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Chapter 1

Introduction

"Look within;
everything you want, you already are.

"As you start to walk on the way,
the way appears.”

Rumi – Persian poet, 1207-1273

I
ron deficiency in the human body is one of the most important nutrition prob-
lems to solve. Sufficient amount of iron in the human body is essential for proper

respiration 1. While a normal healthy person takes roughly a thousand breaths per
hour without even noticing, adequate amount of iron is required for production of
hemoglobin molecules in red blood cells which are responsible for oxygen transport
throughout the body. Therefore, it is urgently vital to contribute to solving the global
issue of iron deficiency which has reached epidemic proportions in developing coun-
tries2. This chapter is concerned with the importance, challenges, and strategies of
overcoming iron deficiency.

General introduction on nutrients

Nutrients are chemical substances that are consumed by the human body to perform
essential functions and maintain health. In general, the required nutrients for the
human body are classified into two main categories; macronutrients and micronu-
trients. Macronutrients, which provide the human body with energy, are the nutri-
ents needed in relatively larger amounts (gram quantities per day) such as proteins,
carbohydrates, and fats 3. In contrast, micronutrients like minerals and water- or
oil-soluble vitamins4 are nutrients that are required in relatively smaller amounts,
typically less than 100 mg per day 5. The mentioned macronutrients and micronutri-
ents plus water are the six essential dietary nutrients which must be obtained from
the food since the human body cannot produce them.

The small amounts of micronutrients daily requirements for the human body is
not a sign of their lack of significance. Micronutrients (i.e., vitamins and minerals)
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1 | Introduction

play a vital role in optimal physiological functioning of the human body6. On the
other hand, "Themore themerrier." does not hold formicronutrients. While being cru-
cial, exceeding the upper limit level of micronutrients intake can cause toxic effects
leading to health problems depending on the dose and duration of intake 7.

Micronutrients deficiencies

According to the World Health Organization (WHO), it is estimated that more than
2 billion people in the world suffer from key vitamins and minerals deficiencies, also
known as ’hidden hunger’8–10. Numerous investigations have indicated that iron,
vitamin A, iodine, zinc, and calcium are the most deficient micronutrients that can
cause nutritional problems with serious consequences9,11,12. Micronutrients deficien-
cies can be caused by, among others, poor nutritional intake or uptake (absorption),
health conditions, medications, gender, and age 13,14. Although over the past decade
an increasing number of people, particularly in developing countries, have gained
access to sufficient food 15, having enough (or even a lot of) food does not guarantee
nutritionally adequate food 16,17. Furthermore, keeping the price of micronutrient-
rich food products to minimum has always been an issue to maintain a well-balanced
diet that meets the estimated average requirements of the nutrients 18,19.

Iron deficiency

Iron is the fourth most abundant element in the Earth’s crust and the most abundant
element by mass20. Moreover, iron is the most abundant transition metal in the hu-
man body as it is present in the metalloproteins such as hemoglobin21. On the other
hand, it is the most deficient micronutrient in the human body22, and this deficiency
can cause many diseases, leading to higher rates of morbidity and mortality23.

Iron deficiency in the human body can be caused by the iron losses through men-
strual blood losses, epithelial shedding of the intestine, urinary tract, and the skin24.
It has been reported that while the average daily iron intake by nutrition is 10 to
15 mg, the average iron uptake is only 1 to 2 mg25. Therefore, the iron should be
balanced by the diet24,26. The recommended daily allowance (RDA) for iron which
differs based on age, gender, and health condition is in the range of 7-27 mg2,25,27. On
the other hand, the tolerable upper intake level for adults is reported to be 45 mg/day.

Iron deficiency, receives significant attention due to the prevalence of iron defi-
ciency anemia from which more than 25% of the world’s population suffers23,28. Iron
deficiency anemia develops due to the insufficient iron to make hemoglobin in the
red blood cells which affects the transportation of oxygen2,29. According to WHO,
around 0.8 million deaths are attributed to iron deficiency anemia each year 30.
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Challenges upon addition of iron to foods

Iron is a challenging mineral to introduce to food products. Iron-containing com-
pounds may trigger precipitation in food products, for instance when added to fish
sauce 31. Furthermore, iron compounds can cause organoleptic changes to food prod-
ucts due to the color of the compound, metallic off-flavor, and oxidation of lipids 32.
In addition, the off-color can be caused by complexation of iron with phenolic com-
pounds that are abundant in plants and vegetables 33–36. This reactivity of iron with
phenolics is responsible for a change in the organoleptic properties of the food and
inhibits iron absorption 37,38.

Phenolic compounds consist of aromatic hydrocarbons with one or more hy-
droxyl groups directly on the aromatic ring 39. Provided that the structure of the
phenolic contains two hydroxyl groups with adjacent positions on the aromatic ring
(i.e., ortho-dihydroxyl groups), the reactivity with iron will result in off-color40. It
should be noted that deprotonation of these groups on the phenolic structure is a
prerequisite for complexation with iron. The reaction of these compounds with iron
(II) and iron (III) ions are shown in Figure 1.1.

It has previously been shown that the Fe(II)-phenolic is a colorless coordina-
tion complex41. However, this complex can undergo autoxidation in the presence
of oxygen leading to a more stable and colored Fe(III)-phenolic complex41–43. Be-
cause Fe(III) is a harder Lewis acid than Fe(II), the deprotonated phenolic (hard Lewis
base) can be stabilized by binding to Fe(III)41. Fe(III) complexation with the ortho-
diphenolic results in ligand-to-metal charge transfer (LMCT) phenomena. After com-
plexation, a negative charge is transferred from 𝜋-orbital of the phenolic to the shell
of d-orbital of the metal resulting in an energy gap which can be detected in the
visible region of the absorbance wavelength spectrum.

Colored

ColoredColorless

autoxidation

Figure 1.1 The reaction between Fe(III) (top) and Fe(II) (bottom) with the phenolic com-
pounds containing ortho-dihydroxyl groups.
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In the complexation process, up to three phenolic compounds can coordinate a
single iron ion. The stoichiometry of the phenolic to iron depends on several fac-
tors, for instance the phenolic chemical structure, iron oxidation state, the equilib-
rium (stability) constants of the complex, and most importantly pH. Higher pH of the
medium results in a higher degree of deprotonation of the phenolics and therefore
formation of coordinate complexes with higher number of phenolics. It should be
mentioned in this context that in the presence of iron, the pKa values of phenolics
tend to decrease and therefore deprotonation can occur at lower pH values44. Table
1.1 summarizes the effect of pH on the stoichiometry and the color of the coordination
complex of Fe(III) with phenolic (containing catecholate group)41.

In addition, the phenolics can undergo oxidation in the presence of iron (III)
which upon dimerization or polymerization results in dark-colored products 38. It
has been reported that phenolic oxidation in the presence of iron can occur at lower
pH values (0–3) than the autoxidation of phenolic (6-10)45.

Table 1.1 Observed colors, absorbance wavelength (_𝑚𝑎𝑥 ), and stoichiometry of Fe(III)-
phenolic (containing catecholate group) complexes at different pH values.

< 4

5-6.5

> 8

pH Stoichiometryλmax (nm)

670-700

540-590

490-520

Color

Red

Blue-Purple

Blue-Green

4



1

Strategies to overcome iron deficiency

Although there are several successful strategies that can contribute to combating
iron deficiency such as dietary diversification and supplementation, studies have
proven that fortification of food products with iron is the most efficient and cost-
effective approach46,47. In food fortification (i.e., the addition of essential nutrients
to foods48), factors such as selection of a functional food vehicle for the nutrient,
the bio-availability of the added nutrient in the human body, and at the same time
protecting sensory properties (e.g., flavor, color, and texture) of the fortified food, are
of great importance23,48.

The iron compounds which are used as food fortificants are divided into three
main categories. These categories are: water-soluble, poorly water-soluble (but sol-
uble in dilute acid), and water-insoluble (and poorly soluble in dilute acid), which all
have their own pros and cons.

Among the mentioned iron compounds, the water-soluble iron sources are the
preferred choice due to their high solubility in gastric juices and consequently the
high bio-availability of iron from them. However, the water-soluble iron compounds
of which ferrous sulfate is by far the cheapest and the most frequently used, are
known to affect the organoleptic properties of foods the most.
Several physical and chemical approaches are currently being used to control the
reactivity of iron ions by limiting their exposure to reactive phenolics 36. One strat-
egy to limit the exposure of iron ions to reactive phenolics of the food is the micro-
encapsulation of soluble iron-containing salts49. However, encapsulated iron can
lead to undesirable higher prices and therefore less acceptance by customers 50. An-
other approach to prevent the sensory changes is the use of strong molecular com-
plexes such as FeEDTA (Ferrazone ®) which reduces the reactivity of Fe ions while
providing similar relative bioavailability as ferrous sulfate∗ 52. However, the rela-
tively high costs and the concern that EDTA compounds may negatively influence
the metabolism of other essential minerals, or increase absorption of potentially-
toxic minerals limit consumer acceptance23.

Using other iron compounds such as ferrous fumarate and ferric saccharate that
falls under the category of poorly water-soluble but soluble in dilute acid is advanta-
geous due to the fewer sensory and organoleptic problems in the chosen food vehicle.
Furthermore, these poorly-soluble compounds have shown to be as bio-available as
ferrous sulfate23.

There is a considerable interest in using the third category of the iron compounds,
water-insoluble and poorly soluble in dilute acid, as iron fortificants for foods ow-
ing to their minimized effects on the organoleptic properties of the foods (because
insoluble compound is less reactive)23. Within this category, ferric pyrophosphate

∗Ferrous sulfate has been chosen as the reference and its bioavailability is 100 by definition 51.
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has attracted an extensive amount of attention because of its white/off-white appear-
ance and its application in industrial scale to fortify rice, dairy products, cereal-based
complementary food, and salt23,47,53. In general, pyrophosphate salts are good can-
didates for food additives and mineral supplements because of formation of color-
less and/or white and poorly water-soluble/water-insoluble compounds with most
metals 54–56 and therefore, they prevent introducing any undesired colors into food
products. However, due to their low solubility, the water-insoluble iron compounds
show relatively low bio-availability in the body which still remains a challenge.

Ferric pyrophosphate

Ferric pyrophosphate (Fe(III)PP), which is sometimes considered to be a poorlywater-
soluble iron compound as well, is of great interest in fortification of foods particularly
because of its dissolution behavior. It has been previously shown that Fe(III)PP salt is
very poorly soluble in the food relevant pH (3-7) which is the reason for the limited
reactivity of this salt with the fortified food vehicle. In addition, Fe(III)PP has low
solubility (< 5%) at pH 3 with enhanced dissolution to > 99% at pH 7–8 55 which is
beneficial for ensuring the bio-accessibility of iron from this fortificant. However, a
broad range of relative iron bio-availability values for Fe(III)PP have been reported in
the literature that may change depending on the processing of the foods 51. Effective
strategies such as down-sizing the particle size to micron or even nanometer range
have been proven to enhance the relative bio-availability of iron from Fe(III)PP to 82%
in the case of an iron-fortified wheat-milk infant cereal 51,57. In addition, micronized
Fe(III)PP is the suggested iron fortificant for fortification of other food vehicles such
as fluid milk, juice, soft drinks, and bouillon cubes23.
Despite the limited solubility of Fe(III)PP, it has previously been reported that addi-
tion of iron in the form of this salt cannot fully prevent discoloration in phenolic-rich
foods 58,59. One commonly used approach to avoid the undesirable reactions between
iron and phytochemicals present in the food is encapsulation 51. However, it usually
comes with a less customer acceptance due to the higher costs60,61.

Even though both strategies of downsizing and encapsulation have been suc-
cessful, finding a less complex and inexpensive approach to improve the function of
Fe(III)PP as an iron fortificant still remains a challenge. Recently, colloidal systems
such as colloidal Fe(III)PP salt have been studied with the purpose of being utilized
as novel iron delivery system for functional foods62. It has previously been reported
that coating colloidal Fe(III)PP with zein protein results in a decrease in the reactiv-
ity of iron with gallic acid, and an increase in the colloidal stability of the system for
months, compared to pure Fe(III)PP63. Furthermore, van Leeuwen and coworkers
showed that in the case in which the majority of the iron in Fe(III)PP is substituted
with a second (divalent) metal (mineral) such as Ca or Mg, a drastic decrease occurs
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in its reactivity with gallic acid, with respect to the pure colloidal Fe(III)PP. In addi-
tion, at lower iron content (< 5%), no discoloration is observed in the mixed system
after 5 h63. Therefore, embedding iron in an inorganic (colloidal) matrix has proven
to be a promissing strategy to reduce the reactivity of iron.

Outline of this thesis

In this thesis, we focus on multi-mineral pyrophosphate-based iron-containing com-
pounds with tunable design and properties for fortification of foods. Inspired by
naturally occurring (but not necessarily edible) minerals such as anapaite (i.e., a cal-
cium–iron phosphate mineral with the formula Ca2FeII(PO4)2·4H2O)64–66, we intend
to integrate iron in a second mineral salt matrix for two main goals: (i) decreasing
the iron-mediated solubility/reactivity in the food relevant conditions to preserve the
organoleptic properties of the food vehicle, and (ii) increasing the iron dissolution
from the designed multi-mineral pyrophosphate salts in the gastric and intestine-
relevant conditions to ensure sufficient bio-accessibility of iron (and other minerals).
Another benefit of these multi-mineral systems is the possibility of simultaneous
delivery of at least two minerals by the fortified-food vehicle. To this aim, we use
a second (divalent) mineral pyrophosphate salt with the following conditions: (i)
low solubility in the food pH range and (ii) high and fast dissolution in the gas-
tric and/or intestine pH ranges such as calcium pyrophosphate (CaPP). In contrast
to Fe(III)PP, most divalent metal pyrophosphate salts such as CaPP dissolve well (>
99%) at pH 3 but are poorly soluble (< 5%) at pH 7–867. Consequently, due to the
reversed dissolution behavior of Fe(III)PP and a second metal (mineral) pyrophos-
phate salt, we hypothesize that combination of calcium and iron in one matrix will
result in a unique pH-dependent dissolution behavior of the resulting multi-mineral
pyrophosphate salt.

