pea protein functionality,

production, and constituents

2.1 Peas as a plant-based protein source

There are many great ethical, environmental, and health reasons why humans should

eat more protein from plant sources. Animal protein sources are more water-intensive,

require more land area, inhibit biodiversity, and create more greenhouse gasses and pol-

lution than plant protein sources. Animal products are therefore inefficient as a food

source, and unsustainable for both the planet and the growing human population.28 This

is also reflected in both corporate and consumer trends. Plant-based protein is a growing

business, and investments in plant-based companies has increased from 23 million USD

in 2010 to 2100 million USD in 2020.28 This is a more than 9000 % increase over a ten

year period. Amongst consumers, dairy alternatives are the most popular plant-based

food category, with plant-based milks taking up 16 % of the total category sales in 2021.29

From a health-perspective, switching to plant-based proteins has both benefits and

drawbacks. A plant-based diet is not inherently healthier than an omnivore diet. Instead,

the variety and quality of the foods consumed is what defines the diet as healthy or

unhealthy. When choosing a protein source, there are a variety of nutritional factors to

consider, namely:30

• Amino acid (AA) profile. Animal protein sources generally have a complete

amino acid profile, meaning that they contain adequate amounts of all of the nine

essential amino acids (EAA). These are AAs which humans cannot synthesize them-

selves and therefore need to consume through their diet. Plant protein sources

generally do not have a complete AA profile. For instance, legumes have relatively

low levels of sulfur-containing EAAs. However, cereals have good amounts of these

AAs, but are low in the EAA lysine which legumes are rich in. Therefore, a com-

plete AA profile is easily achievable by consuming more than a single plant-based

protein.

• Digestibility. Before humans can benefit from the nutritional properties of the

consumed protein, the protein chains need to be broken down into single amino acids

or di- and tripeptides which can be absorbed in the bloodstream. This process

is called digestion of proteins. Animal protein sources are generally completely

digestible, but plant-based protein sources are not. There can be many different

factors limiting digestibility, including the molecular structure of the protein, the
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aggregation state, or anti-nutritional factors which inhibit the digestion process in

various ways.

• Protein quality. The concept of protein quality is a summary of the AA profile

and the digestibility of the protein. It considers the amount of each EAA which

ends up in the blood stream after digestion. A common way to quantify protein

quality is the DIAAS (Digestible Indispensable Amino Acid Score). The DIAAS is

calculated for each EAA based on the amount (in mg) of the AA which is absorbed

to the blood stream in the small intestine per gram of ingested protein, compared

with an ideal reference protein. An overall score is given to the protein source based

on the limiting AA, meaning the EAA with the lowest DIAAS. The score therefore

gives a measure of how much of the protein source one would need to consume

adequate amount of all EAAs. It is important to note that most humans consume

protein from varied sources. If protein is consumed from sources with different

limiting EAAs, less total protein is needed to consume enough EAAs.

Peas, like most legumes, have a near complete AA profile, with the exception of the

sulfur-containing EAAs methionine and cysteine which are present in smaller amounts.

As previously discussed, the AA profile of peas is well complemented by that of cereals

like rice and wheat, as each contain the EAAs that the other lacks. Peas have a DIAAS

of 66 % which is typical of legumes (the exception being soybeans with a score of 92 %).30

Selected DIAAS values of legumes, cereals, and animal proteins can be found in Table

1. The quality score of pea protein is limited mostly by its digestibility. Peas contain

different anti-nutritional factors which inhibit digestion. In contrast, most animal protein

sources have DIAAS scores around or above 100 % with complete digestibility. The good

news is that most of the anti-nutritional factors in legumes can be inactivated or destroyed

through processing like extrusion or cooking. Pea protein isolates, like those investigated

here, can therefore reach a digestibility of around 98 %, greatly improving the protein

quality.31 From a nutrition perspective, peas therefore have the potential to be a very

well rounded plant-based protein source.

2.2 Pea protein isolate and its constituents

Pea protein isolate is made from yellow field peas, and contain a higher concentration of

protein than the native pea. To achieve a higher protein concentration, other components

like fats and carbohydrates need to be removed. This can be done under either dry or

wet conditions, yielding pea protein concentrates and isolates respectively. Pea protein

concentrates are obtained through a combination of dry milling and air classification.

After milling, the pea flour contains granules of starch which are 2-40 µm in diameter,

and thereby larger than the 1-3 µm proteins. The pea flour can then be separated into
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Table 1: Comparison of digestible indispensable amino acid scores (DIAAS) of selected

legumes, cereals, and animal proteins with the limiting amino acid(s) given. Table

adapted from McClements and Grossmann.30

Protein source DIAAS in % Limiting amino acid(s)

Legumes

Soy 92 Methionine + Cysteine

Pea 66 Methionine + Cysteine

Chickpea 69 Methionine + Cysteine

Cereals

Rice 52 Lysine

Wheat 39 Lysine

Animal protein

Beef 112 None

Egg 101 None

Whey 85 Histidine

a coarse starch-rich component and a fine protein-rich component (40-60 % protein).32

This process is energy-efficient and does not disrupt protein functionality, but is not as

effective in isolating the pea proteins as wet processing.33

PPIs are achieved by dissolving the pea flour in water and going through a series of

different separation processes and chemical treatments. An example of wet processing

with separation under acidic conditions is outlined in Figure 3, but alkaline separation

is also very common. The procedure can me modified in many different ways, for exam-

ple by adding hydrolyzing enzymes to the solution, including a fermentation step, or by

employing ultrasound or microwaves to rupture the plant cell wall.34 Each step of the

protein isolation process has the possibility to affect smell, taste, and texture, as well

as gelling, foaming and emulsifying properties in desirable or undesirable ways. Plant

protein extraction is an active area of research, as new methods are needed to isolate pro-

teins in a more effective and environmentally friendly way without negatively affecting

protein functionality and properties.35 The challenge lies in designing a protein product

which has great taste and textural properties while optimizing its nutritional value.

Pea protein concentrates have purity degrees of up to 60%, whereas isolates can reach

a purity of 95%.1,36 Here, we have chosen to work with a pea protein isolate (PPI) as

this allows us more direct access to pea proteins. Even though PPIs contain 80-95 %

protein, the remaining 5-20% is still made up of starch, fiber, fat and water. The samples

are therefore complex as they contain various different components in unknown amounts.
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Figure 3: Schematic describing the steps involved in dry and wet processing of peas to obtain

pea protein concentrate and isolate respectively. Examples of methods which can

be used to perform these processing steps are also given. Figure adapted from

McClements et al. 2022.32

Moreover, the protein fraction is made up of an array of different types of proteins, each

with distinct thermal properties.

2.3 Pea protein fractions

Peas contain many different types of protein, each with a specific purpose and function.

Pea proteins are divided into four classes based on solubility, with the two main classes

being globulins and albumins. Globulins are salt-soluble storage proteins, and albumins

are water-soluble metabolic and enzymatic proteins. Both are globular proteins, meaning

that they have a fixed sphere-like tertiary structure with limited flexibility.

Globulins represent the largest fraction of protein in peas, and can be subdivided into

legumin, vicilin, and convicilin based on the sedimentation coefficients, S (Svedberg unit).

The relative abundance of these proteins can vary with pea type and growing conditions,

and especially the legumin/vicilin ratio is sensitive to these external factors, as well as

the protein isolation method.6 The role of globulins is to store nutrients which can be
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released during germination to facilitate plant growth.37 Other classes of pea proteins

include prolamins and gluteins. These are both storage proteins. An overview of the

different protein fractions in peas can be found in Table 2.

Globulins not only represent the largest fraction of pea proteins, they are also the

largest in molecular size. Legumin, the largest of the proteins, is a hexameric protein,

meaning that it is comprised of six subunits: three so-called α-chains and three β-chains.

The subunits are bound together with disulfide bridges, an S-S bond which form between

cysteine residues.38 Cysteine is a sulfur-containing amino acid. Pea proteins contain

very few sulfur-containing amino acids, and therefore the disulfide bridges are few, but

important for the protein structure and thereby functionality. If the disulfide bridges are

broken, the protein will fall apart into its individual subunits.

Table 2: Overview of pea protein fractions divided into classes based on solubility and sedi-

mentation coefficients (Svedberg unit). Table adapted from Lu et al.37

Class Content Solubility Protein Svedberg unit Molecular weight

Globulin 50-60% Salt solution Legumin 11S 320-410 kDa

Vicilin 7S 150 kDa

Convicilin 8S 180-210 kDa

Albumin 18-25% Water solution Albumin 2S 68.5 kDa

Prolamin 4-5% Alcohol solution Prolamin n/a n/a

Glutein 3-4% Insoluble Glutein n/a n/a
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3 Experimental Methods

3.1 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a thermal analysis method. Here, we heat the

sample while monitoring heat flow in and out of the sample. This allows us to track any

endothermic or exothermic reaction/transition in the sample. This could for example be

a chemical reaction, a crystal restructuring, or any phase transition. The heat flow is

measured by placing the sample in a crucible. The sample crucible is measured relative

to a reference crucible without the sample. The temperature of both crucibles is then

increased, decreased, or held stable according to a set program, and the difference in

temperature between the sample and the reference is measured. Each measurement is

calibrated using an empty crucible, as this allows us to remove possible features caused

by the crucible. The difference in temperature can then be converted to a heat flow. The

heat flow describes the rate at which energy is removed from or added to the sample by

endo-/exothermic reactions. If an endothermic reaction is occurring, like the evaporation

of water, the sample will be colder than the reference, corresponding to an increased

heat flow into the sample. Some phase transitions, like the glass transition, will cause a

change in the heat capacity of the sample, and appear in the data as a step-like feature.

Examples of what a glass transition, and endo- and exothermic peaks can look like can

be found in Figure 4.