Part I of the present thesis contributes to iron (III)-containing pyrophosphate
salts. In chapter 2, we prepare pure as well as mixed Ca-Fe(III) pyrophosphate salts
with the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) (0 ≤ x ≤ 1) by a fast and facile co-
precipitation method. The resulting mixed pyrophosphate salts are characterized
and their reactivity is explored in a black tea solution. We find that the mixed salts
with 0.14 ≤ x ≤ 0.35 in the general formula, which yield homogeneous amorphous
particles, can be potential dual-fortificants with tunable iron content.

In chapter 3, we explore the pH-dependent dissolution behavior of iron from
the mixed Ca2(1-x)Fe4x(P2O7)(1+2x) with 0.14 ≤ x ≤ 0.35. We find that besides the
potential for simultaneous delivery of twominerals, themain advantage of these salts
is that they show enhanced dissolution of iron at gastric pH up to a 4-fold increase,
compared to Fe(III)PP, which is an early indication for bio-accessibility of iron in
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them. Additionally, the salts with x ≤ 0.18 show an 8-fold decrease in iron dissolution
in the food-relevant pH range, with respect to Fe(III)PP.

The main goal of the chapter 4 is to get more insight into the reactivity of the
iron in the Fe(III)PP and the designed Ca-Fe(III) pyrophosphate salts (0.14 ≤ x ≤ 0.35)
with the phenolic compounds present in the foods. To this aim, the complexation of
a set of pure phenolics with different water-solubilities with the soluble iron from
Fe(III)PP and the mixed Ca-Fe(III) pyrophosphate salts in the food relevant pH was
explored. Furthermore, the oxidation of the selected phenolics in the presence of the
salts is investigated. Our findings show that these mixed pyrophosphate salts with x
≤ 0.18 can potentially be used as dual-fortificants with limited iron-mediated discol-
oration and oxidation in foods containing slightly water-soluble or water-insoluble
phenolics.

In Part II of this thesis we explore the possibilities of fortification of foods with
iron (II)-containing pyrophosphate salts with the key idea of diversity, meaning that
inclusion of not only calcium but also other minerals such as zinc and manganese
along iron is investigated. In chapter 5, similar to the first part, the pure and mixed
salts M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, whereM = Ca, Zn, or Mn) are prepared, characterized
and tested for their potential as multi-mineral food fortificants in a black tea solution
as a representative model system for phenolics in particular catechins. In this chapter
we show that ferrous pyrophosphate (Fe(II)PP) can be used as an iron fortificant as
it causes acceptable discoloration in a black tea solution, which is less than Fe(III)PP.
Moreover, our results suggest that in the case of M = Zn, the salt with the measured
x = 0.470 exhibited less color change and similar dissolved iron concentration in the
black tea solution, compared to Fe(II)PP. Furthermore, we find that the mixed salts in
which M = Mn with x ≤ 0.220 are the preferred salts for foods containing catechins
due to reduced color change and decreased soluble iron concentration up to 2.3-fold
in a black tea solution, with respect to Fe(II)PP.

In chapter 6, we demonstrate the pH-dependent dissolution profile of pure di-
valent metal pyrophosphate salts of iron (II), calcium, zinc, and manganese (i.e.,
Fe(II)PP, CaPP, ZnPP, and MnPP, respectively). We find that these salts are very
poorly soluble in the pH 4-7, while they dissolve well in pH 1-3. In addition, the iron
dissolution behavior from the mixed salts with the general formula: M2(1-x)Fe2xP2O7

(0 < x < 1, where M = Ca, Zn, or Mn) showed that all the mixed salts (M = Ca, Zn,
and Mn) had very limited iron dissolution (< 0.5 mM) in the moderate pH range (5-7)
while showing enhanced dissolved iron concentration in the gastric- and intestine-
relevant pH up to 5 and 1.3 mM, respectively. Furthermore, the dissolution of these
salts in the physiologically relevant conditions was investigated. Additionally, our
findings indicate that the pure Fe(II)PP and the mixed Fe(II)-containing pyrophos-
phate salts are expected to be biologically accessible and therefore, potential candi-
dates for dual-fortification of foods with iron and calcium, zinc, or manganese.
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The main goal of chapter 7 is to investigate the possibility of applying the mixed
M2(1-x)Fe2xP2O7 in combination with vitamin C for fortification of foods. We show in
this chapter that the oxidation of vitamin C in the presence of Fe(II)PP and the mixed
Fe(II)-containing pyrophosphate salts is very limited due to the oxidation state (+2)
and the low/slow dissolution of iron from these salts. We show that although the
presence of these salts enhances the oxidation of vitamin C, this is observed only up
to 1.5 times (compared to autoxidation of vitamin C in pure water) over 48 h, which
is equal to only ≈ 4% loss of vitamin C. Our findings show that the mixed divalent
metal Fe(II)-containing salts with the relatively lower iron contents (x = 0.06, 0.086,
and 0.053 where M = Ca, Zn, and Mn respectively) are potential dual-fortificants that
do not increase the oxidation of vitamin C over 48 h, compared to its autoxidation in
water.

In Part III of this thesis, we challenge the notion that cooperative binding only
happens in complicated biological systems like hemoglobin. To this aim, in chap-

ter 8we choose a terpyridine-functionalized polymer as a model system to study the
cooperative binding behavior of iron onto terpyridine functional groups on the poly-
mer backbone and compare to terpyridine in its monomer form. We show for the first
time that cooperativity occurs in such systems in a two-phase set-up of water and oil
that are in contact with each other. At low iron concentrations, the polymer chains
reside in the oil phase (their ground state) due to their hydrophobicity. However, in-
creasing the iron concentration beyond a certain level in the water phase results in a
sharp transition of the polymer chains from the oil to the water phase and a sudden
increase in occupancy of the terpyridine functional groups on the polymer chains
with iron. This dramatically steeper response, compared to terpyridine monomer,
which is observed over a small range of free iron concentration is explained by the
competition between the hydrophobic free energy of the polymer and binding of
iron ions onto the terpyridine functional groups on the polymer chains in the wa-
ter phase. The cooperative binding of iron onto terpyridine-functionalized polymers
is explained and modeled by a modified formulation of MWC theory68 which was
originally introduced to describe the allosteric binding of oxygen on hemoglobin.
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Chapter 2

Mixed Fe(III)-containing pyrophosphate salts:
Design and characterization for

dual-fortification of foods

Abstract
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Iron fortification of food products is challenging due to the interactions arising be-
tween iron and food phytochemicals which can result in drastic changes in the
organoleptic properties of the food. Consequently, integration of iron in an edi-
ble carrier which reduces its reactivity is a promising approach. This study was
conducted to design and characterize mixed Ca-Fe(III) pyrophosphate salts with
the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) as a potential simultaneous delivery sys-
tem for iron and calcium. The salts were synthesized via a co-precipitation method
and characterized by TEM-EDX, XRD, and FT-IR. All mixed salts with measured 0.14
≤ x ≤ 0.35 yielded homogeneous, amorphous particles. To assess the reactivity of
the iron in these salts, the discoloration of a black tea model solution exposed to
them was quantified by UV-Vis and ICP-AES. The results indicate that these mixed
salts can be potential dual-fortificants with tunable iron content.

This chapter is based on N. Moslehi, J. Bijlsma, W. K. Kegel, and K. P. Velikov, “Iron-
fortified food product”, WO2022048952A1 (2022).
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"If the eye of the heart is open, in each atom
there will be one hundred secrets."

Attar of Nishapur – Persian poet, 1146-1221

2.1 Introduction

As it was mentioned in chapter 1, a commonly used strategy to introduce iron to
foods is the use of water-insoluble, or poorly water-soluble salts such as iron (III) py-
rophosphate (Fe(III)PP) 1–3. In food research, Fe(III)PP receives an extensive amount
of attention and it is often used in iron fortification of food products such as infant
cereal and chocolate drink powders4–6. The low solubility of iron from Fe(III)PP re-
duces its impact on the organoleptic properties of the fortified food, but results in
low iron bioavailability 7. Micronization (i.e., downsizing the particle size to micron
range, e.g. 0.3 to 0.5 `m) and emulsification techniques have been used to improve
the bioavailability of Fe(III)PP. While the process of micronization has the advantage
that it does not affect the organoleptic properties of the food, its high cost currently
limits its use 7,8. Even though solubility of (micronized) Fe(III)PP is limited (in the
pH range of 3-6), the addition of Fe(III)PP to phenolic-rich foods or model systems
still results in discoloration9,10. Fe(III)PP has also been incorporated with secondary
minerals for higher efficiency and multipurpose applications 11,12. An example of this
is the co-fortification of Fe(III)PP with zinc sulfate in extruded rice 13. Furthermore,
Fe(III)PP has been used in combination with citric acid or trisodium citrate in rice
grains 14 and with sodium pyrophosphate in bouillon cubes 15 for relatively higher
storage stability.

Inspired by nature, the main goal of the work presented in this chapter is to
integrate iron ions in an inorganic poorly water-soluble matrix of another mineral
as a carrier. Anastasenkoite (CaFeIIP2O7) 16 and anapaite (Ca2FeII(PO4)2·4H2O) 17,18

are examples of naturally occurring but not necessarily edible mixed phosphates of
multivalent metal salts 18,19. We particularly focus on pyrophosphate salts because
pyrophosphate anions form colorless and/or white and water-insoluble compounds
with most metals2,3,20. This makes these salts good candidates for food additives
and mineral supplements as they prevent introducing any undesired colors into food
products. To maintain the organoleptic properties and (chemical) stability of the
fortified food vehicle, iron dissolution from the iron-containing compound should
ideally be limited in the pH range from 3-7, which is the pH range of most common
food and beverages 10. Due to the low water-solubility of both calcium pyrophos-
phate (CaPP) and Fe(III)PP salts, it is expected that the combination of Ca and Fe(III)
in one (pyrophosphate) matrix will still result in low water-solubility. Although any
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non-iron divalent metal (e.g. Zn, Ca, Mg, or Mn) could be used, Ca is selected due
to its higher recommended nutrient intake and consequently less risk of overdosing
compared to the other divalent metals21. Besides decreasing the reactivity of iron by
embedding it in another less chemically reactive mineral carrier, the main advantage
of these systems is that they can be used for simultaneous delivery of another es-
sential mineral along with iron, in this case calcium. In this chapter, we explore the
possibility to design mixed Ca-Fe(III) pyrophosphate salts with the general formula,
Ca2(1-x)Fe4x(P2O7)(1+2x) (0 ≤ x ≤ 1), as a potential delivery system for two essential
minerals. To this end, we develop a detailed synthesis for and perform in-depth char-
acterization of such mixed salts. The range of the ratios of iron to calcium is guided
by the Recommended Dietary Allowance (RDA)22,23. Co-precipitation is used as a
synthesis method in order to embed iron (III) ions homogeneously into the calcium
pyrophosphate matrix. Finally, the designed salts are tested for their reactivity using
a black tea model solution. The main aim of this study is to design mixed Ca-Fe(III)
pyrophosphate salts with maximum iron content which shows no physical segrega-
tion as well as decreased reactivity compared to iron (III) pyrophosphate.

2.2 Materials and methods

2.2.1 Materials

Iron (III) chloride hexahydrate (FeCl3.6H2O, > 99 wt.%), tetrasodium pyrophosphate
decahydrate (Na4P2O7.10H2O, > 99 wt.%), calcium dichloride (CaCl2, > 93 wt.%), and
nitric acid (HNO3, 65 wt.%) were obtained from Sigma Aldrich (St. Louis, MO, USA).
Ethanol absolute ( ≥ 99 wt.%) was obtained from VWR International (Radnor, PA,
USA). The Milli-Q (MQ) water used was deionized by a Millipore Synergy water
purification system (MerckMillipore, Billerica, MA, USA). The tea used for preparing
the tea solutions was an Original English tea blend from Pickwick® (Amsterdam, The
Netherlands).

2.2.2 Preparation of pure and mixed metal salts

Pure salts

Pure salts were synthesized as references for comparative purposes. The preparation
method was a well-established co-precipitation procedure described elsewhere 3,20.
Firstly, solutions of 0.857 mmol FeCl3.6H2O and 1.286 mmol CaCl2 in 50 ml of MQ
water were prepared independently. Following this, the solutionswere added quickly
(within 5 seconds) to a solution of 0.643 mmol Na4P2O7.10H2O (NaPP) in 100 ml of
MQ water in order to prepare iron (III) pyrophosphate (Fe4(P2O7)3, Fe(III)PP) and
calcium pyrophosphate (Ca2P2O7, CaPP), respectively. This was donewhile the NaPP
solution was stirring vigorously (∼ 400 rpm) with a magnetic stir bar. In both cases,
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a turbid white dispersion was formed a few seconds after the addition. The samples
were then centrifuged at 3273 × g for 15 minutes in 50 ml volume polypropylene
conical centrifuge tubes using an Allegra X-12R Centrifuge (Beckman Coulter, Brea,
CA, USA). This was followed by washing the precipitate with MQ water twice. The
sediment was then post-treated by ultrasonication at 40 kHz for 10 minutes using a
CPX8800H ultrasonic cleaning bath (Branson UltrasonicsTM, Brookfield, CT, USA),
after which they were dried overnight in an oven at 45 °C (Fe(III)PP: 59% and CaPP:
74% yield).

Mixed salts

The mixed Ca-Fe(III) salts were prepared by the same procedure as the pure salts, by
addition of 50 ml of a mixed solution of FeCl3.6H2O and CaCl2 in MQ water to a so-
lution of NaPP with a fixed concentration of pyrophosphate ions (6.43 mM, 100 ml).
Eight salts containing various Ca to Fe(III) ratios were prepared, generally named as
Ca2(1-x)Fe4x(P2O7)(1+2x) (0 ≤ x ≤ 1), for different theoretical x-values (i.e., 0.005, 0.006,
0.007, 0.011, 0.021, 0.051, 0.100 and 0.260, coded as Mix1 to Mix8). After adding the
mixed solution to NaPP the eight solutions were stirred vigorously (∼ 400 rpm) with
a magnetic stir bar (final concentration of NaPP: 4.29 mM). In all ratios, a turbid
white or off-white dispersion was formed a few seconds after the addition. The sam-
ples were then centrifuged, washed, post-treated in an ultrasonic bath, and dried in
an oven following the same procedure explained for the pure salts. It is worth recall-
ing here that the x-values in the general formula indicate the mineral composition of
the salts. These values were chosen based on the average nutritional requirements
for the human body (i.e., 1000 mg calcium and 15 mg iron intake per day24). Conse-
quently, the mole ratios were calculated based on which the x-value was found in the
structural formula. The molar ratio of total metal ions (i.e., [Ca] + [Fe], final concen-
tration: 8.573 mM) to pyrophosphate ions was based on the stoichiometry of CaPP.
The average yield of the prepared mixed salts was 67.3 ± 4.2%. Standard deviation
was calculated based on three independent syntheses of all the mixed salts.

2.2.3 Characterization methods

Transmission ElectronMicroscopy (TEM) and Energy-Dispersive X-ray spectroscopy
(EDX)

Water dispersions of the salts were dried on a carbon-coated copper grid and ana-
lyzed by transmission electron microscopy (TEM) and energy-dispersive X-ray spec-
troscopy (EDX). This was performed on a TalosTM F200X (Thermo Fisher Scientific,
San Jose, CA, USA) operated at 200 kV. The elemental composition of the mixed salts
was obtained from EDX and used for finding the experimental (measured) x-value
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based on the general formula of the mixed salts. The ratios of the atomic percent-
ages (i.e., Ca/Fe = 2(1-x)/4x , Ca/P = 2(1-x)/2(1+2x), and Fe/P = 4x/2(1+2x)) were used to
find x in the structural formula Ca2(1-x)Fe4x(P2O7)(1+2x). The average x-value for each
mixed salt was reported with a standard deviation based on 3 replicate preparations
of the salts and 3 independent measurements. The average x-values were incorpo-
rated in the general formula of the mixed Ca-Fe(III) pyrophosphate salts to obtain the
final chemical formula of the salts. For salts with heterogeneous morphology, this
procedure was done separately on the different morphological phases.

High-Angle Annular Dark Field Scanning TEM (HAADF-STEM)

High-angle annular dark-field scanning TEM (HAADF-STEM) was performed on a
TalosTM F200X (Thermo Fisher Scientific, San Jose, CA, USA) operated at 200 kV.
The elemental mapping was recorded by assigning a color to each element. Color
indications are as follows: calcium: green, iron: red, and phosphorus: blue.

X-Ray Diffraction (XRD)

The dried powders of the salts were analyzed at room temperature with an AXS
D2 Phaser powder X-ray diffractometer (Bruker®, Billerica, MA, USA), which was
equipped with a LYNXEYE® detector in Bragg-Brentano mode. The radiation used
was cobalt K𝛼 1,2, _ = 1.79026 Å, operated at 30 kV, 10 mA for 2\ = 5 to 70 degrees. A
silicon holder was used and the measurements were repeated twice on the salts from
independent synthesis batches.

Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR measurements were done on dried powders of the samples by an FT-IR spec-
trometer (PerkinElmer, Waltham, MA, USA), using the KBr pellet technique25. 2.5 mg
of each salt was mixed thoroughly with 250 mg of KBr (FT-IR grade) and dried in an
oven at 60 °C overnight. Pellets were prepared using a press and the measurements
were done in independent duplicate. The interferograms were accumulated over the
spectral range of 1600 – 400 cm-1 using a resolution of 4 cm-1, with a background
spectrum recorded before each measurement.

2.2.4 Assessment of the reactivity of selected mixed salts in a black tea so-
lution

To assess the reactivity of the iron in themixed Ca-Fe(III) pyrophosphate salts, a black
tea solution was used as a model system. Ground tea leaves of Original English blend
(Pickwick®) were added to boiling MQ water (1 g of tea leaves in 100 ml of water).
After stirring for 3 minutes, the tea leaves were filtered out using 1541-125 cellulose
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filter papers (Whatman®, Maidstone, UK). Selected mixed and pure Fe(III)PP salts
with a normalized concentration of iron (i.e., 1.05 mg Fe in 100 ml tea) were added
to the tea solution (pH ∼ 5.13 ± 0.13). For comparison, CaPP with a normalized con-
centration of 2.31 mg Ca in 100 ml tea (i.e., the concentration of Ca in the salt with
the highest calcium content) was added as well. After stirring for 10 minutes using
an RCT basic stirrer (IKA-Werke, Staufen, Germany), the tea solutions were filtered
first over Whatman® cellulose filter papers and second over a 17845-ACK Minisart®

NY polyamide (nylon) filter with 0.2 micron pore size, (Sartorius, Göttingen, Ger-
many). During the procedure, the temperature was kept constant at approximately
90 °C. The residues on the filter papers were washed with ethanol to remove any
unbound phenolics. The discoloration of the filtered tea solutions was quantified by
ultraviolet-visible light (UV-Vis) spectroscopy at room temperature. UV-Vis spectra
of the tea solutions were recorded on a Lambda-35 spectrophotometer (PerkinElmer,
Waltham, MA, USA), using quartz cuvettes. The increase in absorbance at 550 nm
compared to the blank black tea solution was used to quantify the iron-phenolic
complexation 1. All the measurements were done in independent triplicate and the
average values along with standard deviations were reported. The colors of the tea
solutions were visualized by taking an image of all tea solutions standing next to
each other illuminated with a uniform light source at room temperature. The images
were evaluated using the online ImageColorPicker color conversion tool to the 𝐿∗𝑎∗𝑏∗

color space (i.e., 𝐿∗ dark or light, 𝑎∗ red vs. green, 𝑏∗ yellow vs. blue) (Table 2.1 of
Appendix 2.A). The concentration of the iron released from the salts in the tea solu-
tions was measured by elemental analysis using ICP-AES. ICP-AES was performed
on the tea solutions using an Optima 8300 instrument (PerkinElmer, Waltham, MA,
USA). The samples were dissolved in 10 ml of a 2% HNO3 solution to achieve optimal
measurement concentration ranges. Themeasurements were performed in triplicate.
Statistical analysis was carried out to evaluate the significance of differences in iron
concentration (significant at p < 0.05).

2.3 Results and discussion

2.3.1 Characterization of the pure calciumand iron (III) pyrophosphate salts

The morphology of the pure CaPP and Fe(III)PP salts was analyzed by electron mi-
croscopy, Figure 2.1. The dried dispersions of CaPP and Fe(III)PP showed notice-
ably different morphologies. The TEM images for CaPP showed large micron-sized
needle-shaped aggregates (Figure 2.1 A), which is in line with a previous study26.
However, the TEM image results for Fe(III)PP showed formation of large intercon-
nected aggregates of irregularly shaped particles with an individual size of roughly
25 nm, see Figure 2.1 A.
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Figure 2.1 Characterization of the pure CaPP and Fe(III)PP salts. (A) TEM images of
CaPP and Fe(III)PP, representing the difference between calcium and iron (III) pyrophosphate
salts morphologies. CaPP forms large aggregates of micron-sized needles whereas Fe(III)PP
yields large interconnected aggregates of irregularly shaped particles with an individual size
of roughly 25 nm. (B) Comparison between XRD diffractograms of the two pure pyrophos-
phate salts shows that CaPP is crystalline, whereas Fe(III)PP is amorphous. (C) For the same
reason, the FT-IR absorbance of the chemical bonds in the pyrophosphate ions appears sharp
and strong for CaPP, and broad and smooth for Fe(III)PP.

It has been previously shown that the degree of crystallinity in metal pyrophos-
phate particles can strongly depend on the valence of the metal ion 3. This has been
confirmed by XRD diffractograms and FT-IR spectra of the pure CaPP and Fe(III)PP
salts in this work as well. The X-ray diffraction pattern for CaPP indicated clear
signals of crystallinity, while for Fe(III)PP it showed only noise and a broad peak in-
dicating an amorphous structure for this salt (Figure 2.1 B). The XRD diffractograms
of CaPP and Fe(III)PP are consistent with previous studies 3,20. However, we observed
a strong, sharp signal at approximately 2\ = 9.2 degree for CaPP (Figure 2.1 B) that
was not observed previously 3,20. This could be because of different crystalline struc-
tures from the fast co-precipitation method compared to the preparation of colloidal
particles 3 or solid-state preparation at high temperatures27. Moreover, ultrasonica-
tion treatment on the salts could have led to induced crystallinity and heterogeneous
nucleation28. The observed amorphous structure of Fe(III)PP is suggested to be a re-
sult of the so-called valence mismatch of the metal (Fe3+) and pyrophosphate (P2O7

4-)
ions20. Therefore, the complicated stoichiometry required to reach neutrality results
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in an amorphous matrix for Fe(III)PP in a fast co-precipitation process, while calcium
and pyrophosphate ions can form electroneutral crystalline unit cells more easily 3.

The details of chemical bonding in both the CaPP and Fe(III)PP were investigated
by FT-IR spectroscopy (Figure 2.1 C). The FT-IR spectrum for CaPP showed sharp and
well-defined bands, whereas the peaks appeared broad and smooth for Fe(III)PP at
the same wavenumbers. The sharper and well-defined bands were expected for crys-
talline materials. Spectral broadening in Fe(III)PP was a result of the pyrophosphates
having to accommodate more types of bonding to reach neutrality29, and indicates
the amorphous nature of Fe(III)PP 3,30. Despite a difference in broadness, peak posi-
tions of the main peaks matched with each other because the pyrophosphate groups
are the main vibrationally active species. The characteristic peaks attributed to bend-
ing of O-P-O bonds in the P2O7 groups appeared around 500-600 cm-1. The signals
observed at 745 and 945 cm-1 were assigned to symmetric and asymmetric vibrations
in P-O-P, respectively, and the peaks in the range of 1000 to 1200 cm-1 corresponded
to P-O stretching vibration frequencies. All the peaks observed for the P2O7

4- anion
are similar to previous reports 30–32.

2.3.2 Characterization of the mixed Ca-Fe(III) pyrophosphate salts

The morphology and chemical composition of the mixed metal salts, designed with
0.005 ≤ x ≤ 0.260 in the general formula Ca2(1-x)Fe4x(P2O7)(1+2x), (coded as Mix1-
Mix8) were characterized by electronmicroscopy (Figure 2.2). TEM images of the salt
with the lowest iron content, Mix1, indicated a single phase of micron-sized needle-
shaped aggregates (Figure 2.2 A). The measured x-value was 0.009, as determined
from EDX measurements (Figure 2.2 B).

Detailed analysis of the TEM images and EDX results suggest that integrating
Fe(III) as a second metal in the CaPP matrix can yield local segregation and coexis-
tence of twomorphological phases: a crystalline needle-shaped phase with relatively
low Fe content, and amorphous irregularly shaped aggregates with higher Fe content
(i.e., higher x-value). Samples Mix2 to Mix5 appeared to be a mixture of an iron-rich
phase (mostly irregularly shaped particles) and a calcium-rich phase (needle-shaped
particles) (Figure 2.2 A). EDX quantification indicated that the sample Mix2 is a mix-
ture of micron-sized needles with x = 0.012 and irregularly shaped aggregates with x
= 0.455 (Figure 2.2 B). Similarly, in both samples, Mix3 and Mix4, micron-sized nee-
dles and irregularly shaped aggregates were in coexistence, with the latter yielding
higher x-values. In the case of the sample Mix5, the measured x-value was equal
to 0.020 for the irregularly shaped aggregates, while the ellipse-shaped aggregates
remained ill-defined in this salt. These ill-defined particles can be oxide or hydrox-
ide sediments of iron (III) formed during the synthesis or drying procedures (Figure
2.2 A and Figure 2.6 of Appendix 2.A). The formation of the Ca-rich and Fe-rich
phases of particles, resulting in different measured x-values (from EDX quantifica-
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tion), might be explained by the possibility for phase separation in the resulting solid
solutions 33,34.

2 µm

500 nm

200 nm

200 nm 500 nm

Mix1

200 nm

200 nm 1 µm

Salt code Mix1 Mix2 Mix3 Mix4 Mix5 Mix6 Mix7 Mix8

Designed x 0.005 0.006 0.007 0.011 0.021 0.051 0.10 0.26

Measured x 0.009±0.001 (N)
0.012±0.004 (N) 0.017±0.007 (N) 0.003±0.001 (N) ill-defined (E)

0.140±0.040(I) 0.150±0.050 (I) 0.350±0.070 (S)

0.455±0.007 (I) 0.223±0.089 (I) 0.033±0.001 (I) 0.020±0.005 (I)

(A)

Mix2 Mix3 Mix4

Mix8Mix7Mix6Mix5

(B)

Figure 2.2 Morphology and chemical composition of themixedCa-Fe(III) pyrophos-
phate salts. (A) Morphology of the mixed Ca-Fe(III) pyrophosphate salts, coded as Mix1 to
Mix8, obtained from TEM imaging. Comparison indicates that the Fe(III)-containing salts
Mix1 and Mix6 to Mix8 are present in identical homogeneous morphologies, whereas the
samples Mix2 to Mix5 show segregation into two coexisting structural phases. (B) The mea-
sured x-value for the mixed Ca-Fe(III) pyrophosphate salts obtained from EDX quantification.
Salts Mix2 to Mix5 show different measured x-values for the coexisting morphologies, while
the salts Mix1 and Mix6 to Mix8 have identical x-values. The morphology of the aggregates
is indicated by (N) needle-shaped, (I) irregularly shaped, (E) ellipse-shaped, and (S) spherical.