Figure 4: Example of what data treatment of a DSC curve with a glass transition and endo-

and exothermic peaks could look like.
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From the DSC curves, one can extract the on- and offset temperatures, Ton and Toff ,

of a transition by calculating the intersection of tangent lines with the base line. This

method can also be used to extract the glass transition temperature, Tg. When a heat

flow peak corresponds to protein denaturation, the maximum of that peak is named the

denaturation temperature, Td. The baseline of the measurement can be defined in dif-

ferent ways. When there is a clear difference in the heat capacity of the sample before

and after the transition, a sigmoidal baseline is often used. Otherwise, a linear baseline

is commonly used. The peak enthalpy, ∆H, can be extracted as the area between the

peak and the baseline.

DSC is a technique which is fast and easy to perform. There are however some re-

quirements for the samples. They must be able to fit in the small crucible, and they must

maintain a good contact with the bottom of the crucible where the temperature is moni-

tored. This means that this technique can mainly be used for liquid, pastes/gels and fine

powders. The aluminium crucibles used for DSC measurements are hermetically sealed

using either a solid lid or a punched lid which has a tiny hole to allow gasses to escape. It

is important to consider which lid to use. If gasses, like water vapor, are evolved during

the experiment, a great pressure can build up in the crucible. If the pressure becomes

to great, the lid can violently pop off, putting the instrument at risk. However, some

samples, like proteins, are particularly sensitive to moisture and allowing it to escape the

crucible makes it impossible to study the effects of water.

The DSC heat flow is directly proportional to the heating rate, which means that

some small or obscured signals can only be detected at a greater heating rate. However,

a fast heating rate will also lead to broader data peaks. It is therefore important to

carefully consider the heating rate to best suit the sample. Figure 5 shows the effects of

heating rate, heat of transition, and thermal conductance on the DSC signal.

3.2 Thermogravimetric analysis with evolved gas analysis

Thermogravimetric analysis or TGA is, as the name suggests, a method where a sample’s

mass is monitored as the temperature is varied or held constant. The sample is placed in

an open crucible on a very precise scale. The scale along with the sample is then lowered

into a furnace where the temperature can be controlled. The furnace is then heated at a

set heating rate until the desired temperature. The resulting plot of sample weight (after

the crucible mass is subtracted) as a function of time or furnace temperature will reveal

the points at which the sample gains or loses mass due to thermally induced processes.

As an example, the presence of water in a sample will manifest as an increasing mass

loss as we heat towards its boiling point. The shape of the TGA curve is determined by
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Figure 5: a) Measured heat flow vs temperature of lead, showing the effect of increasing the

heating rate β from 5 to 50 K/min. The heating rate affects both the size, width,

and position of the peak. Simulated data showing the effects of b) heat of transition

Qr, and c) thermal conductance L of the sample on temperature difference between

sample and reference as a function of time.39

many factors, including:

• Heating rate. As with DSC, the heating rate will affect the shape of the observed

features. When increasing the heating rate, the mass loss steps of the TGA curve

will shift towards higher temperatures, but the amount of mass lost at each step

will remain the same. This is illustrated in Figure 6 with calcium oxalate which

has three well defined mass loss steps, and is therefore often used for instrument

calibration. In this study, all TGA measurements have been carried out using a

heating rate of 10 K/min. This heating rate offers a good compromise between

the sharpness of the mass loss steps and data acquisition time. It is also commonly

used in literature, which allows for more direct comparison with previously reported

TGA curves of similar systems.

• Thermal conductance. The thermal conductance of the sample will also influence

the mass loss steps. If a sample has a high thermal conductance, the sample will

quickly adjust to the temperature of the furnace. If the sample has a low thermal

conductance, the temperature of the sample temperature of the sample will be

slower to adjust to that of the furnace. This is called ’thermal lag’. Further,

the outer parts of the sample which are in contact with the crucible might be

higher in temperature than the middle of the sample, as it will take time for the
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thermal energy to propagate through the sample. Inhomogeneities of the sample

can also lead to uneven heating of the sample. Each of these effects will be especially

pronounced when applying a high heating rate. The thermal conductance of the

sample should therefore be considered when choosing the heating rate. A rate of

10 K/min is fine for the powder samples studied herein.

Lastly, there are two very important experimental considerations to make before per-

forming a measurement, namely the temperature range and sample amount. It might be

tempting to fill the sample crucible to the brim and heat it as high as the instrument

goes. However, many samples will rapidly expand, combust, or both when heated be-

yond a certain point. This can cause pollution of the instrument, which could then in

turn compromise future measurements. It is therefore wise to be conservative with both

sample amounts and the temperature range, while still ensuring that there is enough

sample to have good data quality and a great enough temperature range to observe the

phenomenons of interest.

Figure 6: TGA measurements of calcium oxalate monohydrate at two different heating rates.

The black curve is measured at 10 K/min, and the red curve at 200 K/min. We see

how mass loss shifts towards higher temperatures when increasing the heating rate.

Figure adapted from Füglein et al.40

Evolved gas analysis with Mass Spectrometry and Infrared Spectroscopy

TGA is a very useful technique, as it requires no special preparation of samples, and is

quick to measure. One of its limitations is that it does not tell us the reason for the mass
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loss, only that it occurs. It can therefore be very beneficial to combine this method with

evolved gas analysis (EGA). This way, we not only observe the mass loss, but we simulta-

neously measure the gasses evolved from the sample to determine their constituents. For

the EGA performed in this project, we used a combination of mass spectrometry (MS)

and Fourier transform infrared spectroscopy (FTIR).

From MS we learn the mass/charge relationship of each of the species in the gas, and

their relative abundance. We therefore know the size of the molecules present in the gas,

significantly limiting the number of possible species. Identification of the species is some-

times possible through comparison of the observed masses with a database like the one

available from NIST.41 From FTIR we get a fingerprint of the gas. Infrared spectroscopy

measures the energies absorbed by vibrations in the molecules, as illustrated in Figure

8. These vibrations are influenced both by the types of atoms in the molecule and each

atoms surroundings. This allows us to determine precisely which species are present in

the evolved gas. MS and FTIR compliment each other well, as MS gives us an idea of

which species could be relevant so we do not need to look through millions of IR spectra

to find a match. Also, some species are not IR-active, and can therefore only be detected

by the very sensitive MS.

A relevant example of how the two methods compliment each other, is when both

water and ammonia are present in the evolved gas. The two molecules have similar

molecular weights, ∼17 g/mol for ammonia and ∼18 g/mol for water. They will therefore

also show up at similar m/z values in the MS. The relative intensities of the MS signals

for each of the two species can be seen in Figure 7. Here, we observe that the strongest

signal for ammonia is at m/z = 17 as one would expect, but ammonia will also be detected

clearly at m/z = 16 and slightly at m/z = 14, 15, and 18. Water shows up at m/z =

18, but also at m/z = 17, 16, 19 and 20. When both species are present in the gas,

the most intense signals from water will therefore contain signal from ammonia and vice

versa. The common way of separating the two signals is to look at the ratios of the MS

signals. If only water is present in the gas, the ratio of the signal at m/z = 18 to that

at 17 will remain constant at around 100:21. If ammonia is then added to the gas, the

signal at m/z = 17 will increase more than that at m/z = 18, and this ratio will therefore

shift. However, when only a small amount of ammonia is introduced, this change in ratio

can be difficult to detect, as we will later see. In this case, one cannot conclude whether

ammonia is present in the evolved gas from the MS data alone. Luckily, ammonia is a

very IR active molecule, which means that its vibrations at 960 cm−1 and 940 cm−1 will

be visible even at low concentrations. FTIR analysis will therefore be able to tell us the

temperatures at which ammonia is evolved, but not the amounts. MS analysis will reveal
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whether the relative abundance of ammonia to water is small (undetectable through ratio

analysis) or substantial (quantifiable through ratio analysis).

Figure 7: Mass spectra of water and ammonia gasses. Spectra reproduced from the NIST

Chemistry WebBook.41

3.3 Imaging

Optical microscopy is a technique that allows us to directly observe the morphology of

a sample. This was done using a inVia™ confocal Raman microscope. Confocal micro-

scopes use different lenses to focus the light beam to a point, and thereby allow for great

spatial resolution in all three dimensions. Furthermore, this particular microscope also

has the capacity for Raman imaging.

Raman imaging relies on the Raman scattering process where a photon scatters off a

molecule. As depicted in Figure 8, an electron in the molecule is temporarily excited to

a virtual state before returning to the ground state. If the electron returns to a different

vibrational mode, the energy of the scattered photon will change to conserve total energy.

This energy shift, and therefore the energy of the vibrational modes, can be measured.

Analogously to IR spectroscopy which also measures vibrational energies, Raman can

be used for chemical fingerprinting. A great advantage of Raman scattering is that it

can be incorporated in optical microscope since the relevant photon energies fall mostly

within the visible light spectrum. However, this can also be a disadvantage as the Raman

scattering process competes with fluorescence. If the sample fluoresces, this will create a

background signal that can mask the weak Raman signal.
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Figure 8: Representation of the concepts of Raman scattering, fluorescence, and infrared ab-

sorption. Raman and IR both give information on vibrational states, but using

very different excitation energies. Raman and fluorescence have similar excitation

energies, and are therefore competing phenomena.

3.4 X-ray powder diffraction

X-ray powder diffraction (XRPD) is a widely applied technique in the material sciences.

It is mainly used to study crystalline material powders, and gives information on the

degree of crystallinity, characteristic distances, constituent atoms, and particle size. In

highly ordered crystals, XRPD can be used to solve the exact crystal structure, including

the occurrence of different defects. XRPD is one of several techniques that rely on the

concept of X-ray scattering. An incoming beam of X-rays is scattered from the atoms in

the sample through interactions with the electrons. As the rays scatter, they create inter-

ference patterns due to their wave-like nature. These interference patterns, also known

as the diffraction patterns, have positive interference at certain scattering angles. The

angles then correspond to characteristic distances in the sample, like bond lengths or the

distance between lattice planes. The scattering angle, usually denoted as 2Θ, is related

to these distances, d, through Bragg’s law:

nλ = 2d · sin(Θ) (1)

where n is the diffraction order (n = 1, 2, 3, ...) and λ is the wavelength of the X-ray. The

appearance of the wavelength, and thereby the energy, of the radiation in Bragg’s law

means, that the energy of the photon ray dictates the range of distances we can study.