The salts Mix6 to Mix8 showed uniform morphologies and chemical composi-
tions. For Mix6 and Mix7, irregularly shaped aggregates of 50 to 80 nm in size were
observed, (Figure 2.2 A). These morphologies were similar to the Fe(III)PP particles
morphology and the x-values corresponding to these two salts were measured to be
0.140 and 0.150, respectively (Figure 2.2 B). Interestingly, TEM images of the mixed
salt with the highest iron content, Mix8, showed almost perfect spherical particles
(Figure 2.2 A), for which the x-value was measured to be 0.350 from EDX quan-
tification (Figure 2.2 B). The formation of well-defined needle-shaped or spherical
particles can be caused by the ultrasonication treatment in the preparation method.
Ultrasound energy fields have been shown to aid shape changes in particles by lo-
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cally overcoming energy barriers for specific structures 35 (Figure 2.7 of Appendix
2.A). The possible effects of ultrasonication treatment on the morphology of these
particles are currently being studied separately.

The elemental distribution in the mixed Ca-Fe(III) pyrophosphate salts with uni-
form morphologies (i.e., measured 0.14 ≤ x ≤ 0.35) was explored by HAADF-STEM.
Homogeneous distribution of the elements Ca, Fe and P was observed by elemental
mapping of the mixed salts Mix6 toMix8 (Figure 2.3 A). The corresponding dark-field
scanning TEM images of each elemental mapping are shown in Figure 2.3 B as well.

200 nm20 nm20 nm

Mix6

x = 0.14

Mix7

x = 0.15

Mix8

x = 0.35

(A)

(B)

Figure 2.3 Elemental distribution in the selected mixed Ca-Fe(III) pyrophosphate
salts. (A) Elemental mapping performed by HAADF-STEM on Mix6 (x = 0.14), Mix7 (x = 0
.15) and Mix8 (x = 0.35). Color indications are as follows: calcium (Ca): green; iron (Fe): red;
and phosphorous (P): blue. Elemental mapping clearly shows homogeneous distribution of
the elements in these salts. (B) The corresponding dark-field images.

The crystallinity of the mixed Ca-Fe(III) pyrophosphate salts was investigated
by X-ray powder diffraction analysis (Figure 2.4 A). The XRD diffractograms of the
mixed salts were not in agreement with any existing XRD reference patterns in the
international center for diffraction data (ICDD, https://www.icdd.com). In gen-
eral, comparing the XRD patterns of the mixed salts to the diffraction peaks of the
CaPP specified the gradual transformation of crystalline structures upon increasing
iron content in these samples. Similar to the CaPP, the XRD patterns of the mixed
Ca-Fe(III) pyrophosphate salts Mix1 to Mix5 (i.e., measured 0 ≤ x < 0.14), show con-
sistent sharp peaks which were clear signs of crystalline structures in these salts 3.
The intensity of the diffraction peak at 9.2 degree (peak a), which appeared sharp and
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strong for CaPP, decreased in the mixed Ca-Fe(III) pyrophosphate salts. Ultimately,
this peak dissapeared in the salt Mix4.
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Figure 2.4 Crystallinity and the details of chemical bonds in the mixed Ca-Fe(III)
pyrophosphate salts. (A) XRD diffractograms and (B) FT-IR spectra of the mixed Ca-Fe(III)
pyrophosphate salts. The XRD diffractograms and FT-IR spectra of the pure CaPP (x = 0) and
Fe(III)PP (x = 1) are shown for comparison. (A) For the salts Mix1-Mix5 and CaPP (0 ≤ x <

0.14) samples show clear signals for crystalline structure. The diffractograms for the salts
Mix6-Mix8 and Fe(III)PP (0.14 ≤ x ≤ 1) exhibit broad smooth peaks which indicate amorphous
structures. (B) Positions of the peaks correspond to the chemical bonds in the pyrophosphate
ions coincide between themixed salts. Sharp and strong peaks are observed for the crystalline
pyrophosphate salts Mix1-Mix5 and CaPP (0 ≤ x < 0.14), whereas broad and smooth peaks
are obtained for the amorphous salts Mix6-Mix8 and Fe(III)PP (0.14 ≤ x ≤ 1).

The diffraction patterns of the mixed salts in the range of 13-15 degrees (peaks
b-d), 22.5 degree (peak e), and 32-34 degrees (peaks f-h) indicate the presence of dis-
tinct crystalline phases and polymorphs in their structures. Peaks b, d, and g ap-
peared with maximum intensity in the salt Mix1. A gradual decrease was observed
upon increasing iron content in the salts Mix2, Mix3, and Mix4, and eventually the
peaks disappeared in the salt Mix5. Furthermore, the reflections c, e, f, and h slightly
grew and reached a maximum at Mix4. However, the intensity of these peaks was
drastically reduced in the salt Mix5 and reached zero in the samples Mix6-Mix8 (0.14
≤ x ≤ 0.35).

Finally, the mixed Ca-Fe(III) pyrophosphate salts Mix6 to Mix8 (0.14 ≤ x ≤ 0.35)
and Fe(III)PP (x =1) showed no distinct diffraction peaks in their X-ray diffractograms
which was a clear indication of an amorphous structure. The one exception to this
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was in the sample Mix7 (x = 0.15) which showed two weak peaks at 10 and 14 degree.
This could be related to ultrasonication-induced crystallization of the pyrophosphate
salts 3,28 which is out of the scope of the present study. Nonetheless, no sign of
crystalline needle-shaped aggregates with iron or calcium dominant regions was ob-
served in the TEM images of this sample (Figure 2.2 A).

The details of chemical bonds in the structure of the mixed Ca-Fe(III) pyrophos-
phate salts were explored by FT-IR spectroscopy (Figure 2.4 B). The analysis of the
FT-IR spectra of the mixed salts showed that peak positions coincided between the
salts because the vibrations only correspond to the chemical bonds present in the py-
rophosphate ions. Pyrophosphate vibrations showed sharp and strong peaks for the
crystalline salts with measured 0 ≤ x < 0.14, while the same peaks appeared broad
and smooth for amorphous samples with measured 0.14 ≤ x ≤ 1. The peak positions
coincided with the values observed for pyrophosphate in the individual CaPP and
Fe(III)PP salts as discussed in section 2.3.1.

2.3.3 Assessment of the reactivity of selected mixed salts by discoloration
of a black tea solution

Black tea was chosen as a model system to investigate the reactivity of the mixed Ca-
Fe(III) pyrophosphate salts in foods as, after water, it is the most widely consumed
beverage in the world 36. Black tea contains a considerable amount of phenolic com-
pounds that can trigger discoloration in the presence of iron ions, via iron-mediated
complexation and oxidation 37–39. According to what was discussed above, the mixed
Ca-Fe(III) pyrophosphate salts Mix6-Mix8 are most desirable for the main application
of this study as they present uniform morphologies and homogeneous distribution
of the elements (i.e., Ca, Fe, P). On the contrary, the samples Mix2-Mix5 with two
coexisting phases are not further investigated for their reactivity in a black tea solu-
tion. This is because of the presence of multiple structural phases and hence different
chemical compositions that can result in unpredictable dissolution or reactivity be-
haviors of the salts. Furthermore, despite having a homogeneous morphology, the
salt Mix1 is not particularly suitable for food application because of the specific shape
and size of its aggregate, in addition to having a very low iron content 3,40.

The black tea model solution was exposed to the three selected mixed Ca-Fe(III)
pyrophosphate salts (i.e., Mix6, Mix7, andMix8), aswell as the pure CaPP and Fe(III)PP
salts (final pH of the solutions: 5.13 ± 0.13). The discoloration of the tea solution,
caused by iron ions released from the salts after filtration is shown in Figure 2.5 A.
Exposing the tea solutions to 1.05 mg Fe in the form of the pure Fe(III)PP and mixed
Ca-Fe(III) pyrophosphate salts for 10 minutes, resulted in the darkening of the tea
solutions compared to the reference, the pure black tea solution. The visual color
comparison between tea solutions showed that surprisingly, the discoloration in-
duced by these salts was a non-monotonic function of their iron content. The salts
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Mix6 (x = 0.14), Mix7 (x = 0.15), and Fe(III)PP (x = 1) resulted in visually similar dis-
colorations in the black tea solution. However, exposing the tea solution to Mix8 (x
= 0.35) increased the discoloration and resulted in the darkest tea solution compared
to all other salts.
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Figure 2.5 The reactivity assessment by exposure to a black tea solution. (A) Images
show discoloration of the black tea solution after 10 minutes exposure to the pure salts CaPP
(x = 0), Fe(III)PP (x = 1), and the mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, and
0.35 compared to the blank tea solution (pH ∼ 5.13 ± 0.13). (B) Increase in absorbance of
the tea solutions compared to the blank black tea solution measured at 550 nm by UV-Vis
spectroscopy (blue squares, primary y-axis) and concentration of the dissolved Fe in the tea
solution is determined by ICP-AES (orange circles, secondary y-axis). The horizontal lines cor-
respond to the absorbance of the tea solution (blue, dotted) and the Fe concentration (orange,
dashed) obtained for the tea solution exposed to Fe(III)PP.

The results obtained from the UV-Vis absorbance of the tea solutions are shown
in Figure 2.5 B. The UV-Vis absorbance of the tea solutions was consistent with the
discoloration (Figure 2.5 A) and showed the same non-monotonic relation between
absorbance at 550 nm and iron content of the salts. Using the mixed salt Mix6 (x =
0.14) resulted in equal absorbance compared to Fe(III)PP, whereas for the salt Mix7
(x = 0.15) a slightly darker color and higher absorbance was observed (Table 2.1 of
Appendix 2.A). After being exposed to Mix8 (x = 0.35), which had the highest iron
content, the darkness of the tea solution increased significantly with an approxi-
mately 1.5-fold increase in the UV-Vis absorbance, compared to pure Fe(III)PP (p <
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0.05). The discoloration induced by CaPP, shown for comparative purposes, caused
slight darkening of the tea solution (lightness L* = 40 for CaPP vs. L* = 49 for blank).
It was previously reported in the literature that complexation of calciumwith pheno-
lics does not lead to a change in color 10. However, the slight discoloration observed
in the tea solution in the presence of calcium is suggested to be due to interaction
and oxidation of polyphenols with calcium at elevated temperatures, which is also
responsible for tea stains on the surface of teacups41. The concentration of the dis-
solved iron from the salts in the tea solutions was measured by ICP-AES (Figure 2.5
B). ICP-AES analysis of the pure black tea solution before the addition of any salts
showed that it contained on average 2.7 ± 0.2 `g of iron per 100 ml of tea. Results
showed that exposure to Fe(III)PP increased the iron concentration in the tea solution
to 0.25 mg per 100 ml tea. Exposure to Mix6 (x = 0.14) resulted in a 28% lower iron
concentration, compared to the Fe(III)PP. In the case of the salt Mix7 (x = 0.15), the
amount of the iron released was slightly higher (i.e., 12%) than for pure Fe(III)PP. In
line with the dissolution of the salts in water at pH ∼ 5 (see chapter 3), the dissolved
iron from Mix8 was higher compared to Fe(III)PP. In the tea solution tested with the
salt Mix8 (x = 0.35), the dissolved iron concentration was almost 2.7 fold (0.67 mg
per 100 ml tea) higher than in the tea exposed to Fe(III)PP. Consequently, exposure
to Mix8 (x = 0.35) resulted in significantly higher discoloration compared to the other
samples (p < 0.05). Despite the observed discoloration of tea upon exposure to the
salts, the highest measured iron concentration was only 64% of the total amount of
iron added. This indicates that a considerable amount of iron was retained in the salt
matrix.

Interestingly, discoloration was also observed on the surface of the insoluble pro-
portion of the salts that was recollected as a residue upon filtration of the black tea
solutions (Figure 2.8 of Appendix 2.A). All salt powders were either white or off-
white before performing the reactivity experiment. The color of the residues of all
iron-containing pyrophosphate salts changed to dark brown or black after being in
contact with the tea solution, whereas the residue of CaPP remained white. We sug-
gest that the iron-containing salts show darkening due to the complexation of the
iron ions on the surface of the salts with the phenolics present in the black tea solu-
tion.

Although the main intention of the performed black tea experiment in this work
was not to fortify tea, we used the black tea solution as a representative example
to investigate the reactivity of iron from the designed mixed salts with phenolic
compounds (catechins), to show the novel salts’ potential for food fortification. The
mixed salts did not show noticeably less reactivity in black tea solution, compared
to Fe(III)PP. However, in the next chapters, the dissolution behavior of iron from
the Fe(III)-containing pyrophosphate salts in water, their reactivity, and surface in-
teractions in the presence of phenolic compounds is further explored in model sys-
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tems of selected pure phenolic compounds to get more insight into the mechanism
for phenolic-mediated discoloration by complexation and oxidation, and stability of
these mixed salts in foods and during storage.

2.4 Conclusions

In the present study, we report the design, synthesis, and characterization of the
pure as well as the mixed calcium and iron (III) pyrophosphate salts with the gen-
eral formula Ca2(1-x)Fe4x(P2O7)(1+2x) (0 ≤ x ≤ 1). Mixed salts with 0.14 ≤ x ≤ 0.35
were amorphous and uniform in terms of their morphology. Assessment of the re-
activity of the selected mixed Ca-Fe(III) pyrophosphate salts in a black tea solution
showed that the concentration of the dissolved iron ions released from the salts was
a non-monotonic function of the x-values and that none of the salts could reduce the
development of discoloration, compared to Fe(III)PP. The present findings indicate
that the mixed Ca-Fe(III) pyrophosphate salts with experimental 0.14 ≤ x ≤ 0.35 can
be potential food dual-fortificants with tunable iron composition. In future works,
safety assessment of the designed mixed salts, their impact on sensorial attributes of
foods, and bioavailability of the constituent iron should be further explored.
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2.A Appendix

Table 2.1 The details of color conversion of the black tea solutions obtained by an
online color measurement tool. After exposing the tea solution to the pure CaPP and
Fe(III)PP, and the selected mixed Ca-Fe(III) pyrophosphate salts, an image including all the
solutions was taken while they were illuminated with a uniform light source. The image was
then used to extract the colors. Using the mixed salt Mix6 (x = 0.14) results in equal darkness
compared to Fe(III)PP (i.e., L* = 25), whereas for the salt Mix7 (x = 0.15) a slightly darker color
is observed (i.e., L* = 22). Interestingly, exposing the tea solution to Mix8 (x = 0.35) increases
the discoloration and results in the darkest tea solution compared to all other salts.