The energy of X-rays allows us to study distances on the Å (10−10 m) length scale, which

is perfect for information about inter-atomic to inter-molecular distances. In a highly or-

dered sample, the diffraction pattern will display sharp peaks known as Bragg reflections
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due to the characteristic distances present in the sample. In contrast, a disordered sample

will not have characteristic distances to the same degree, and the diffraction pattern will

show scattering at all angles, maybe with a few broad features.

In partially ordered samples, the degree of crystallinity can be determined by compar-

ing the amounts of Bragg scattering to non-Bragg scattering. The relative crystallinity

(RC) is calculated using the following formula:42–44

RC =
Ac

Ac + Aa

· 100% (2)

where Ac is the crystalline area found by integrating the Bragg reflections, and Aa is

the amorphous area found by integrating the rest of the scattering signal corresponding

to non-Bragg scattering. One very important note on this method, is that both the

amorphous and crystalline areas are evaluated above a baseline. This baseline is defined

as a line connecting the points of scattering signal at the lowest and highest scattering

angles used in the RC evaluation. This is illustrated in Figure 9. This definition of a

baseline makes the relative crystallinity very sensitive to the scattering intensities at the

extremes of the dataset. Small variations in intensity at these points will have a great

effect on the size of the amorphous area, and therefore the RC.

A way to avoid this is to evaluate the amorphous area all the way to the first axis

without using a baseline. This will increase the size of Aa, and thereby decrease RC.

This method is not commonly used in literature, but is much less sensitive to changes at

the endpoints.45,46 Here, we will report both RC evaluated with a baseline and RCfull

evaluated without a baseline.

3.5 Measurements and materials

All laboratory equipment was cleaned with 96% vol Ethanol before, between, and after

each use. TA experiments were carried out The University of Copenhagen, Niels Bohr

Institute.

PPI samples

To check for repeatability of the produced data, three samples of PPI were taken from

bags of the same lot of PisaneTM C9* pea protein isolate stored at the Food Department

at the University of Copenhagen..

• S1 or SA: surface PPI from Bag 1, which was opened on the side.

• S2: surface PPI from Bag 2, which had been opened but was rolled closed.
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Figure 9: Representation of the crystalline and amorphous areas of a diffractogram. Figure

reproduced from Kumar et al.42

• S3: PPI from center of Bag 2.

Both Bag 1 and Bag 2 had been stored in a cupboard at room temperature for more than

a year prior to sample collection.

Samples of PPI from other manufacturers were also tested.

• SB: NUTRALYS S85 XF from ROQUETTE

• SC: ProFam Pea 580 from ADM

All samples can be found in Figure 10. After sample collection, these samples were stored

in closed containers in a drawer at ambient conditions and measured as is.

Reduction of PPI with DTT

The reduced PPI samples were prepared by adding sample SA (PisaneTM C9* pea protein

isolate) to an aqueous solution of dithiothreitol (DTT) min. 99.5 % from ITW Reagents

(molar mass 154.25 g/mol). The samples were then mixed in a tube rotator for two hours

at room temperature. Hereafter, the samples were put in a freezer at -20 ◦C for a day,

and then freeze-dried. After freeze-drying, the samples were put back in the freezer until

the first measurement. Hereafter, the samples were kept at room temperature. After

being kept at ambient temperature for four days, a small sample of DTT195 (named
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Figure 10: Image of all pea protein isolate samples in their containers. These are the dry

samples as is, with no treatments applied. Sample S1 is also called SA.

rDTT195) was put in a refrigerator, to test whether the storing temperature would affect

the sample. Table 3 summarizes the samples and their composition.

Table 3: Contents of each of the four PPI samples, treated by adding PisaneTM C9* pea

protein isolate to aqueous solutions with varying concentrations of the reducing agent

dithiothreitol.

Control DTT2 DTT20 DTT195

Milli-Q water 20 mL 20 mL 20 mL 20 mL

PPI mass [g] 1.0017 1.0034 1.0001 1.0028

DTT mass [mg] 0 6.1 60.5 600.2

DTT concentration 0 2 mM 20 mM 195 mM

TGA-FTIR-MS

TGA-FTIR-MS measurements were taken using a NETZSCH TG 209 F1 Libra coupled

to FTIR from Bruker Optics Inc. and MS from NETZSCH. Samples were added to clean

alumina crucibles and lightly pressed. A gas flow of 20 ml/min protective N2 and 20

ml/min purge N2 was used for all experiments. A heating rate of 10 K/min was used,

with no isotherms. Most samples were heated from 20 ◦C to 220 ◦C as this was deemed

a safe temperature range where the samples would not pollute the instrument, while still

allowing for detection of the onset of thermal degradation. A sample mass of under 20

mg was used in all cases. One sample (SA) was heated to 255 ◦C with extra care taken

to ensure that the measurement was safe for the instrument. The masses of crucibles

and samples were measured by the instrument to µg precision. Table 4 gives the rounded

mass of each sample. Absorption FTIR spectra were collected every 3 minutes in the
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spectral range 650-4400 cm−1. The MS ion current was measured every 0.005 s for whole

values of m/z in the range 1-50.

Table 4: Mass of each sample measured using TGA-FTIR-MS. Values are rounded from five

to two decimal places.
∗ Measured up to 230 ◦C
∗∗ Measured up to 255 ◦C

Sample S11 S12 S21 S22 S31 S32

Mass [mg] 13.65 16.98 14.43 16.57 15.96 17.98

Sample SA* SA** SB SC

Mass [mg] 12.04 9.63 12.73 12.83

Sample Control DTT2 DTT20 DTT195 rDTT195

Mass [mg] 2.85 2.91 2.85 3.02 Day 1

3.34 3.01 3.19 3.05 Day 3

3.03 3.14 3.16 2.88 Day 5

3.08 3.28 3.08 2.90 Day 10

3.02 2.84 3.35 3.19 Day 15

2.75 3.02 3.06 3.04 3.16 Day 20

DSC

DSC measurements were taken on a NETZSCH DSC 214 Polyma machine. Samples

were added to aluminium crucibles with punched lids. Punched lids were used to allow

water vapor to escape and avoid a great gas pressure inside the crucible. Crucibles and

samples were weighed on an analytical balance with mg precision. A gas flow of 40

ml/min protective N2 and 60 ml/min purge N2 was used. Each measurement has an

initial isotherm of 15 min at 30 ◦C and no isotherms between scans. The initial isotherm

helps minimize the buoyancy of the instrument when heating commences. Samples were

then heated at 10 K/min up to 200 ◦C in the first scan unless otherwise stated. For some

samples, a second heating scan was performed up to 120 ◦C. Liquid nitrogen was used

for cooling the instrument.

Imaging

Microscopy was carried out on inViaTM Qontor confocal Raman microscope from Leica

Microsystems CMS GmbH. Samples were added to a glass slide and gently pressed flat.

The slide was mounted on the microscope stage and moved into focus. Lenses of 5x, 20x,
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Table 5: Mass of each sample measured using DSC.

Sample S11 S12 S21 S22 S31 S32

Mass [mg] 2.6 2.2 2.5 2.3 2.3 2.2

Sample SA SB SC

Mass [mg] 2.7 2.8 2.8

Sample Control DTT2 DTT20 DTT195 rDTT195

Mass [mg] 2.1 2.0 2.2 2.1 Day 1

2.2 2.1 2.0 2.2 Day 4

2.0 2.0 1.9 2.2 Day 13

1.9 2.0 2.2 2.0 2.1 Day 20

and 50x magnification from Leica Microsystems CMS GmbH were used. Images were

collected as single frames from a live feed. For the experiments with heating, samples

were added to a round glass disc (∼ 2 cm diameter) with a shallow edge and padded

flat. For sample S2, a small indentation was made in the sample to create a thinner area.

This sample holder was placed in a thermal stage from Linkam Scientific (serial number

THMS600) which was mounted on the microscope stage. The temperature programmed

to increase with 1 K/min with image acquisition every 5 ◦C.

XRPD

XRPD data was acquired at the Institute of Chemistry at the University of Copenhagen.

The instrument used was a Bruker D8 Discover diffractometer. Samples were added

to PMMA sample holders and patted flat. The sample holders were then added to an

automatic sample changer. Each sample was measured over two hours with a wavelength

of 1.5406 Å (Cu Kα) in the range 5-50◦ at room temperature.
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4 Survey of sample heterogeneity

and data reproducibility

The main goal of this chapter of the project is to test for reproducibility. A previous

study by Rui Liu found significant discrepancies between two samples of the same batch

of PPI.9 Before we conduct any further investigation of the thermal properties of PPI, we

will therefore need to determine whether the results are reproducible. We will perform a

thorough survey of three different samples, named S1, S2, and S3, from the same batch

of PPI. The samples are described in the previous section. We will also test for variations

within each sample by performing experiments in duplicates.

4.1 Results

Selected microscopy images can be found in Figure 11 and Figure 12. Microscopy was

performed on four duplicates of all three samples (S1-S3) without any modification of

the samples. This was done to observe if the morphologies of all areas of all samples

were identical, or if there were some immediate differences. The images in Figure 11

are of samples S1 and S2, and are representative of all obtained images. The full set of

images can be found in Appendix A, Figures A1, A2, and A3. The images show no clear

morphological differences between the samples. We observe no color differences, and the

grains appear to have similar shapes and sizes.

To investigate how the morphology of the PPI changes during heating, the samples

were placed in a thermal microscope stage. The first sample measured was S1. After

heating to 200°C, a clear difference in color between the top and bottom of the ∼ 1 mm

thick sample was observed, with the bottom being a darker orange indicating that it had

received more heat. Therefore, S2 was prepared with a thick area of ∼ 1 mm thickness

(similar to that of S1) as well as a thinner area of < 0.5 mm thickness as to allow us to

observe the difference with the microscope.

Figure 12 shows what happens when this sample is heated. The first row of images is of

the thicker area, and we observe that the color turns yellow when heated, but the mor-

phology appears to stay the same. The thin area as shown in the second row of images

has a deeper color at 200°C compared with the thicker area. When heating to 210°C, the
sample turns black and appears partially melted.

During heating, Raman spectra were recorded with intervals of 5 ◦C. As explained

in the experimental section, fluorescence can sometimes outcompete Raman scattering,
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as Raman scattering it is a relatively weak phenomenon. This is unfortunately the case

for the PPI samples. The recorded spectra therefore mostly show the fluorescence back-

ground. However, one peak was observed at ∼1002 cm−1 in all samples. This peak

stems from the breathing vibrations of the benzene ring in the amino acid phenylalanine

(Phe), and has been reported in literature for various different proteins, including pea

proteins.47–50 The intensity of this peak does not change in a meaningful or consistent

way with increasing temperature. Plots summarizing the Raman data can be found in

Appendix C.

Figure 13 summarizes the results of TGA and evolved gas MS. In the TGA data,

we observe mass loss twice. First, at lower temperatures, with a maximum mass loss

rate around 80°C. This temperature is often referred to as the dehydration temperature,

Tdehy. After dehydration, at 150
◦C the moisture loss is 4.65% with a standard deviation

of 0.09% The second mass loss begins at around 175°C and corresponds to degradation of

the protein. The total mass loss at 220°C is 6.43% with a similar standard deviation. In

the evolved gas MS we observe that water is released at both events of mass loss, whereas

hydrogen sulfide and carbon dioxide only appear when the protein degrades. Only tiny

amounts of hydrogen sulfide are detected. Importantly, we note that all samples and

duplicates appear to follow the same trends, meaning that our results are reproducible.

Complete TGA-FTIR-MS data for S31 can be found plotted in Figure 14. The biggest

Figure 11: Optical microscopy with 5, 20, and 50 times magnification of samples S11 (sample

1 duplicate 1) in the top row and S21 (sample 2 duplicate 1) in the bottom row.

These are representative of all samples and duplicates. The magnification and scale

bars are shown on the individual images. Images were taken at room temperature.
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Figure 12: Optical microscopy of ticker area (top row) and thinner area (bottom row) of sam-

ple S2. The temperature at which the image was taken is given on the individual

images. The scale bar is found on the last image and is the same for all images.

The magnification is 50x. Insert is a picture of the sample after heating to 210 ◦C

with thin and thick areas shown. Heating rate is 1 K/min with image acquisition

every 5 ◦C below 200 ◦C, and every 1 ◦C above 200 ◦C.

difference between the results of the two techniques, is that it is possible to separate am-

monia from water with FTIR. As discussed in the experimental section, we can apply

ratio analysis to the signals at m/z = 17 and 18. From this, we find no clear indication

of ammonia, meaning that MS alone indicates no or very small amounts of ammonia in

the entire temperature range. However, ammonia is clearly present in the FTIR spectra

at degradation temperatures, i.e. above 170 ◦C. The most prominent ammonia features

are the twin peaks observed at 960 cm−1 and 940 cm−1. The higher energy peak is first

observed at 172 ◦C, while the lower energy peak is observed at 176 ◦C. We can therefore

conclude that small amounts of ammonia are evolved at temperatures above 172 ◦C. The

carbon dioxide peak around 2300 cm−1 is broader and therefore more difficult to precisely

determine. It first appears around 150 ◦C and then more prominently from around 190
◦C, which is in agreement with the MS data. The evolution of NH3 and CO2 are of great

interest, as these are markers of thermal degradation of the proteins. These species are

evolved when the amino acids that make up the proteins start breaking down.52

In Figure 15 we have the DSC thermograms for all three samples and their duplicates.

We observe a smaller feature around 70°C. This potentially correspond to a glass transi-

tion in the protein, as glass transitions have previously been reported by Ricci et al1 in
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Figure 13: TGA and evolved gas MS of duplicated of samples S1-S3. Top row shows the

TGA curves and their derivatives. Rows two and three contain plots of selected

MS signals. The relevant species for each plotted m/z value is given in the plot

titles. Heating rate is 10 K/min, and a gas flow of 20 ml/min protective N2 and

20 ml/min purge N2 was used. Sample masses can be found in Table 4.
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Figure 14: TGA-FTIR-MS data for sample S31. TGA and evolved gas MS can be found in the

left graph. Evolved gas FTIR can be found to the right with spectra offset for better

readability. Energies corresponding to vibrations in water have been highlighted in

blue (4000-3500 cm−1, 2000-1250 cm−1), ammonia in red (3360-3310 cm−1, 1650-

1600 cm−1, 1250-750 cm−1), and carbon dioxide in grey (2400-2250 cm−1). No

vibrations corresponding to hydrogen sulfide are observed. Signals from each of

the species have been identified through comparison with spectra provided by the

NIST Chemistry WebBook.51

pea protein concentrates of different purity levels. It could also be a different phase tran-

sition in the samples, or be related to the mass loss observed around this temperature.

From the DSC curves we can extract the denaturation temperature, Td = 123± 2◦C, as

the maximum of the main peak. The value for each sample, along with peak enthalpies,

and onset and offset temperatures, can be found in Table 6. Here, Td is in the range

120-123°C for most samples, but a bit higher for S31 (127.5°C). This shift towards higher
denaturation temperatures only happens for one of the duplicates of S3 and can therefore

not be attributed to a significant difference between samples S1-S3. Interestingly, the en-

thalpy of the peak varies a lot between samples S1-S3, but not much between duplicates

of the same sample. Though the enthalpy values of S31 and S32 are artificially low due

to a shorter data range, this still holds true when comparing these two duplicates, and

when comparing S1 with S2. This could be the first indication of a difference between

the three collected samples.

Lastly, we measured powder diffraction on S1, S2, and S3. The resulting diffrac-

tograms can be found in Figure 16. The diffractograms of the three samples are nearly

identical. These measurements were not done in duplicates, as a much larger amount of

the PPI powder was used for XRPD than for DSC and TGA, and the measured sample

can be assumed to be representative. Three peaks are present in all samples. The two

main peaks at around 8.8◦ (peak 1) and 19◦ (peak 2) are reflections of α-helix and β-sheet

structures respectively.53,54 The smaller peak at around 32◦ (peak 3) has previously been
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Figure 15: DSC thermograms for each of the three samples with duplicates. A limited tem-

perature range is shown for S31 and S32 due to an instrument issue causing a

non-constant heating rate at low temperatures for these samples. Endotherm pro-

cesses are plotted at positive heat flow values, and the heating rate is 10 K/min.

Gas flow is 40 ml/min protective N2 and 60 ml/min purge N2. Sample masses can

be found in Table 5.

observed in pea and cotton seed protein.9,53 The relative crystallinity of the samples was

found to be 64.5-65.6 % as summarized in Table 7. This is a much higher RC value than

the 36.91 % which has previously been reported,9 and cannot be explained purely by the

different ranges of scattering angles used for the calculation. As previously discussed, the

method used to calculate RC is very sensitive to the scattering intensity at the extremes

of the dataset. One should therefore take great caution when comparing RC values.
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Table 6: Summary of values extracted from DSC for samples S11-S32. Onset, denaturation

and offset temperatures are valid for the denaturation peaks of the samples, and not

the feature at 70 ◦C.
∗ Samples evaluated based on a shorter data range from 65 ◦C. This mainly affects

the enthalpy, but also the on- and offset temperatures due to changes in the baseline.

Sample ∆H [J/g] Ton[
◦C] Td [◦C] Toff [◦C]

S11 170.1 77.3 122.5 164.3

S12 178.0 75.9 120.5 165.6

S21 152.0 69.6 120.0 166.0

S22 154.9 81.8 122.5 171.3

S31* 121.5 85.4 127.5 166.6

S32* 118.9 80.9 123.0 167.5

Average 78 ±5 123 ±2 167 ±2

Figure 16: XRPD diffractograms of samples S1-S3. The insert contains a section of the data

overlaid with a smoothed version of the same data.
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Table 7: Comparison of values of RC, RCfull, and peak positions for samples S1-S3 and RC

reported in literature. Relative crystallinities are calculated using equation 2 in the

range 5 - 50◦

∗ PPI ’Sample 2’ as reported by Liu.9 RC calculated in range 5 - 55◦.

Sample RC RCfull Peak 1 Peak 2 Peak 3

S1 65.6 % 21.6 % 8.8◦ (10.0 Å) 19.1◦ (4.6 Å) 31.6◦ (2.8 Å)

S2 64.7 % 21.0 % 8.8◦ (10.0 Å) 19.2◦ (4.6 Å) 31.7◦ (2.8 Å)

S3 64.5 % 20.8 % 8.8◦ (10.0 Å) 19.1◦ (4.6 Å) 31.7◦ (2.8 Å)

PPI∗ 36.91 % 9.01◦ (9.80 Å) 19.28◦ (4.60 Å) 31.69◦ (2.82 Å)
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4.2 Discussion

From the results of optical microscopy on sample S2 in Figure 12 we observe a clear

change in color at temperatures above 150 ◦C, which corresponds to the temperatures

of thermal degradation observed in TGA experiments. Furthermore, above 200 ◦C, the

sample rapidly changes color and morphology, appearing black and partially melted at

210 ◦C. However, we also observed a clear difference in the amount of heat received by the

parts of the sample which were in direct contact with the bottom of the sample holder,

and those that were not. We can not know whether the temperature recorded by the

thermal stage is the same as that of the imaged area of the sample. Therefore, we can

only qualitatively conclude that the sample rapidly darkens at degradation temperatures.

The TGA curves reported in Figure 13 show two mass loss steps. These two steps

have also previously been reported in literature at similar temperatures.1,9,55 Some small

irregularities, or ‘bumps’, can be observed on the TGA curve and more prominently on

the differential TGA. These are likely due to movement, like stomping or fast walking,

in the vicinity of the instrument during the measurement. Those occurring in the exact

same fashion across all samples are due to irregularities in the calibration measurement,

again due to movement in the vicinity of the instrument. We also note, that while the MS

curves appear to have the same shape, they vary in intensity. This is due to the fact that

while the TGA curves are normalized to the sample mass, the MS signal is not. The MS

signal directly represents the amount of material with a certain mass/charge relationship

present in the evolved gas. Therefore, a larger sample mass will (loosely) correspond to

a greater MS signal, as we find to be the case here.