Color 

Conversion
Black tea

CaPP

x = 0

Mix6

x = 0.14

Mix7

x = 0.15

Mix8

x = 0.35

Fe(III)PP

x = 1

Shade

NAME Desert Rope Espresso Brown Derby Cedar Espresso

HEX #a5661c #8f4d1b #5d2e19 #542a17 #3d2217 #5c2f1b

L*a*b* 49, 20, 49 40, 24, 40 25, 19, 23 22, 18, 21 16, 12, 13 25, 19, 22

50 nm

A

(A) (B)

Figure 2.6 An example of heterogeneous elemental distribution in the mixed Ca-
Fe(III) pyrophosphate salts. (A) Heterogeneous distribution of iron and calcium in the salt
Mix5 obtained by elemental mapping using HAADF-STEM. Color indications are as follows:
calcium (Ca): green; iron (Fe): red; and phosphorous (P): blue. The chemical composition
of the needle-shaped particles in the salt Mix5 remains ill-defined (atomic percentages: O:
43.00%, P: 0.98%, Ca: 2.36%, Fe: 53.64%). (B) The corresponding-dark-field images.
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b
(A) (B)

Figure 2.7 Ultrasonication-induced shape shifting. The mixed Ca-Fe(III) pyrophos-
phate salt Mix8 (x = 0.35), (A) before ultrasonication treatment and (B) after ultrasonication
10 minutes. The scale bar represents 200 nm. TEM images indicate the effect of ultrasonica-
tion treatment on the shape and size of the precipitates.

CaPP
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2 cm 

Mix6
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Mix7
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Fe(III)PP
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Figure 2.8 Discoloration of the surface of the insoluble proportion of the salts after
exposure to a black tea solution. Images of residue of the black tea solution after being
exposed to CaPP (x = 0), Fe(III)PP (x = 1), and the mixed Ca-Fe(III) pyrophosphate salts Mix6
(x = 0.14), Mix7 (x = 0.15), and Mix8 (x = 0.35) on filter papers (background). All filtrates were
washed with ethanol and then dried. The CaPP powder remained white. Darkening at the
surface of the iron-containing salts is observed after being exposed to the tea solution.
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Chapter 3

Mixed Fe(III)-containing pyrophosphate salts:
pH-dependent dissolution behavior

Abstract
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Using poorly water-soluble mineral-containing compounds for fortification of foods
is a common approach to deliver iron while maintaining the organoleptic proper-
ties and chemical stability of the food. The challenge in designing these systems is
achieving pH-dependent dissolution behavior of the iron compound. To limit iron-
mediated reactions while ensuring bio-accessibility, the iron dissolution should be
limited at food pH (3-7) and fast at gastric pH (1-3) and/or intestinal pH (6-8). In the
present study, we investigated the pH-dependent dissolution profile of iron from
iron (III) pyrophosphate (Fe(III)PP) and four mixed Ca-Fe(III) pyrophosphate salts
with the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) with different x-values: 0.14, 0.15,
0.18, and 0.35. The soluble iron concentration from these mixed salts showed a four-
fold increase at gastric pH compared to Fe(III)PP. In the food-relevant pH range, the
salts with x ≤ 0.18 showed up to an eight-fold decrease in soluble iron concentra-
tion. Our results indicate that mixed Ca-Fe(III) pyrophosphate salts are potential
dual-mineral food fortificants with tunable pH-dependent dissolution that enable
formulation of stable iron-fortified foods.

This chapter is based on N. Moslehi, J. Bijlsma, W. J.C. de Bruijn, K. P. Velikov,
J-P. Vincken, and W. K. Kegel, “Design and characterization of Ca-Fe(III) pyrophos-
phate salts with tunable pH-dependent solubility for dual-fortification of foods”,
Journal of Functional Foods 92 (2022): 105066.
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"What you seek is seeking you."

Rumi – Persian poet, 1207-1273

3.1 Introduction

As discussed in chapter 2, the organoleptic properties of the food and bio-availability
of the micronutrients should be carefully balanced for successful food fortification 1,2.
In order to maintain the organoleptic properties of the iron-fortified food, iron dis-
solution from the iron-containing compound should be limited in the food pH range
3-7 3. Insolubility of the iron ions in the pH range of 3-7 will suppress iron-mediated
reactivity in the food4. Additionally, to ensure bio-accessibility of iron, dissolu-
tion of iron from the iron-containing compound should be fast in gastric (i.e., pH
1-3) and/or intestinal (i.e., pH 6-8) conditions 5–7. It should be noted that although
bio-accessibility (i.e., the quantity of iron in solution and available for absorption
in the gastrointestinal tract) is a prerequisite for bio-availability, it cannot directly
be correlated to iron bio-availability, which also includes digestion, absorption, and
metabolism 7.

Fe(III)PP salt has low solubility (< 5%) at pH 3 with increased solubility to > 99%
at pH 7–88, whereas the pyrophosphate salts of divalent metals, such as calcium py-
rophosphate (CaPP), dissolve well (> 99%) at pH 3 but are poorly soluble (< 5%) at
pH 7–89. Doping of iron (III) oxide with calcium has previously shown improved
iron solubility in dilute acid and sensory characteristics in fortified foods 10,11. Due to
the reversed solubility character of CaPP and Fe(III)PP salts, it is expected that the
combination of Ca and Fe(III) in one matrix will result in a unique pH-dependent
dissolution behavior. Furthermore, to use the Ca-Fe(III) pyrophosphate salts in forti-
fied food products the pH-dependent dissolution behavior at pH 3-7 must be limited
during storage (23 °C), consumption (37 °C), and cooking (90 °C). A previous study
showed that the stability constants of Fe(III)PP complexes did not change upon an in-
crease in temperature from 23 to 50 °C 12. However, thermodynamic modeling of the
solubility of Fe(III) phosphate salts showed that the dissolution was enhanced upon
heating from 0 to 35 °C at pH > 6 and that this dissolution behavior could be extrap-
olated to Fe(III) pyrophosphate 13. Overall, no comprehensive information is avail-
able regarding the effect of elevated temperature on the pH-dependent dissolution
of Fe(III) from pyrophosphate salts. We performed this study to investigate the pH
and temperature dependence of the dissolution behavior of Ca-Fe(III) pyrophosphate
salts with x = 0.14, 0.15, 0.18, and 0.35 in the general formula Ca2(1-x)Fe4x(P2O7)(1+2x),
to explore their potential as food fortificants. The pH dependence of the dissolution
profile of the mixed Ca-Fe(III) pyrophosphate salts with various Ca:Fe(III) ratios are
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explored and the effect of three food-relevant temperatures (23, 37, and 90 °C), as
well as the dissolution time, are investigated. We hypothesize that incorporation of
calcium and iron in a pyrophosphate salt matrix will improve the soluble iron from
the salts at low pH (1-3), while it will decrease dissolved iron concentration at mod-
erate pH (3-7) and high pH (7-10) compared to pure Fe(III)PP, and that the ratio of
Ca:Fe(III) is an important determinant for the dissolution behavior of Fe(III) from the
mixed Ca-Fe(III)pyrophosphate salts.

3.2 Materials and methods

3.2.1 Materials

Hydrochloric acid (37 wt.%), sodium hydroxide (≥ 98 wt.%), nitric acid (65 wt.%), iron
(II) sulfate heptahydrate (≥ 99 wt.%), and 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-
p,p’-disulfonic acid monosodium salt hydrate (i.e., ferrozine; ≥ 97 wt.%) were ob-
tained from Sigma Aldrich (St. Louis, MO, USA). Ascorbic acid (≥ 99 wt.%) was
obtained from VWR International (Radnor, PA, USA). All water used was prepared
using a Milli-Q water purification system (Merck Millipore, Billerica, MA, USA).

3.2.2 Dissolution behavior of iron from Fe(III)PP and mixed Ca-Fe(III) py-
rophosphate salts

To perform the iron dissolution measurements, the synthesis of the pure Fe(III)PP
and CaPP as well as the mixed Ca-Fe(III) pyrophosphate salts with measured x =
0.14, 0.15, 0.18, and 0.35 were up-scaled, see section 3.A.1 of Appendix 3.A. The dried
powders of the salts were then re-dispersed by stirring (∼ 250 rpm) with a magnetic
stir bar in MQwater (final concentrations: 10 mg/ml). Next, the pH of the dispersions
was adjusted using a pH-stat device (Metrohm, Herisau, Switzerland) by the addition
of 0.1 M HCl or 0.1 M NaOH. Subsequently, all dispersions were incubated at 1000
rpm using an Eppendorf Thermomixer ® F1.5 (Eppendorf, Hamburg, Germany) at pH
values ranging from 1 to 11 (steps of one pHunit), over time (1, 2, and 48 h), and at three
different temperatures (23, 37, and 90 °C). After incubation, the pH of each sample
was measured again to determine the final pH. Finally, the samples were centrifuged
at 15000 × g for 10 min using an Eppendorf Centrifuge 5415R and the supernatants
were separated to quantify the dissolved iron concentration.

Iron concentration measurement by ferrozine-based colorimetric assay

Total iron in solution was quantified using a ferrozine-based colorimetric assay 14.
Binding of Fe(II) to 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid (i.e.,
ferrozine) results in the formation of a complex with absorbance at 565 nm 15. To
ensure the reduction of Fe(III) to Fe(II), first an excess of ascorbic acid (50 `l, 100
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mM) was added to 50 `l sample (supernatant). After 30 min incubation of the sample
with ascorbic acid, ferrozine (50 `l, 10 mM) was added. Samples were transferred to
96-well microplates and the absorbance at 565 nmwasmeasured at room temperature
in a SpectraMax M2e (Molecular Devices, Sunnyvale, CA, USA). All measurements
were performed in duplicate and quantification of total dissolved iron was performed
based on intensity (absorbance at 565 nm)with a calibration curve of FeSO4 (0.0078–1
mM, R2 > 0.99). It was confirmed that the presence of the Ca ion did not interferewith
the quantification of total iron (Figure 3.4 of Appendix 3.A). The pH of the samples
was measured after the addition of ascorbic acid and ferrozine. Most samples had a
pH of 2.7, except for the samples that were prepared at very acidic conditions (i.e.,
pH < 2). The pH of these samples after the addition of ascorbic acid and ferrozine
was 1.7 ± 0.3. At this pH, less Fe(II)-ferrozine complex is formed 14. We corrected
the absorbance of these acidic samples using the pH-dependent absorbance factors
previously reported for the Fe(II)-ferrozine complex formation 14. To test if the trend
in iron dissolution was statistically significant, statistical analysis was carried out
(significant at p < 0.05).

3.2.3 Inductively coupledplasma– atomic emission spectroscopy (ICP-AES)

Inductively coupled plasma–atomic emission spectroscopy (ICP-AES) was used for
independent verification of the iron quantification by the ferrozine assay. For ICP-
AES measurements, powders of pure Fe(III)PP and CaPP, as well as mixed Ca-Fe(III)
pyrophosphate salts were dispersed in water to obtain final concentrations of 10
mg/ml. pH was set to reach a target pH 3, 6, or 8 after 2 hours of incubation at
23 °C while mixing at 1000 rpm using an Eppendorf Thermomixer ® F1.5. Samples
were five times diluted in 0.14 M HNO3, before injection in the ICP-AES system (Ag-
ilent 5110 VDV; Agilent Technologies, Tokyo, Japan). Independent duplicate samples
were taken from the salt at each pH point by independent titrations. The concentra-
tion of iron, calcium, and phosphorus was determined using scandium as an internal
standard. The limit of detection (LOD) values of iron, calcium, and phosphorus were
respectively 0.05, 0.05, and 0.20 mg/l, the limit of quantification (LOQ) values were
0.15, 0.15, and 0.61 mg/l, respectively.
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3.3 Results and discussion

3.3.1 Dissolution behavior of iron from Fe(III)PP and mixed Ca-Fe(III) py-
rophosphate salts

As it was mentioned before, to limit iron-mediated reactions, while ensuring bio-
accessibility, the iron dissolution should be limited at food pH (3–7) and fast at gastric
pH (1–3) and/or intestinal pH (6–8). Therefore, we investigated the pH-dependent
dissolution behavior of iron from Fe(III)PP and mixed Ca-Fe(III) pyrophosphate salts.
The four mixed as well as pure pyrophosphate salts were prepared using the up-
scaled synthesis method, see section 3.A.1 of Appendix 3.A. Up-scaling the synthesis
did not affect the morphology or the elemental homogeneity in the salts (Figure 3.5 of
Appendix 3.A). All salts with 0.14 ≤ x ≤ 0.35 yielded homogeneous distribution of the
elements (i.e., Ca, Fe, and P) in the salts matrices and uniformity in morphology and
amorphous nature, as previously confirmed by TEM-EDX, HAADF-STEM, XRD, and
FT-IR (see chapter 2). The dissolution behavior of iron from Fe(III)PP and mixed Ca-
Fe(III) pyrophosphate salts was evaluated as a function of pH by UV-Vis spectroscopy
using the ferrozine assay 14. Quantification of the accuracy of total iron determination
by the ferrozine assay was verified by comparison with the ICP-AES method (Figure
3.6 of Appendix 3.A). The iron concentrations measured by both methods were found
to be in good agreement (R2 = 0.99). Due to the affordability, availability, and high
throughput of the ferrozine assay it was decided to use the ferrozine assay for further
experiments. The aqueous dissolution behavior of iron from Fe(III)PP and the four
mixed Ca-Fe(III) pyrophosphate salts was evaluated in the pH range from 1-10, Figure
3.1.

In the pH range 2-5.5, the soluble iron concentration from Fe(III)PP was below
0.50 mM, Figure 3.1 A. The limited solubility in this pH range is likely due to the
presence of the solid species of Fe4(P2O7)3 8,16. Below pH 2, soluble iron concentration
from Fe(III)PP increased to 1 mM due to the presence of ionic Fe(III) and the forma-
tion of soluble ferric pyrophosphate complexes (i.e., FeH3P2O7

2+ and FeH2P2O7
+) 16,17.