Through IR spectroscopy, we can separate the signals related to water from the sig-

nals related to ammonia. Ammonia only appears at temperatures from 172 ◦C and up,

whereas water signals appear at both events of mass loss. This is in agreeance with what

we observed with MS, and allows us to conclude that the m/z = 17 signal in the MS

spectrum is due only to water at the first mass loss event, and mostly due to water with a

contribution from ammonia at the second. This contribution must be small, as the ratio

of the m/z = 17 to m/z = 18 signal is near constant, as it would be for a pure water signal.

The DSC thermograms as found in Figure 15 have clear endothermic peaks related

to denaturation of the protein. The denaturation temperature of a protein depends on

its structure at all levels of complexity from primary to quaternary. It can be affected

by both physical and chemical treatments, and importantly by plasticizers like water.

The moisture content of the protein samples therefore very important to consider, as

a higher water content would lower the denaturation temperature.56 Moreover, it could
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also affect the glass transition. The feature which we observe around 70°C could be a

glass transition as observed by Ricci et al.1 More measurements are needed to determine

whether this is the case. Peak enthalpies were found to vary much more between samples

S1-S3 than between duplicates of the same sample. This might be the only indication of

a fundamental difference between the collected samples. It could therefore prove fruitful

to investigate this further with more duplicates of the samples.

In general, our data is not perfectly repeatable, as is normal with biological samples.

We find that there are small differences between the samples and between duplicates, and

that these differences are expressed more in some measurements than others. However,

we have overall shown good repeatability of our measurements, which is important for

correct interpretation of further experimental data.
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5 Comparing different PPIs

Now that we know that we can trust each measurement, we broaden our horizons. In this

chapter, we will study the thermal characteristics of PPI from three different producers.

These are PISANE™, NUTRALYS, and ProFam, but in the following we will refer to

them by the sample names SA, SB, and SC respectively. From the perspective of a food

scientist, it is very interesting to know whether different brands of PPI have different

thermal properties, as this might influence how they should be treated to achieve the

desired product. If we can use easy and quick techniques like TGA and DSC to narrow

down how the PPI should be treated, this could save both time and money. Here, we

have chosen to compare PPI from different manufacturers, but the same process could

be applied to samples of different batches or storage conditions from one manufacturer.

5.1 Results

Figure 17 shows microscopy images of samples SA-SC at two different magnifications. The

images at five times magnification show that all three samples appear to be homogeneous

with even distributions of particle sizes. When zooming in to fifty times magnification, we

can distinguish the individual particles of protein. We observe a clear difference between

the granule sizes of the samples. SA has larger particles of around 40-60 µm, whereas SB

and SC have particles of around 20-30 µm. As previously discussed, this difference could

be a result of the milling process used by the producer, or could relate to the extraction

process and storage conditions.57

A comparison of the three different TGA curves can be found in Figure 18. Here,

we again have two mass loss events, the first related to moisture loss and the second to

protein degradation. Sample SA loses moisture at a higher rate and over a greater range

of temperatures than the other two. By evaluating the percentage of mass lost at 150 ◦C,

we find that SA contains 4.22 % moisture, which is more than SB at 3.58 % and SC at

3.76 %. The mass lost by each sample in the temperature range 150 ◦C to 220 ◦C has also

been evaluated, and corresponds to the mass loss caused by protein degradation. Sample

SC degrades the fastest, with 2.73 % mass lost to degradation at 220 ◦C followed by SB

with 2.20 % and lastly SA with 1.87 %. Overall, SC has lost the largest percentage of its

mass at 220 ◦C, and this is mostly due to its rapid degradation.

We gain further insight by studying the EGA data in Figure 19. Here, we make sev-

eral interesting observations. The MS signal of CO2 in SC is 67 % greater than that of

SA and 28 % greater than that of SB at 220 ◦C. This confirms that thermal degradation
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Figure 17: Optical microscopy with 5, and 50 times magnification of samples SA, SB, and SC.

The magnification and scale bars are shown on the individual images. Images were

taken at room temperature.
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Figure 18: TGA curves with their derivatives (bottom) of samples SA, SB, and SC. SA was

measured from 28 ◦C to 230 ◦C, while samples SB and SC were measured from 28
◦C to 220 ◦C. Heating rate is 10 K/min, and a gas flow of 20 ml/min protective

N2 and 20 ml/min purge N2 was used. Selected values have been extracted from

these curves and can be found in the diagram to the right. Samples masses can be

found in Table 4.

of SC is faster than that of the other samples. This is true even when we account for

the mass of each sample which will influence signal intensity. A direct comparison of MS

signals corrected for the sample mass can be found in Figure A4 in Appendix B.

We also observe that the CO2 signals of the samples have a small plateau beginning at

205 ◦C for SC and 210 ◦C for SA and SB. In sample SA, we also observe a decrease in

the signal of H2S at temperatures above 220 ◦C. This ’pause’ in thermal degradation is

also reflected in the differential TGA curves (Figure 18) of especially SA and SB.

Evolved gas FTIR spectra of the samples are very similar. The spectra of SA are interest-

ing, as a new peak starts to form in the frequency range 3000-2800 cm−1 at temperatures

above 220 ◦C. This peak has also been reported in evolved gas FTIR studies of whey

protein films and soy protein films and correspond to the C-H vibration in saturated

carbohydrates.58,59 This is confirmed by the MS data in Figure 20, where we observe

an increase in MS signals above m/z=42 for high temperatures. These m/z values are

characteristic for a number of small alkanes and carbohydrates which would display C-H

vibrations.41

DSC thermograms can be found in Figure 21. The three samples show widely different
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Figure 19: Full TGA-FTIR-MS data of samples SA-SC. The left column contains TGA curves

alongside selected evolved gas MS signals. The relevant species for each plotted

m/z value is given in the legend. The right column contains selected evolved gas IR

spectra from each sample. Energies corresponding to vibrations in water have been

highlighted in blue (4000-3500 cm−1, 2000-1250 cm−1), ammonia in red (3360-3310

cm−1, 1650-1600 cm−1, 1250-750 cm−1), and carbon dioxide in grey (2400-2250

cm−1). The MS and FTIR signals are plotted on the same scales across samples.
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Figure 20: Summary of MS data for SA at the beginning and end of the measurement. The

height of each bar in the top plot corresponds to the signal intensity of that m/z

value at the beginning (28 ◦C) and end (230 ◦C) of the heating scan. These values

are obtained as an average of the first and last 50 data points corresponding to a

very narrow temperature range to mean out the data noise. The standard deviation

of these data points is given as the error. Note the logarithmic y-scale. The bottom

plot shows this change in intensity as a percentage.

behaviors. The denaturation temperatures are 124.7 ◦C for SA, 133.1 ◦C for SB, and

128.5 ◦C for SC. The difference between these values of Td are greater than the standard

deviation of ±2 ◦C obtained from samples S11-S32. The feature which we have previously

observed around 70 ◦C is present in all samples (SA: 75 ◦C, SB: 74 ◦C, SC: 77 ◦C).

However, in SC it is very pronounced and is clearly a peak and not a glass transition, see

Figure 4. The second heating scans show no features.

Table 8: Summary of values extracted from the first DSC heating scan for samples SA-SC.

Onset, denaturation and offset temperatures are valid for the denaturation peaks of

the samples, and not the feature at 70 ◦C.

Sample ∆H [J/g] Ton[
◦C] Td [◦C] Toff [◦C]

SA 159.7 76.4 124.7 168.1

SB 102.1 83.8 133.1 175.1

SC 121.6 72.9 128.5 171.9
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Figure 21: DSC thermograms for each of samples SA, SB, and SC. First and second heating

scans are shown. Endotherm processes are plotted at positive heat flow values, and

the heating rate is 10 K/min. Gas flow is 40 ml/min protective N2 and 60 ml/min

purge N2. Sample masses can be found in Table 5.

5.2 Discussion

The data presented above indicates significant differences between the three samples in

every measurement. Sample SA stood out by having a larger particle size and a greater

moisture content. Lan et al.60 have previously used scanning electron microscopy to look

at different preparations of pea proteins. They found particles with a structure resem-

bling what we observed here. They also found that the PPI preparation method had

a significant impact on its properties. The difference in size observed here is therefore

worthy of note.

The moisture content is a central modifier of protein properties and food character-

istics and longevity in general. Through TGA-MS analysis, we find that SA loses more

water than the other two samples. From DSC, we observe that SA has a lower denatu-

ration temperature. This indicates that SA has more water, but that the water is less

bound to the proteins, as bound and hydration water requires more energy to evaporate.

SA also showed a slower onset degradation, meaning that this sample has the best ther-

mal stability at degradation temperatures. This could possibly be linked to the larger

granule size of this sample. By measuring TGA-FTIR-MS of this sample to 230 ◦C,

we discovered what appears to be a ’pause’ in thermal degradation. This means that

degradation of PPI is likely not a single step process, but might involve multiple steps.

Ricci et al. observed a similar phenomenon in lentils.1 A multi step degradation process
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is entirely plausible, as PPIs contain not only a mix of different types of protein but also

other components like starches and fats. Each component will contribute differently to

the thermal properties of the samples.

We also observed a new IR peak in the frequency range 3000-2800 cm−1 at temperatures

above 220 ◦C. This is a sign of a more pervasive protein degradation, as FTIR and MS

suggest the presence of small alkanes or carbohydrates in the evolved gas.

To study the thermal degradation further, we measured TGA-FTIR-MS of SA over

a greater temperature range (28-255 ◦C). The result can be found in Appendix G. Here,

we observe that thermal degradation is a two-step process. It appears that the release

of CO2, NH3, and water is momentarily stalled at around 215 ◦C while H2S is released.

The release of H2S stops at around 240 ◦C. This is likely because there is no more sulfur

left in the sample, as pea proteins only contain very small amounts of sulfur-containing

amino acids.

Based on optical microscopy, the morphologies of SB and SC are almost identical

at room temperature. Sample SC behaved comparably to SB in the first mass loss step.

However, at degradation temperatures, SC decomposed rapidly compared to SB and even

more so compared to SA. This was reflected in the CO2 signals of EGA which were sig-

nificantly stronger.

DSC measurements show a relationship between moisture content (from TGA) and

denaturation temperature. A higher moisture content is related to a lower denaturation

temperature. Water molecules interact with both inter- and intramolecular bonds. In

some proteins, the presence of water serves to stabilize the unfolded protein state, thereby

reducing Td. This relationship has been documented in literature in various different pro-

tein systems.61–63

Interestingly, DSC of SC shows a distinct peak at 77 ◦C which cannot be a glass

transition. Based on the initial reproducibility measurements, we have theorized that the

feature was a glass transition, because a glass transitions have previously been reported

in literature at similar temperatures.1 These glass transitions were observed in a second

heating scan and in sealed crucibles. In this work, we do not observe any transitions in

the second heating scan. This could be due to two effects. Firstly, our measurements

were made using DSC crucibles with a punched lid. This means that the evaporated

water can escape the crucible in the first heating scan. As we know, moisture works

as a plasticizer and removing it can cause the glass transition temperature to increase

beyond the measured temperature range. Secondly, it could be the case that our samples
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do not have a glass transition and that both peaks are features of entirely irreversible

processes. The peak around 75 ◦C could therefore either be a sum of a glass transition

and an irreversible phase transition, or purely an irreversible phase transition. Either

way, we have a phase transition, the nature of which is yet to be determined. There are

several possible causes of this transition, some of which are listed below.

• Denaturation of individual pea protein fractions. Pea proteins can be divided

into many different protein fractions. Each type of protein has distinct thermal be-

haviors, including denaturation temperatures. The most abundant of the fractions

are legumin (11S globulin) and vicilin (7S globulin). Denaturation temperatures

of 82.2 ◦C and 90.4 ◦C have recently been reported in literature for purified pea

vicilin and legumin respectively, at unknown moisture contents.64 However, a study

of legumin and vicilin in soybean protein isolates found that such low denaturation

temperatures could be obtained only at hydration levels above 80 % w/w. When

decreasing the moisture content, the denaturation temperatures increased dramat-

ically.65 This means that even though soy and pea protein isolates have different

thermal behaviors, it is unlikely that the denaturation of vicilin or legumin is the

cause of the transition observed around 75 ◦C.

• Evaporation of different water domains. As previously discussed, water can

associate with proteins in three different ways, as bulk water, hydration water, and

bound water. It is possible that this initial feature is caused by evaporation of bulk

water. Bulk water does not associate with the proteins, and we would therefore

expect it to be released at lower temperatures than hydration water.

• Phase transition in non-protein components of the PPI. The PPIs in ques-

tion contain around 80 % protein, meaning that the remaining 20 % is made up of

primarily starch and water with some fiber and fats. These components again have

their own thermal behaviors. One possibility is that the peaks around 75 ◦C are

due to gelatinization of the small fraction of pea starch present in the PPIs. DSC

peaks at comparable temperatures have been reported in literature for soy and pea

starches.66–68

Due to the complex nature of the PPI samples, it is difficult to determine the exact

cause of the phase transition at 75 ◦C. This would likely be an interesting future study.
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6 PPI reduced with DTT

In this chapter, we will take a detailed look at pea protein isolates treated with the re-

ducing agent dithiothreitol (DTT). DTT is a powerful reducing agent that reduces the

disulfide bridges in proteins in a two-step redox reaction seen in Figure 22. The products

of the redox reaction are a reduced disulfide bond and a cyclic form of oxidized DTT.69

Disulfide bridges form between residues of the sulfur containing amino acid cysteine. The

formation of disulfide bridges is important for the tertiary and quaternary structures of

proteins, and thereby also for protein functionality. Reducing these bonds can lead to

partial or complete unraveling of the protein. This can in turn affect many properties of

the protein that are essential for food applications, like gelling and emulsion properties,

texture, and taste. There is therefore a need to better understand the reduction of pea

proteins. Here, we apply thermal analysis to gain new insight into the weakly studied

system of reduced pea protein.

Figure 22: Two-step redox reaction between dithiothreitol (DTT) and a disulfide bond, pro-

ducing a reduced disulfide bond and a cyclic form of oxidized DTT. Adapted from

AG Scientific.69

The effectiveness of DTT is in some cases limited by poor access to the disulfide

bridges of the protein. Most pea proteins are globular proteins, meaning that in aqueous

solutions, the proteins are wound up into a sphere-like shape with a hydrophobic center

and a hydrophilic shell. Cystine residues tend towards the hydrophobic part of the pro-

tein, meaning that its disulfide bridges will be hard to reach for DTT, especially in larger

protein structures.70 Strong concentrations of DTT (50-100 mM) should therefore be used

for complete reduction. If one wishes to maintain the reduced proteins in solution, con-

centrations of 1-10 mM should be applied.71 Reduction of disulfide bridges is reversible

over time, meaning that there is a small chance for the disulfide to reform after reduction.

Here, we have tested a low (2 mM), medium (20 mM), and high (195 mM) concentra-

tion of DTT. The samples have been named accordingly as DTT2, DTT20, and DTT195.
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The samples have been measured over the course of 20 days to track the evolution of the

samples over time. To test the effects of storage temperature, a small sample of DTT195

was put in the fridge on day 4 and not measured again until day 20. This sample is named

rDTT195, r as in refrigerated. The reduction process includes dissolving the pea proteins

in aqueous DTT solution and freeze-drying the samples after treatment. To account for

the possible effects of these steps, a control sample was also measured. This sample has

gone through the same processing as the reduced samples, just without DTT.

6.1 Results

Table 9: Summary of extrapolated onset temperatures of each mass loss step observed with

TGA. Values are given for days 1 and 20 of all samples treated with DTT. The onset

temperatures were calculated as the intersection of a line tangent to the region of low

mass loss before Ton with a line tangent to the region of greatest mass loss after Ton.

Sample Day Ton [◦C], 1st Ton [◦C], 2nd Total mass loss [%]

mass loss step mass loss step at 220 ◦C

Control 1 51.8 197.9 4.43

20 55.4 201.5 4.85

DTT2 1 50.8 193.4 4.94

20 53.6 200.0 4.52

DTT20 1 51.9 193.4 7.44

20 54.9 188.3 8.06

DTT195 1 44.9 144.9 38.84

20 52.2 146.1 36.69

rDTT195 20 54.9 145.8 35.88

Figure 23 shows TGA curves of all treated samples at day 1 and day 20, and the

onset temperatures and total mass loss are summarized in Table 9. All samples display

two mass loss steps, though the first step is less well defined for sample DTT20, and very

subtle for sample DTT195. All samples display differences between the first and last

measurement. Samples Control and DTT2 show similar behaviors. For both samples,

an increase in water loss was observed over the course of the 20 days (0.30 % and 0.35

% at 150 ◦C respectively). We also observe that the onset of both mass loss steps shifts

towards higher temperatures for these samples. The onset temperatures of Control are

a bit higher than those of DTT2 on both day 1 and 20, indicating that this sample is

slightly more thermally stable. As the only sample, DTT20 shows a decrease in water

loss at the first mass loss event and a decrease in thermal stability at degradation tem-
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Figure 23: TGA curves for all treated samples on days 1 and 20. Samples were measured

in the temperature range 28-220 ◦C at 10 K/min with a gas flow of 20 ml/min

protective and 20 ml/min purge N2. Sample masses can be found in Table 4.

peratures after 20 days. The shape of the TGA curve also changes significantly after 20

days. On day 20, it becomes quite difficult to determine where the first mass loss step

ends and the second begins. DTT195 has by far the greatest total mass loss with up to

38.84 % at 220 ◦C. The first mass loss event for this sample has an early onset on day 1

(44.9 ◦C), but on day 20 the onset is similar to the other samples. The second mass loss

step of this sample begins as early as 145 ◦C, more than 40 ◦C lower than for any other

sample. TGA curves from all samples at all days can be found in Appendix E.

To determine the nature of the mass loss for each sample, we first turn to the MS
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data as depicted in Figure 24. Here, we observe the greatest water loss from sample

Control, followed by DTT2, DTT20, and lastly DTT195 and rDTT195. This is true for

both days 1 and 20. Based purely on the water signal at m/z = 18, we would infer that

the non-bound water contents of samples Control, DTT195, and rDTT195 increase over

the 20 days, whereas it decreases slightly for DTT2 and DTT20. This is not what we

observed through TGA. Interestingly, it appears that sample rDTT195 has its maximum

water loss in the first mass loss step at 70 ◦C. This is the same as for sample DTT195

on day 1, and not day 20 where the maximum water loss is closer to 80 ◦C. All versions

of sample DTT195 have significant signal at m/z = 34 from 100 ◦C. The onset of this

signal is around 175 ◦C for DTT20, 190 ◦C for DTT2, and 200 ◦C for Control. Very high

signals at m/z = 44 have been measured for all samples of DTT195. The signal has a

peak at 183 ◦C for DTT195 day 1, at 182 ◦C for rDTT195 day 20, and at 180 ◦C for

DTT195 day 20. The rest of the samples show similar behavior to that of the untreated

samples at this m/z value.

Selected FTIR datasets can be found in Figure 25. We observe three new peaks,

indicated in the figure, which we have not observed in the untreated samples. The Control

sample has a new peak at 1800 cm−1 which can be observed at temperatures above 190
◦C. This peak is due to carbonyl C=O stretching vibrations.72–74 For DTT195, two new

peaks are observed. These peaks first appear at 155 ◦C, and are most intense at 172 ◦C.