Increased dissolution of iron from Fe(III)PP to 3.0 mM at pH > 5.5 could be explained
by the formation of Fe(HP2O7)23-, which is one of the soluble Fe(III)-pyrophosphate
species 16,18. For three mixed salts with x = 0.14, 0.15, and 0.18, lower dissolved iron
concentration (< 0.25 mM) was observed at the food-relevant pH values (i.e., pH 3-7).
This indicated that the ternary complex of Ca2(1-x)Fe4x(P2O7)(1+2x) with x = 0.14, 0.15,
and 0.18 shows lower soluble iron concentration at pH 3-7, compared to Fe(III)PP.
The lower amounts of dissolved iron at pH 3-7 for the mixed salts are desirable for
application in food, as it could potentially lead to reduced iron-mediated reactivity
of the food products upon iron fortification. For the salt with x = 0.35 similar or even
higher dissolution of iron was observed in the food-relevant pH range, compared to
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Fe(III)PP. These results indicate that in the mixed Ca-Fe(III) pyrophosphate salts the
x-value should be ≤ 0.18 to reduce the iron dissolution at pH 3-7.
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Figure 3.1 Dissolution behavior of iron from Fe(III)PP and the mixed Ca-Fe(III) py-
rophosphate salts. (A)Concentration of soluble iron from Fe(III)PP and the mixed Ca-Fe(III)
pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35 as a function of pH. Compared to
Fe(III)PP, the mixed salts with x = 0.14, 0.15, and 0.18 have a lower soluble iron concentration
at food-relevant pH (3–7), whereas at gastric pH (1–3), the salts show enhanced iron dissolu-
tion up to a fourfold increase. (B) Dissolution behavior of iron from the salts as a function of
x-value at pH 2, pH 3, pH 6, and pH 8. Lower x-values (i.e., ≤ 0.18) have higher iron dissolution
at low pH (i.e., 2 and 3). However, the salts with higher x-values (i.e., 0.35 and 1) yielded the
highest iron concentrations in solution at high pH (i.e., 6 and 8).

Interestingly, as the calcium content in themixed salts increased, the salts showed
enhanced dissolution of iron in the gastric pH range (1-3). For the mixed salt with x =
0.14, 0.15, and 0.18 an increase in the dissolved iron of at least a fourfold, compared to
Fe(III)PP, was observed at pH 1. Higher quantities of total soluble iron at pH 1-3 and/or
pH 6-9 are indicative of better bio-accessibility in the gastric and intestinal environ-
ment, respectively 5–8,19. At pH > 6, the opposite behavior was observed compared to
acidic pH, with the highest dissolved iron concentration for Fe(III)PP and mixed salt
with x = 0.35, and lowest for the salt with x = 0.14. Even though the dissolution of
iron from the salts with x = 0.14, 0.15, and 0.18 was decreased compared to Fe(III)PP
at intestinal pH, the poor iron solubility of these salts at pH 3-7 and increased dis-
solution at pH 1-3 (Figure 3.1) indicates that these salts likely cause less organoleptic
changes in food and are expected to show adequate bio-accessibility in the stom-
ach 5,19. It has previously been shown that in vitro solubility of Fe-containing salts at
pH 1 is a good indicator for in vivo Fe uptake by rats6. Overall, these results indicate
that increasing the proportion of calcium in the mixed Ca-Fe(III) pyrophosphate salts
promotes the dissolution at low pH (1-3), whereas increasing the proportion of iron
promotes dissolution at high pH (6-9). This is in line with previous results obtained
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for pure pyrophosphate salts, in which pure CaPP and Fe(III)PP salts showed inverse
pH-dependent solubility9. The dissolution behavior of iron from Fe(III)PP and the
mixed Ca-Fe(III) pyrophosphate salts was evaluated as a function of the x-value in
Ca2(1-x)Fe4x(P2O7)(1+2x). Figure 3.1 B shows the dissolution of iron from the salts as
a function of x-value at four representative pH values (i.e., pH 2 for gastric condi-
tions, pH 3 and 6 for food, and pH 8 for intestinal conditions). Lower x-values (i.e.,
≤ 0.18) tend to have higher iron dissolution at low pH (i.e., 2 and 3). Furthermore,
the salts with higher x-values (i.e., 0.35 and 1) yielded the highest iron concentrations
in solution at high pH (i.e., 6 and 8). These findings show that the mixed Ca-Fe(III)
pyrophosphate salts possess pH-dependent dissolution behavior which can be fine-
tuned to the desired application by changing the x-value.

To get more insight into the dissolution of the pure and the mixed Ca-Fe(III)
pyrophosphate salts the concentration of the three elements Ca, Fe, and P was de-
termined in aqueous solution at the most relevant pH values (i.e., 3, 6, and 8) by
ICP-AES, Figure 3.2.
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Figure 3.2 Concentration of dissolved iron, calcium, and phosphorus quantified by
ICP-AES in aqueous supernatant. (A) Pure Fe(III)PP (x = 1) and the mixed Ca-Fe(III) py-
rophosphate salts with (B) x = 0.35, (C) x = 0.18, (D) x = 0.15, (E) x = 0.14, and (F) CaPP (x =
0). The insets show the corresponding dissolved iron concentration in solution.

In the case of Fe(III)PP, the concentration of Fe and P was measured to be close
to zero at pH 3, however increasing pH to 6 and further to 8 resulted in higher con-
centrations of Fe and P in solution, Figure 3.2 A. For CaPP the opposite behavior was
observed compared to Fe(III)PP; measured concentrations of Ca and P were very low
at moderate and high pH but yielded higher values at pH 3, Figure 3.2 F, in line with
the inverse pH-dependent dissolution of pure CaPP and Fe(III)PP9. The dissolution
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of these pure pyrophosphate salts is caused by the formation of various complexes
of Ca or Fe(III) with pyrophosphate ions. These formed species depend on the sta-
bility constants and solubility limits at distinct pH 16,18. The main complexes of CaPP
and Fe(III)PP and their states have not yet been studied in detail and inconsistent
stability constants are reported in literature20. This is because of the complex chem-
istry of metal pyrophosphate salts and the formation of insoluble and poorly soluble
complexes and mixtures of species21,22. Similar to the pure Fe(III)PP and CaPP salts,
elemental analysis was performed for aqueous solutions of the mixed salts (Figure
3.2 B-E). Also here, the main elements in solution at acidic pH (< 3) were Ca and P,
while at pH > 6 Fe became slightly soluble as well. The present results indicate that
in addition to the cations (Ca2+(aq) and Fe3+(aq)) and anion (P2O7

4-(aq)), soluble and
insoluble complexes of these ions can be formed in the aqueous medium. However,
due to the complexity and lack of experimental data reported in literature, the nature
and stability constants of these ternary complexes cannot be elucidated or modeled
in more detail.

3.3.2 Effect of temperature and time on dissolution behavior of iron from
Fe(III)PP and mixed Ca-Fe(III) pyrophosphate salts

To effectively apply the Ca-Fe(III) pyrophosphate salts in fortified food products the
pH-dependent dissolution at pH 3–7 must be limited during storage (23 °C), con-
sumption (37 °C), and cooking (90 °C). Therefore, the effect of temperature on iron
dissolution from Fe(III)PP and the mixed Ca-Fe(III) pyrophosphate salts was investi-
gated by incubating the samples at different temperatures (23, 37, and 90 °C), Figure
3.3 A.

Overall, no significant change (p > 0.05) in iron dissolution in the pH range 1–10
was observed upon elevating the temperature from 23 to 37 °C. This is in line with
a previous study, that observed no change in the dissolution of Fe(III) from Fe(III)PP
upon elevating the temperature from 23 to 50 °C 12. Increasing the incubation tem-
perature to 90 °C resulted in a significant (p < 0.05) increase in dissolved iron from
Fe(III)PP at pH 1 and 5.5, Figure 3.3 A. The iron dissolution for the mixed salt with
x = 0.35 at pH ∼ 7 also increased at 90 °C. The iron dissolution of the mixed salts
with x = 0.14, 0.15, and 0.18 decreased at pH 1–2 after heating at 90 °C. Possibly the
ionic Fe(III) that is present in solutions of these mixed salts at pH < 3 underwent hy-
drolysis to insoluble species, which has been well-documented for Fe(III) at elevated
temperatures 17,23. For the mixed salts with x ≤ 0.18, iron concentration in solution
remained similar at elevated temperatures at pH 3–7. Therefore, these mixed salts
could potentially be used for cooking without an increase in reactivity.
Monitoring time-dependent iron concentration in the solutions pointed to no re-
markable difference between iron dissolution for one and two hours of incubation,
Figure 3.3 B. Over the 48 h incubation, dissolution remained constant at all pH ranges
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for all salts except for Fe(III)PP with a significant (p < 0.05) increase at pH < 2 and
pH 5–6 (after 48 h).
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Figure 3.3 Effect of temperature (A) and time (B) on pH-dependent dissolution be-
havior of iron from Fe(III)PP and mixed Ca-Fe(III) pyrophosphate salts. (A) No sig-
nificant change in iron dissolution (p > 0.05) was observed upon increasing the temperature
from 23 to 37 °C over the studied pH range (1–10). Upon elevating the temperature to 90 °C,
an increase in dissolved iron from Fe(III)PP at pH 1 and 5.5 and from the mixed salts with x
= 0.35 at pH ∼ 7 was observed. (B) Iron dissolution pointed to no remarkable difference be-
tween iron dissolution for one and two hours of incubation. After 48 h, dissolution remained
constant at all pH ranges for all salts except for Fe(III)PP with a significant increase at pH <

2 and pH 5–6.

3.4 Conclusions

In this work, we demonstrate for the first time the tunable pH-dependent dissolu-
tion behavior of the mixed Ca-Fe(III) pyrophosphate salts with the general formula
Ca2(1-x)Fe4x(P2O7)(1+2x). Our results indicate that the mixed salts with x = 0.14, 0.15,
and 0.18 have a lower soluble iron concentration at food-relevant pH (3-7), compared
to Fe(III)PP. Furthermore, at gastric pH (1-3), the salts show enhanced dissolved iron
concentration with up to a four-fold increase of soluble iron, compared to Fe(III)PP.
The present findings suggest that mixed Ca-Fe(III) pyrophosphate salts with x-values
≤ 0.18 in the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) can be potential food fortificants
with reduced iron-mediated reactivity due to decreased iron dissolution at food pH
(3-7) and improved bio-accessibility resulting from increased iron dissolution at gas-
tric pH (1-3).
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3.A Appendix

3.A.1 Up-scaled preparation of pure and mixed Ca-Fe(III) pyrophosphate
salts

The synthesis of the pure and mixed pyrophosphate salts described in this study was
up-scaled. Iron (III) pyrophosphate (Fe4(P2O7)3, Fe(III)PP) and calcium pyrophos-
phate (Ca2P2O7, CaPP) were separately prepared using a fast co-precipitationmethod
similar to the what described in the section 2.2.2). In short, 0.5 L solutions of 17.14
mMFeCl3.6H2O and 25.72mMCaCl2 in water weremade. The solutionswere quickly
added to an aqueous solution of Na4P2O7.10H2O (6.43 mM, 1 L) while stirring vigor-
ously (∼ 500 rpm) by an IKA® RW16 basic electronic overhead stirrer (IKA-Werke,
Staufen, Germany). A turbid white dispersion formed after a couple of seconds dur-
ing addition. The samples were then centrifuged using an Avanti J-26 XP centrifuge
(BeckmanCoulter, Brea, CA, USA) using JLA-9.1000 rotor, at 6000× g and 25 °C for 45
min in 1000 ml volume polycarbonate centrifuge bottles (95×191 mm-2Pk) with caps
followed by washing the precipitates twice with water. The sediments were dried in
an oven at 45 °C overnight. The mixed Ca-Fe(III) pyrophosphate salts were prepared
by the same procedure as the pure salts, at a fixed concentration of Na4P2O7.10H2O
(6.43 mM, 1 L) and by addition of a mixed solution of FeCl3.6H2O and CaCl2 in 0.5
L of water. Three different mixed salts were synthesized with the general formula
Ca2(1-x)Fe4x(P2O7)(1+2x) (0 ≤ x ≤ 1), containing low to high Fe(III) content correspond-
ing to three different theoretical x-values (i.e., 0.05, 0.10, 0.26). The x-values were
chosen based on the recommended nutrient intake of iron and calcium (respectively
20 and 833 mg for adult females, assuming 15 % bio-availability of Fe and 30 % of Ca
in the salt)24. The molar ratio of total metal to pyrophosphate ion was based on the
stoichiometry of calcium pyrophosphate (final concentration of [Ca] + [Fe] = 8.57
mM). The average yield of the prepared salts was 73.3 ± 5.5%.
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Figure 3.4 Interference of presence of Ca ion with the quantification of total iron in
the ferrozine-based colorimetric assay. Absorbance of the ferrozine complex at 565 nm in
the presence of increasing concentrations of iron, calcium, or a mixture containing equimolar
concentrations of iron and calcium.
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Figure 3.5 Characterization of the pure and mixed Ca-Fe(III) pyrophosphate salts
synthesized with the up-scaled method. TEM images of CaPP (x = 0), Fe(III)PP (x = 1),
and the mixed Ca-Fe(III) pyrophosphate salts prepared by co-precipitation. The x-values and
chemical formula of the pure and mixed salts were obtained from the elemental composition
determined by EDX.
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Figure 3.6 Independent verification of ferrozine assay with ICP-AES method. Dis-
solution of iron from Fe(III)PP and the mixed Ca-Fe(III) pyrophosphate salts as a function of
pH determined by ICP-AES (filled markers) and by the ferrozine (open markers) methods.
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Chapter 4

Mixed Fe(III)-containing pyrophosphate salts:
Reactivity with Phenolics

Abstract
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Mixed pyrophosphate salts, Ca2(1-x)Fe4x(P2O7)(1+2x), are dual-fortificants with poten-
tially less iron-phenolic reactivity, compared to ferric pyrophosphate (Fe(III)PP), due
to decreased soluble Fe in the food-relevant pH range 3-7. We investigated reactiv-
ity (i.e., complexation, oxidation, and surface interaction) of the Fe(III)PP and mixed
salts (with x = 0.14, 0.15, 0.18, and 0.35) in the presence of diverse phenolics. At pH 5-
7, increased soluble iron from all salts was observed in the presence of water-soluble
phenolics. XPS confirmed that these phenolics solubilize iron after coordination at
the salt surface, resulting in increased discoloration. However, color changes for the
mixed salts with x ≤ 0.18 remained acceptable for slightly water-soluble and insol-
uble phenolics. Furthermore, phenolic oxidation in the presence of the mixed salts
was significantly reduced, compared to Fe(III)PP, at pH 6. In conclusion, these mixed
Ca-Fe(III) pyrophosphate salts with x ≤ 0.18 are potential iron fortificants suitable
for foods containing slightly water-soluble and/or insoluble phenolics.