The peak at 2930 cm−1 is due to C-H stretching vibrations.59 The peak at 1050 cm−1 is

likely due to S=O stretching vibrations.75 Full FTIR data from all days can be found in

Appendix D. The characteristic signals of thermal protein degradation (from NH3 and

CO2) which show up at 190 ◦C or later, are observed in all samples. The main differences

between samples and over time are observed in the temperature region below thermal

degradation, meaning 30-172 ◦C. Analysis of this temperature region is summarized in

Table 10. From FTIR, we find that no samples show the same behavior, and that all

samples evolve over time. Unfortunately, some of the datasets from the treated samples

have over subtraction of atmospheric carbon dioxide and water. Therefore, these specific

datasets (given in the table) can not be analyzed.
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Figure 24: Selected MS signals for all treated samples on days 1 and 20. Signals have been

divided by the sample mass to better be able to compare signal intensity between

samples, and smoothed for better visibility. The plotted m/z value as well as the

relevant species are shown on each plot. Heating rate is 10 K/min and measure-

ments were taken in a nitrogen atmosphere. Sample masses can be found in Table

4.
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Figure 25: Selected FTIR datasets from samples Control and DTT195 on day 1. Both samples

have an over subtraction of atmospheric water and Control has over subtraction

of carbon dioxide. The presence of these species can therefore not be determined

from the above spectra. However, three new peaks can be observed at 1800 cm−1,

2930 cm−1, and 1050 cm−1 as indicated by the red circles.

Table 10: Summary of FTIR data in the temperature region below thermal degradation of the

proteins (30-172 ◦C). A molecule is noted below if its characteristic IR absorption

pattern is present in the FTIR spectra from the given day in this temperature range.

The color indicates the relative intensity of the signal.

Sample Day 1 Day 3 Day 5 Day 10 Day 15 Day 20

Control * H2O CO2 H2O H2O H2O

DTT2 * CO2, H2O H2O H2O CO2

DTT20 * H2O, CO2 CO2, H2O

DTT195 * CO2, H2O
Light gray: low signal intensity. Gray: moderate signal intensity. Black: high signal intensity.
∗ spectra could not be analyzed.
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DSC thermograms for all treated samples on day 1 and day 20 can be found in Figure

26. All samples have an increase in overall heat flow from day 1 to day 20. Samples

Control, DTT2, and DTT20 show similar behaviors with comparable denaturation tem-

peratures, see Table 11. The denaturation temperatures, onset temperatures, and offset

temperatures of these samples all decrease after 20 days. Samples DTT195 have very

different signals to those of the other samples. The main peak sits at around 100-110 ◦C,

which is significantly lower than any other samples measured. The shape of this peak is

also different, as it is much sharper than the broad peaks observed so far, and has a less

well-defined ’shoulder’ at 120-140 ◦C. The shape of the thermogram of rDTT195 is more

like that of DTT195 at day 1 than day 20.

Table 11: Summary of values extracted from DSC for all treated samples on days 1 and 20.

Onset, denaturation and offset temperatures as well as peak enthalpy are given.

Sample Day ∆H [J/g] Ton[
◦C] Td [◦C] Toff [◦C]

Control 1 220.5 71.9 128.3 182.3

20 246.5 67.2 121.5 179.7

DTT2 1 153.7 80.7 135.9 182.6

20 211.6 73.2 127.3 180.6

DTT20 1 159.9 70.5 125.6 174.8

20 143.2 67.4 123.0 172.5

DTT195 1 130.1 53.1 98.0 121.9

20 163.0 63.4 111.8 124.6

rDTT195 20 150.2 60.2 101.3 127.3
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Figure 26: DSC thermograms for all treated samples on days 1 and 20. Samples were measured

in the temperature range 30-200 ◦C at 10 K/min with a gas flow of 40 ml/min

protective and 60 ml/min purge N2. Endotherm processes at positive heat flow

values. Sample masses can be found in Table 5
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6.2 Discussion

The effect of DTT at varying concentrations

Based on the presented data, we conclude that the addition of DTT changes the properties

of the samples, and that the degree of change is correlated with the DTT concentration.

Across all measurements, the samples Control and DTT2 are the most similar. Through

TGA, we learn that Control has slightly higher onset temperature at both mass loss

events. This indicates higher thermal stability for the sample without DTT. When in-

creasing the DTT concentration beyond 2 mM, we observe an increase in mass loss. This

is likely due to pyrolysis of DTT in addition to the protein. For sample DTT2, DTT

accounts for 0.6 wt% of the sample. For DTT20 it is 5.7 wt% and for DTT195 it is

37.4 wt%. From MS, we know that DTT195 releases great amounts of H2S and CO2

at temperatures well below 190 ◦C where we expect to observe thermal degradation of

the proteins. FTIR analysis confirms that the proteins do not degrade until 190 ◦C, as

ammonia is not observed before this point. We can therefore conclude that for DTT195,

the mass lost before 190 ◦C, which is around 30-34 %, is mainly due to vaporization of

water and DTT.

The MS of sample DTT20 also shows an earlier release of H2S, beginning around 160 ◦C.

For the same reason as above, we know that this is from DTT, as it cannot be from the

protein. This raises the question of why the breakdown of DTT occurs at such high tem-

peratures in DTT20 compared to DTT195. One possible answer is that in DTT195, DTT

was added in such great excess that it is still largely present in its native non-oxidized

form. In DTT20, we expect most of the DTT to be in the oxidized cyclic form. It is very

possible that the oxidized and non-oxidized forms have different thermal stabilities. One

indication of this is that the melting point of the non-oxidized DTT (41-44 ◦C) is much

lower than that of the oxidized form of DTT (130-132 ◦C).76

Through DSC analysis, we find that the samples containing DTT generally have a

higher endothermic heat flow above 160 ◦C. This could be due to the breakdown of DTT.

All samples show an increase in heat flow at high temperatures (above Td). The onset

of this peak is around 190 ◦C for Control and DTT2, 175 ◦C for DTT20, and 160 ◦C for

DTT195. This corresponds well with the gasses evolved from each sample as observed

through MS.

Two heat flow peaks can be observed for DTT195 below protein degradation tempera-

tures. The first peak (100-110 ◦C) is sharp and drops off quickly, whereas the second

(120-140 ◦C) is broad and subtle. From MS, we know that the only evolved gas at these

temperatures is water. One possible explanation for these peaks, is that they correspond

to evaporation of different domains of water. DTT is hygroscopic and might therefore
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cause some of the bulk and hydration water in the samples to rearrange. This would

create two different domains of water in the sample, one which is associated with the

protein, and one which is associated with DTT. Since DTT is less thermally stable than

the proteins, the water associated with it might require less energy to be evaporated and

lead to the first endothermic peak. The second broad peak would then be the evapora-

tion of the protein-associated water domain. This corresponds well with what we observe

with MS, where the initial water loss happens at lower temperatures for DTT195 than

the rest of the samples. Another possibility is that the first peak is indicative of a phase

transition, like melting, in DTT itself.

Overall, it is difficult to separate the thermal properties of proteins reduced by DTT

from those of DTT itself. This would be an interesting future area of study.

The effect of time

Across all the above presented thermal analysis data, comprising TGA, MS, FTIR, and

DSC, no sample is the same from one measurement day to the next. From TGA, we

find an increase in onset temperatures for both events of mass loss for all samples, with

the exception being the second mass loss step of DTT20. The shapes of the TGA curves

also vary over the 20 days, which is evident when looking at the full sets of TGA data in

Appendix E. The nature of this change is non-linear and varies with DTT concentration.

The same observation is made when tracking DSC curves over time as in Appendix F.

This is supported by the FTIR analysis summarized in Table 10. Here, we observe that

the samples release substantial amounts of CO2, H2O, or both in the pre-degradation

temperature range at certain days throughout the experiment. There is no clear pattern

for this behavior, but it does appear that this release of gaseous water and carbon dioxide

happens later in time when the DTT concentration is increased. The refrigerated sample

rDTT195 shows characteristics of both DTT195 on day 1 and on day 20. The TGA curve

of rDTT195 is most like the last measurement of DTT195. Through MS analysis, we find

that rDTT195 releases water at a temperature which is closer to that of the first DTT195

measurement. The shape of its DSC curve is closer to that of the first DTT195 measure-

ment, but its enthalpy is more like the last measurement. We can thereby conclude that

refrigerating the sample does affect the time evolution, but does not stop it completely.

There are many factors which could cause the samples to evolve over time. One of

these is water, which as always plays a central role in determining the thermal proper-

ties of proteins. After freeze-drying, samples can lose so much water that they become

hygroscopic. Though the samples are stored in a closed container, the air in those con-

tainers is replaced every time the container is opened to take a sample for measurements.
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the uptake of atmospheric can therefore play a role, albeit a small one. Another possi-

ble contributor is the rearranging of water between domains of the sample as discussed

above. In the beginning of this chapter, we also discussed how disulfide bridges in the

proteins which have been reduced by DTT can reform over time. The disulfide bridges

can either reform in the original location, or through interactions with neighboring cys-

teines. Lastly, DTT can interact with proteins in ways that are unrelated to reduction of

disulfide bridges. In a study by M. C. Alliegro,77 the thiol groups of DTT were found to

inhibit the binding activity of a specific protein which had been mutated to not contain

cysteine residues. It is therefore not a far leap to say that there is a possibility that the

interaction of DTT with protein domains could influence the thermal properties of the

proteins. Such an interaction could evolve over time and with rearrangements of water.

All of the above-mentioned processes might also be affected by storage temperature.

The effect of freeze-drying

Another important point to notice, is that the sample Control, which is the PPI sample

SA that has been hydrated and then freeze-dried in the same manner as the reduced

samples, does not have the same thermal properties as SA. The main difference between

SA and Control, is that SA is stable, whereas Control is not. On day 1, the TGA onset

temperatures of Control are similar to those of SA, but this is not the case on day 20.

The DSC thermograms of the two samples are different on every measured parameter.

This is true no matter which measurement day we compare SA to. The instability of

Control compared do SA is at least partially due to the high porosity of the freeze-dried

sample, which can negatively affect its shelf-life.78

Freeze-drying is a harsh process, which can significantly disturb the protein samples.

This is evident in the Control sample. However, the effects of freeze-drying are not only

limited to this sample, but also apply to the rest of the treated samples. This is another

factor which should be considered when assessing the effects of DTT and time in the

above data.
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7 Conclusions

The first part of this work surveyed three samples of the same PPI to determine the repro-

ducibility of thermal and structural measurements. Good reproducibility was achieved

for TGA-FTIR-MS and XRPD. Optical microscopy showed no differences in the sample

morphologies. DSC measurements showed a greater variance in curve shapes and heat

flow. The denaturation temperature, Td, of the samples was determined to be 123 ± 2
◦C with an onset temperature of 78 ± 5 ◦C, and an offset temperature of 167 ± 2 ◦C.

The peak enthalpy was found to vary a lot between samples S1-S3, and less between

duplicates of the same sample. This indicates some fundamental difference between the

three samples which is not otherwise reflected in the TGA and structural analysis.

TGA showed two mass loss events relating to moisture loss and thermal degradation.

Through FTIR analysis, peaks related to ammonia, water, and carbon dioxide were iden-

tified. This was confirmed by MS which also showed trace amounts of a species likely to

be hydrogen sulfide. Ammonia and carbon dioxide were used to identify thermal degra-

dation, as these species are evolved during pyrolysis of amino acids. XRPD showed three

peaks with the two main reflections being associated with α-helices and β-sheets in the

protein structure. The relative crystallinity was determined to be 64.5-65.6 % which is

much greater than previously reported values for the same PPI.9

In the second part of this work, we compared PPIs from three different manufactur-

ers. The work done in the first part allowed us to determine that the observed variations

in the data were due to differences in the samples. We conclude that the three sam-

ples overall display the same behavior, but at different temperatures. Sample SA (from

PisaneTM) had the highest moisture content at 4.22 % and the slowest thermal degra-

dation. Sample SC (from ProFam) had the fastest thermal degradation. MS of CO2

and H2S at temperatures above 200 ◦C reveals a two-step degradation process. DSC

measurements showed denaturation temperatures 124.2 ◦C for SA, 132.9 ◦C for SB, and

127.6 ◦C for SC, with a lower Td related with a higher moisture content. Comparing

the moisture loss observed with TGA to the shape of the DSC curve of SA allowed us to

conclude that the water molecules in this sample associate more weakly with the proteins.

The last part of this work surveyed PPIs reduced with DTT over time. The TGA-

FTIR-MS data showed that increasing the DTT concentration lowered the thermal sta-

bility of the samples. We also found that for medium (DTT20) and high (DTT195)

concentrations of the reducing agent, a significant portion of the mass loss was due to

degradation of DTT itself. When comparing MS data of DTT20 and DTT195, we find
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that DTT is degraded at significantly higher temperatures in DTT20, and that this is

likely due to the DTT mainly being in the oxidized cyclic form in this sample. DSC ther-

mograms of DTT195 showed two peaks below thermal degradation temperatures. This

could possibly be due to evaporation from different water domains in the sample.

The treated samples Control, DTT2, DTT20, and DTT195 were shown to evolve

in a non-linear fashion throughout the 20 days in which they were monitored. This was

evident in all thermal analyses. The shapes of the TGA and DSC curves varied over time,

and FTIR analysis at temperatures below thermal degradation showed significant release

of CO2 and water only on some days. The fact that the sample Control also evolved over

time allowed us to conclude that the hydration and freeze-drying process destabilizes the

proteins. By refrigerating a sample of DTT195, we found that the storage temperature

also plays a role in how the sample evolves over time. The refrigerated sample was

measured on day 20 and showed characteristics from both the first (day 1) and last (day

20) measurements of DTT195.

7.1 Future Perspectives

The work presented herein is intended as an initial survey of the thermal properties of pea

protein isolates. Even though the applications of PPIs are many, only very few studies of

their thermal properties have previously been published. This work therefore serves as a

much-needed step towards a better understanding of this useful food material. Several

new and interesting areas of research arise from the questions left unanswered by this

work.

• When surveying PPIs from different manufacturers, we found clear differences in

their thermal properties. But what exactly is the cause of these differences? To

answer this question, a deep dive into the exact compositions of each of the samples

is necessary. The samples from different manufacturers will likely be different on

more than one parameter. Knowing the effects and significance of each of these

parameters would be useful for intelligent design of food applications.

• We also observed a phase transition in the samples at around 75 ◦C in the DSC

thermograms. Some theories as to the origin of this peak have been presented, but

further experiments are needed to determine it.

• In our study of reduced PPIs, we were unable to separate the effects of DTT on the

proteins from the effects of having DTT itself in the samples. If one could somehow

remove DTT from the samples, or otherwise account for it, It would be possible to

observe the thermal properties of reduced PPIs directly.
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• Time (aging) was also shown to be an important factor for the treated samples.

The non-linear evolution of the samples indicate that multiple processes play a

role. Since chemical and physical treatments of food products are commonplace,

deconvoluting these processes might allow one to either avoid them by taking the

necessary precautions or utilize them in the product development.
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[40] Dr. Ekkehard Füglein and Dr. Stefan Schmölzer. TGA Measurements on Calcium

Oxalate Monohydrate. URL: https://analyzing-testing.netzsch.com/en/media/application-

literature.

[41] National Institute of Standards and Technology (NIST). Chemical Formula Search.

https://webbook.nist.gov/chemistry/form-ser/.

[42] L. Kumar, M. Brennan, C. Brennan, and H. Zheng. “Influence of whey protein

isolate on pasting, thermal, and structural characteristics of oat starch”. en. In:

Journal of Dairy Science 105.1 (Jan. 2022), pp. 56–71. doi: 10.3168/jds.2021-

20711.

[43] N. W. H. Cheetham and L. Tao. “Variation in crystalline type with amylose content

in maize starch granules: an X-ray powder diffraction study”. en. In: Carbohydrate

Polymers 36.4 (Aug. 1998), pp. 277–284. doi: 10.1016/S0144-8617(98)00007-1.

[44] N. Sozer, H. Dogan, and J. L. Kokini. “Textural Properties and Their Correlation

to Cell Structure in Porous Food Materials”. In: Journal of Agricultural and Food

Chemistry 59.5 (Mar. 2011). Publisher: American Chemical Society, pp. 1498–1507.

doi: 10.1021/jf103766x.

[45] K. Frost, D. Kaminski, G. Kirwan, E. Lascaris, and R. Shanks. “Crystallinity and

structure of starch using wide angle X-ray scattering”. en. In: Carbohydrate Poly-

mers 78.3 (Oct. 2009), pp. 543–548. doi: 10.1016/j.carbpol.2009.05.018.

[46] A. G. Barroso, R. H. Garcia, and N. L. Del Mastro. “X-ray diffraction pattern

and relative crystallinity of irradiated arrowroot starch”. In: Brazilian Journal of

Radiation Sciences 7.2A (Feb. 2019). doi: 10.15392/bjrs.v7i2A.645.
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Appendix A

Figure A1: Optical microscopy of samples S11-S14 which are duplicates of S1. Images are

shown at 5, 20 and 50 times magnification. Scale bars are shown on the individual

images.
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Figure A2: Optical microscopy of samples S21-S24 which are duplicates of S2. Images are

shown at 5, 20 and 50 times magnification. Scale bars are shown on the individual

images.
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Figure A3: Optical microscopy of samples S31-S34 which are duplicates of S3. Images are

shown at 5, 20 and 50 times magnification. Scale bars are shown on the individual

images.
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Appendix B

Figure A4: Selected MS signals from samples SA-SC divided by the mass of the individual

samples. The plotted m/z value as well as the relevant species are shown on

each plot. Heating rate is 10 K/min and measurements were taken in a nitrogen

atmosphere. Sample masses can be found in Table 4.
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Appendix C

Figure A5: Raman data of samples S1-S3. The left plots show the intensity of the peak at

1002 cm−1 with the background intensity around the peak subtracted, compared

to the intensity of this background. For sample S1, the peak intensity seems to

follow the background intensity, but otherwise no clear trends are observed. The

right 3D plots display the full datasets.
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Appendix D

Figure A6: FTIR of sample Control on all days.
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Figure A7: FTIR of sample DTT2 on all days.

69



Figure A8: FTIR of sample DTT20 on all days.
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Figure A9: FTIR of sample DTT195 on all days.
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Appendix E

Figure A10: TGA curves of sample Control on all days.
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Figure A11: TGA curves of sample DTT2 on all days.
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Figure A12: TGA curves of sample DTT20 on all days.
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Figure A13: TGA curves of sample DTT195 on all days. The sudden mass loss observed on

Day 3 at around 120 ◦C is likely due to a small grain of the sample jumping out

od the crucible.
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Appendix F

Figure A14: DSC thermograms of all treated samples on all measured days. Note that the

measurement of DTT195 on day 1 should not be analyzed, as the crucible was

not properly hermetically sealed. Samples were measured in the temperature

range 30-200 ◦C at 10 K/min with a gas flow of 40 ml/min protective and 60

ml/min purge N2. Endotherm processes at positive heat flow values. Sample

masses can be found in Table 5
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Figure A15: Direct comparison of first and last DSC thermograms from all four treated

samples. Top: measurements from day 1 (Control, DTT2, DTT20) and day

4 (DTT195). Bottom: measurements from day 20 of all four samples. The mea-

surement of DTT195 on day 1 was not used, as the crucible was not properly

hermetically sealed. All samples were measured in the temperature range 30-200
◦C at 10 K/min with a gas flow of 40 ml/min protective and 60 ml/min purge

N2. Endotherm processes at positive heat flow values. Sample masses can be

found in Table 5
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Appendix G

Figure A16: TGA-FTIR-MS data for SA at a greater temperature range (28-255 ◦C). Heating

rate is 10 K/min, and a gas flow of 20 ml/min protective N2 and 20 ml/min purge

N2 was used. Samples mass can be found in Table 4.
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