This chapter is based onN. Moslehi, J. Bijlsma, K. P. Velikov,W. K. Kegel, J-P. Vincken,
andW. J.C. de Bruijn, “Reactivity of Fe(III)-containing pyrophosphate salts with phe-
nolics: complexation, oxidation, and surface interaction”, Journal of Food Chemistry
407 (2023): 135156.
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"A hair divides what is false and true."

Omar Khayyam – Persian polymath, 1048-1131

4.1 Introduction

Fortification of food with iron is an effective approach to overcome the global iron
deficiency 1. However, the addition of iron to foods is problematic due to its high reac-
tivity with phenolic compounds present in the food. Complexation and oxidation of
phenolics in the presence of iron ions cause an undesirable change in the organolep-
tic properties of the food products such as discoloration, or changes in taste and
texture2–4. Moreover, the reactivity of iron with phenolic compounds can hinder
iron bio-availability and can consequently reduce iron uptake in the human body 5.
One strategy to counter the iron-mediated reactivity problem is to use a poorly
water-soluble/water-insoluble iron-containing salt such as iron (III) pyrophosphate
(Fe(III)PP) 3,6. However, even addition of iron as Fe(III)PP cannot fully prevent discol-
oration in phenolic-rich foods 7,8. Moreover, the poor solubility of Fe(III)PP in the gas-
trointestinal tract results in limited iron bio-availability 7,8. Our previous study indi-
cated that including calcium as a divalent metal, alongside iron, in the pyrophosphate
salt matrix can be utilized to design potential dual-fortificants. The soluble iron con-
centration from these mixed salts, with the general formula of Ca2(1-x)Fe4x(P2O7)(1+2x),
was reduced by up to eight-fold at food-relevant pH ranges, whereas it was enhanced
up to four-fold in gastric relevant pH ranges, compared to Fe(III)PP (see chapter 3)9.
Additionally, the inclusion of calcium as the second metal in the mixed Ca-Fe(III)
pyrophosphate salt is expected to lower the iron content at the surface of these salts
and therefore lead to a decrease in reactivity, with respect to Fe(III)PP. Despite a
much lower soluble iron concentration and the expected lower iron content at the
surface, the mixed Ca-Fe(III) pyrophosphate salts previously did not show noticeably
lower reactivity compared to Fe(III)PP in a black tea solution, as discussed in chapter
29. To create a clear link between the dissolution behavior of iron from these mixed
salts and the observed reactivity of the salts, the current work aims to investigate the
soluble iron from the Ca-Fe(III) pyrophosphate salts in the presence of phenolics as
representative food matrix compounds that can react with iron.

We previously observed that the solubility of flavonoids∗ affects the soluble iron
concentration2. Therefore, a set of six model phenolic compounds with different
chemical properties, most notably different water solubilities, were selected to in-
vestigate their interaction behavior with the mixed Ca-Fe(III) pyrophosphate salts,

∗Dietary flavonoids (e.g. polyphenolic compounds) are an important class of phytochemicals and
ubiquitous in vegetables, herbs, and fruits 2
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Figure 4.1. The chosen phenolic compounds also differ in the most likely Fe(III)-
complexation sites, as are highlighted in Figure 4.12,10–12. The solubility values are
calculated and shown as 𝐿𝑜𝑔𝑆 (i.e., the logarithm of water-solubility in molar) in Fig-
ure 4.1. Catechol, caffeic acid, and epicatechin show 𝐿𝑜𝑔𝑆 values ranging from 0 to
−2, which was previously classified as water-soluble by Sorkun and co-authors 13.
Accordingly, quercetin and apigenin (−4 < 𝐿𝑜𝑔𝑆 < −2) are slightly soluble, and
curcumin (𝐿𝑜𝑔𝑆 < −4) is insoluble. These phenolics were chosen because they are
common in food products 3,14, except for catechol which was selected as a model for
o-dihydroxybenzenes.
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Figure 4.1 Structure of phenolic compounds used in this study, and the most likely
Fe(III)-complexation sites. The pKa values for hydroxyl groups of the phenolics are shown in
italic, and 𝐿𝑜𝑔𝑆 values of the phenolic compounds are given in brackets. 𝐿𝑜𝑔𝑆 values were cal-
culated using MarvinSketch 22.3 (ChemAxon). Based on the 𝐿𝑜𝑔𝑆 values, the water-solubility
of the phenolics was classified as soluble, slightly soluble, and insoluble.

Deprotonation of the hydroxyl substituents is a prerequisite for iron coordina-
tion 12. The pKa values of the hydroxyl groups are indicated in Figure 4.1. It should
be noted that in the presence of iron ions the deprotonated state is stabilized and that
the apparent pKa values will therefore be lowered to values in the range of pH 5-8
for the phenol moiety 15.

We hypothesize that mixed Ca-Fe(III) pyrophosphate salts will show decreased
reactivity towards phenolic compounds at food-relevant pH values compared to pure
Fe(III)PP due to (i) decreased soluble iron concentration from the salts at pH 3-7, and
(ii) decreased iron content at the surface of these salts. To this end, we evaluate
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iron dissolution behavior, spectral changes indicating iron-mediated complexation,
oxidation of the phenolic compounds, and reactions at the surface of these salts.

4.2 Materials and methods

4.2.1 Chemicals

Hydrochloric acid (37 wt.%), sodium hydroxide (≥ 98 wt.%), nitric acid (65 wt.%),
iron(II) sulfate heptahydrate (≥ 99 wt.%), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-
p,p’-disulfonic acid monosodium salt hydrate (≥ 97 wt.%; ferrozine), ferric chloride
hexahydrate (FeCl3.6H2O, ≥ 99 wt.%), tetrasodium pyrophosphate decahydrate
(Na4P2O7.10H2O, ≥ 99 wt.%, NaPP), calcium dichloride (CaCl2, ≥ 93 wt.%), quercetin
hydrate (≥ 95 wt.%), 1,2-dihydroxybenzene (≥ 99 wt.%; catechol), caffeic acid (≥ 98
wt.%), and curcumin (≥ 94 wt.%), were obtained fromMerck Life Science (Darmstadt,
Germany). (-)-Epicatechin (≥ 97 wt.%) was purchased from TCI Europe NV (Zwijn-
drecht, Belgium), apigenin (≥ 98 wt.%) from Indofine Chemical Company (Hillsbor-
ough, NJ, USA), and ascorbic acid (≥ 99 wt.%) was obtained from VWR International
(Radnor, PA, USA). ULC-MS grade acetonitrile (ACN) and water, both containing 0.1
vol.% formic acid (FA) were purchased from Biosolve (Valkenswaard, The Nether-
lands). Water for other purposes than UHPLC was prepared using a Milli-Q (MQ)
water purification system (Merck Millipore, Billerica, MA, USA).

4.2.2 Preparation of the CaPP, Fe(III)PP, and mixed Ca-Fe(III) pyrophos-
phate salts

Iron (III) pyrophosphate (Fe4(P2O7)3, Fe(III)PP), calcium pyrophosphate (Ca2P2O7,
CaPP), and mixed Ca-Fe(III) pyrophosphate salts with different iron to calcium ratios
according to the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) with (measured) x = 0.14,
0.15, 0.18, and 0.35 were prepared using a co-precipitation method as described in
chapter 3, section 3.A.1. Uniformity in morphology was confirmed by transmission
electron microscopy (TEM).

4.2.3 Reactivity of the CaPP, Fe(III)PP, andmixed Ca-Fe(III) pyrophosphate
salts with phenolics

The CaPP, Fe(III)PP, and the mixed Ca-Fe(III) pyrophosphate salts were re-dispersed
in water by stirring (∼ 250 rpm) with a magnetic stir bar (final concentration of
salt: 10 mg/ml) followed by the addition of aqueous solutions (catechol, caffeic acid,
and epicatechin) or dispersions (quercetin, apigenin, and curcumin) of the phenolics
to reach a final concentration of 5 mM phenolic. Next, the pH of the dispersions
was adjusted using a pH-stat device (Metrohm, Herisau, Switzerland) by automatic
titration using 0.1 M HCl or 0.1 M NaOH. Subsequently, the dispersions with pH
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values ranging from one to eleven (steps of one) were incubated for 2 h at 23 °C
under continuous stirring at 1000 rpm. After incubation, the pH of each sample was
measured again to determine the final pH. Finally, the samples were centrifuged at
15000 × g for 10 min, and the supernatants were separated to quantify the dissolved
iron concentration and obtain the absorbance spectra.

Iron concentration measurement by ferrozine-based colorimetric assay

The total iron in the solution was quantified using a ferrozine-based colorimetric
assay 16 with slight adaptations, as described in chapter 39. In short, the absorbance
of the iron(II)-ferrozine complex at 565 nm was measured at room temperature in a
SpectraMax M2e (Molecular Devices, Sunnyvale, CA, USA). All measurements were
performed in duplicate and quantification of the total dissolved iron was performed
with a calibration curve of FeSO4 (0.0078 – 1 mM, R2 > 0.99). The relative change
in soluble iron concentration after addition of phenolics was defined according to
Equation 4.1.

Relative change =
[Fe]𝑝ℎ𝑒𝑛𝑜𝑙𝑖𝑐𝑠 − [Fe]𝑏𝑙𝑎𝑛𝑘

[Fe]𝑏𝑙𝑎𝑛𝑘
(4.1)

In which [Fe]𝑝ℎ𝑒𝑛𝑜𝑙𝑖𝑐𝑠 and [Fe]𝑏𝑙𝑎𝑛𝑘 are the total dissolved iron concentration in the
presence and absence of the phenolics, respectively.
The iron quantification in presence of phenolics by the ferrozine assay was veri-
fied independently using inductively coupled plasma–atomic emission spectroscopy
(ICP-AES), see section 4.A.1 in Appendix 4.A.

4.2.4 Monitoring reactivity and discoloration by UV-Vis spectroscopy

The reactivity of the pure Fe(III)PP and CaPP, as well as the mixed Ca-Fe(III) py-
rophosphate salts in the presence of the different phenolic compounds, was moni-
tored using ultraviolet-visible light (UV-Vis) spectroscopy. After centrifugation, 200
`l sample was transferred to a Corning ® UV-transparent flat-bottom polystyrene 96-
well plate (Sigma Aldrich, St. Louis, MO, USA). Spectra were recorded in the range
from 250 – 750 nm in a SpectraMaxM2e (Molecular Devices, Sunnyvale, CA, USA), at
room temperature. The color of the samples was visualized by taking an image (One-
Plus 7T, Beijing, China) of the Eppendorf tubes with a uniform light source against a
white background. The images were evaluated using the 𝐿∗𝑎∗𝑏∗ color space (i.e., 𝐿∗

dark or light, 𝑎∗ red vs. green, 𝑏∗ yellow vs. blue). The values were extracted using
the standard image analysis software (Photoshop CC 2021, Adobe). In this proce-
dure, the 𝐿∗𝑎∗𝑏∗ value was taken at five different spots in the supernatant and five
spots in the precipitate (Appendix, Figure 4.8). The degree of difference between the
blank phenolic and the samples of phenolics in presence of the iron-containing salts,
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Δ𝐸𝑎𝑏, corresponds to the distance between two points within the 𝐿∗𝑎∗𝑏∗ color space.
E stands for ’Empfindung’ which is the German for sensation (after the extensive
research of Hermann von Helmholtz and Ewald Hering in the field of color vision).
The Δ𝐸𝑎𝑏 value (i.e., the absolute value of the color difference, not the direction) was
calculated according to Equation 4.2 17,18.

Δ𝐸𝑎𝑏 = [(𝐿∗0 − 𝐿∗𝑥 )2 + (𝑎∗0 − 𝑎∗𝑥 )2 + (𝑏∗0 − 𝑏∗𝑥 )2]1/2 (4.2)

in which 𝐿∗0 , 𝑎
∗
0, 𝑏

∗
0 and 𝐿

∗
𝑥 , 𝑎∗𝑥 , 𝑏∗𝑥 are the color space values for the blank phenolic

and the phenolic exposed to the iron-containing salts, respectively.

4.2.5 Monitoring phenolics solubility and oxidation by RP-UHPLC-PDA-
ESI-IT-MSn

The water-solubility of the blank phenolics at pH 3, 6, and 8, and oxidation of epi-
catechin and quercetin at pH 3, 6, and 8 after incubation with the iron-containing
salts, were analyzed by reversed-phase ultra-high performance liquid chromatog-
raphy coupled to electrospray ionization ion trap mass spectrometry (RP-UHPLC-
PDA-ESI-IT-MSn). Here, pH 3, 6, and 8 were chosen as they respectively represent
gastric, food, and intestinal conditions 3,19.

To test the oxidation of epicatechin and quercetin after incubation with the iron-
containing salts, the supernatants from section 4.2.3 were separated from the pre-
cipitate to obtain the water-soluble fractions. The precipitates were then solubilized
in DMSO (100 vol.%), which is known to be a suitable solvent for metal:ligand sys-
tems2,20. The resulting suspensions were centrifuged once more (at 15000 × g for 5
min) and the supernatants were separated to obtain the DMSO-soluble fractions. The
phenolics’ recovery and their oxidation products in the water-soluble and DMSO-
soluble fractions were separated on a Thermo Vanquish UHPLC system (Thermo
Scientific, San Jose, CA, USA) equipped with an autosampler, a pump, and a photo-
diode array (PDA) detector. A sample (1 `l) was injected on an Acquity UPLC BEH
C18 column (150 mm × 2.1 mm i.d., 1.7 `m) with a VanGuard (5 mm × 2.1 mm i.d., 1.7
`m) guard column of the same material (Waters, Milford, MA). Water (A) and ace-
tonitrile (B), both acidified with 0.1 vol.% formic acid, were used as eluents. The flow
rate was 400 `l min-1, and the temperature of the column oven was 45 °C with the
post-column cooler set to 40 °C. The elution profiles can be found in section 4.A.2 of
Appendix 4.A. The PDA detector was set to measure the wavelength range of 190 –
680 nm. Mass spectrometric data were acquired using a Velos Pro ion trap mass spec-
trometer (Thermo Scientific) equipped with a heated electrospray ionization probe
(ESI-IT-MSn) coupled in-line to the Vanquish UHPLC system. Nitrogen was used as
a sheath gas (50 arbitrary units) and auxiliary gas (13 arbitrary units). Data were
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collected over the m/z range of 100 – 1500 in negative and positive ionization mode
by using source voltages of 2.5 and 3.5 kV, respectively. For both modes, the S-lens
RF level was set at 67 %, the ion transfer tube and the source heater temperatures
were 263 and 425 °C, respectively. Data-dependent MS2 analysis was performed on
the most intense ion by collision-induced dissociation (CID) with a normalized col-
lision energy of 35 %. A dynamic mass exclusion approach was used, in which the
most intense ion was fragmented 3 times and was subsequently excluded from frag-
mentation for the following 5 seconds, allowing data-dependent MS2 of less intense
co-eluting compounds. Data acquisition and processing were performed using Xcal-
ibur (version 4.1, Thermo Scientific). Quantification of phenolic was performed based
on PDA peak area (280 nm) and an external calibration curve of the corresponding
authentic standard (0.003 – 0.5 mM, in duplicate, R2 = 1.00). To assess whether the
change in phenolic recovery was statistically significant, ANOVA analysis was per-
formed using IBM SPSS Statistic v23 software (SPSS Inc., Chicago, IL, USA). Tukey’s
post hoc comparisons (significant at p < 0.05) were carried out to evaluate the to-
tal concentration of the phenolics at different pH values in presence of the different
salts.

4.2.6 Surface composition of the CaPP, Fe(III)PP, and mixed Ca-Fe(III) py-
rophosphate salts by X-ray photoelectron spectroscopy

The surface composition of CaPP, Fe(III)PP, and the mixed Ca-Fe(III) pyrophosphate
particles was determined by X-ray photoelectron spectroscopy (XPS), the sampling
depth of XPS is 3-10 nm21. The salts were also analyzed after incubation with epi-
catechin (pH 6) using the same incubation set-up as in section 4.2.3. After incuba-
tion, the samples were centrifuged at 5000 × g for 10 min and the precipitate was
washed twice with water. Complete removal of water from the samples was ensured
by overnight drying in a vacuum oven at 50 °C. Samples were prepared on indium
foil. XPS measurements were performed using a JPS-9200 photoelectron spectrom-
eter (JEOL Ltd., Japan). All samples were analyzed using a focused monochromated
Al K𝛼 X-ray source (spot size of 300 `m), wide scans were recorded at a constant
dwelling time of 50 ms and pass energies of 50 eV. The power of the X-ray source
was 240 W (20 mA and 12 kV). The charge compensation was used during the XPS
scans with an accelerating voltage of 2.8 eV and a filament current of 4.8 A. XPSwide-
scan were obtained under ultrahigh-vacuum conditions (base pressure, 3 × 10-7 Pa).
The spectra were fitted with symmetrical Gaussian/Lorentzian (GL(30)) line shapes
using CasaXPS (version 2.3.22PR1.0). All spectra were referenced to the C 1s peak
attributed to C-C and C-H atoms at 285.0 eV.
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4.3 Results and discussion

4.3.1 Dissolution behavior of iron from Fe(III)PP and mixed Ca-Fe(III) py-
rophosphate salts in the presence of phenolics

The dissolution of total iron from Fe(III)PP and the mixed Ca-Fe(III) pyrophosphate
salts in the presence of phenolic compounds was studied as a function of pH, us-
ing the ferrozine assay 16. This assay was verified for the combination of epicatechin
and all salts by comparison with the ICP-AES method, Figure 4.9 of Appendix 4.A.
The soluble iron concentration from 10 mg/ml dispersions of Fe(III)PP and the four
mixed salts in the presence of the six different phenolics was evaluated in water in
the food-relevant pH range 3-7, Figure 4.2 A. The dispersions were prepared based on
an equal amount of the salts (10 mg/ml), no direct relationship was observed between
the theoretical maximum iron concentration of the dispersion and the measured iron
concentration in solution, see Table 4.1 of Appendix 4.A. The soluble iron concentra-
tions presented here were determined after two hours incubation of the salt disper-
sions, and are therefore not necessarily equal to the solubilities (i.e., the equilibrium
saturation concentrations). Based on the results of chapter 3, we assume that the
iron dissolution from the mixed salt was complete at that time point9. Moreover, we
confirmed experimentally that at pH 3, 6, and 8 epicatechin, caffeic acid, and cate-
chol showed good water-solubility and that quercetin, apigenin, and curcumin were
slightly soluble or insoluble in water in the absence of iron, Figure 4.10 of Appendix
4.A.

At food-relevant pH values (3-7), the mixed salts with x ≤ 0.18 exhibit a lower
soluble iron concentration than Fe(III)PP, Figure 4.2 A (blank). Additionally, the sol-
uble iron concentration from the mixed salts with x ≤ 0.18 depended on the pH and
water-solubility of the phenolic compound as well.

In the range from pH 3 to 5, iron from the mixed Ca-Fe(III) pyrophosphate salts
with x ≤ 0.18 was (practically) insoluble regardless of the presence of the phenolics,
i.e., iron concentration in solution was < 0.18 mM which equals < 0.1 g/l22. The
theoretical maximum concentrations of the dissolved iron from the salts, based on
the initial amount of 10 mg/ml salt, are listed in Table 4.1 of Appendix 4.A. In the
pH range from 3 to 5, the phenolics did not affect the iron dissolution because all
hydroxyl groups are protonated (the apparent pKa range of phenolate is expected
to be 5-8) and therefore do not coordinate iron 15. Upon increasing the pH from 5
to 7 the hydroxyl groups of the phenolics are deprotonated, leading to differential
iron dissolution from the pyrophosphate salts for the different categories of pheno-
lics, see Figure 4.2 A. For the water-soluble phenolics (i.e., catechol, caffeic acid, and
epicatechin), an up to 11-fold increase in soluble iron concentration from the mixed
Ca-Fe(III) pyrophosphate salts with x ≤ 0.18 was observed at pH 6-6.5 compared to
the iron salt in the absence of the phenolics, Figure 4.2 B. However, in the presence of
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Figure 4.2 Dissolution behavior of iron from Fe(III)PP and the mixed Ca-Fe(III) py-
rophosphate salts in the absence and presence of the phenolics. (A) Concentration of
the dissolved iron at pH 3-7 from Fe(III)PP (x = 1) and mixed Ca-Fe(III) pyrophosphate salts
with x = 0.14, x = 0.15, x = 0.18, and x = 0.35, in the absence of phenolics (blank), and in presence
of catechol, caffeic acid, epicatechin, quercetin, apigenin, and curcumin after 2 h incubation
at 23 °C. (B) Relative change (defined in Equation 4.1) in the soluble iron concentration from
the salts in the presence of the phenolic compounds compared to the salts in absence of phe-
nolic compounds at pH 6-6.5.

the slightly water-soluble (i.e., quercetin and apigenin) and insoluble (i.e., curcumin)
phenolics, the relative change in soluble iron concentration was lower compared to
water-soluble phenolics and the iron remained practically insoluble. Furthermore,
the salt with x = 0.35 showed the highest absolute soluble iron concentration among
the mixed salts and was similar to Fe(III)PP (x = 1) in the presence of all phenolics
over the food-relevant pH range (3-7), Figure 4.2 A. At pH 6-6.5 the soluble iron con-
centration from the salts with x = 0.35 and x = 1 was not affected by the solubility of
the phenolic, Figure 4.2 B.

At pH < 3, in the blank and in presence of all phenolics, an increase in soluble iron
concentration was observed from all mixed Ca-Fe(III) pyrophosphate salts compared
to pure Fe(III)PP, Figure 4.11 of Appendix 4.A. No clear trend was observed below pH
3 between the category of the phenolic and the soluble iron concentration. At pH > 7,
which includes the intestinal pH range, irrespective of the phenolic compound, lower
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iron concentrations in solution were measured for all the mixed Ca-Fe(III) pyrophos-
phate salts, compared to Fe(III)PP. There was only one exception to this observation;
for the salt with x = 0.35, at pH > 8 in the presence of epicatechin and caffeic acid,
the soluble iron concentration was measured to be equal to and higher than that of
Fe(III)PP, respectively, Figure 4.11 of Appendix 4.A. Finally, the soluble iron from the
mixed salts with x = 0.14 and 0.15 remained low (i.e., < 0.15 mM) and in line with the
blank (no phenolics) in the presence of apigenin and curcumin at pH > 8.

The effect of temperature on the dissolution behavior of iron from the pyrophos-
phate salts in the presence of epicatechin was also investigated. The soluble iron
concentration from the salts with x ≤ 0.18 was observed to be similar at 23, 37, and
90 °C in the gastric and food-relevant pH ranges, Figure 4.12 of Appendix 4.A. These
results suggest that the soluble iron concentration does not change in gastric condi-
tions (37 °C), and after cooking (90 °C)23.

4.3.2 Discoloration of CaPP, Fe(III)PP, and mixed Ca-Fe(III) pyrophosphate
salts with phenolics

The total absorbance and discoloration of the CaPP, Fe(III)PP, and the mixed Ca-
Fe(III) pyrophosphate salts in the presence of all phenolics was assessed at pH 6-6.5,
Figure 4.3 A. This pH range was explored as it is in the range of most food products,
and more particularly savory concentrates, which is one of the preferred foods for
iron fortification24. The pH of three commercial savory concentrates was measured
to be 6.27 ± 0.59. The color of the supernatants and the precipitates were evalu-
ated visually, Figure 4.3 B, and according to the CIELab* color space. The 𝐿∗𝑎∗𝑏∗

values were used to calculate the Δ𝐸𝑎𝑏 as a qualitative tool for the color difference
between the supernatant and precipitate after exposing the phenolics to the iron-
containing salts, Figure 4.3 C. It was assumed that when the Δ𝐸𝑎𝑏 value is 3-5, the
color difference can be observed by an average consumer25. A Δ𝐸𝑎𝑏 value of up to 10
is considered to indicate an acceptable color change for iron-fortified salts26. For all
samples the Δ𝐸𝑎𝑏 value was > 5, indicating that a color difference could be observed,
Figure 4.3 C.

For the samples in the presence of the water-soluble phenolics (i.e., epicatechin,
caffeic acid, and catechol), an absorbance band was observed with _𝑚𝑎𝑥 ∼ 580 nm,
Figure 4.3 A. This broad absorbance band is due to the ligand-to-metal charge trans-
fer (LMCT) phenomenon. This absorbance band with _𝑚𝑎𝑥 ∼ 580 nm is typically ob-
served for Fe(III)-catechol complexes with a stoichiometry of 1:2 at pH ranging from
5-727,28 and causes the bluish to purplish appearance of the supernatants, Figure 4.3
B. Moreover, in the presence of the water-soluble phenolics, the precipitate changed
from white to a greyish/bluish color. We hypothesized previously that the discol-
oration of the precipitates at pH 6.5 can be due to the formation of Fe(III)-phenolic
complexes at the surface of the salts9, which is further discussed in section 4.3.4.
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In line with these color changes in the supernatant and precipitate, the Δ𝐸𝑎𝑏 dif-
ferences for water-soluble phenolics in presence of the Fe(III)-containing salts were
unacceptable and much larger than for the slightly water-soluble and insoluble phe-
nolics (quercetin, apigenin, and curcumin), Figure 4.3 C.

In the case of quercetin, increased absorbance in the visual spectra was observed
in the presence of Fe(III)PP and the mixed salt with x = 0.35, Figure 4.3 A. The ab-
sorbance bandwith _𝑚𝑎𝑥 ∼ 570 nm is due to the LMCT phenomenon and the increase
in the intensity of absorbance at 450 nm is due to the bathochromic shift (red shift
i.e., shift to longer wavelengths) of the cinnamoyl band of quercetin2. In the absence
of any of the iron-containing salts or in the presence of the mixed salts with x ≤
0.18, the supernatant of the quercetin sample did not show any absorbance due to
the poor solubility of quercetin in water. The increased absorbance observed in the
supernatant in the presence of the salts with x = 0.35 and x = 1 is suggested to be
a result of the formation of a charged Fe(III)-quercetin complex that improves the
solubility of quercetin29. A charged, and therefore soluble, iron-phenolic complex
is more likely for quercetin compared to apigenin and curcumin because quercetin
has multiple possible iron-binding sites 30 and iron-quercetin complexes have higher
reported stability constants due to the presence of a catechol moiety, Table 4.2 of
Appendix 4.A. For apigenin and curcumin, no increase in absorbance was observed
in the presence of iron-containing salts, Figure 4.3 A, in line with the transparent
supernatants of these samples, Figure 4.3 B. For the supernatants of quercetin in the
presence of CaPP and the mixed salts (with x ≤ 0.18) and for apigenin and curcumin
in the presence of all salts the Δ𝐸𝑎𝑏 value was at maximum around 10. The images of
apigenin indicate that the precipitates in the presence of Fe(III)PP and the mixed salt
with x = 0.35 turned dark brown. Additionally, for curcumin a slightly darker layer
was observed on the precipitate in the presence of Fe(III)PP, Figure 4.3 B. This indi-
cates that complexation reactions between iron and apigenin or curcumin occurred,
but the formed products remained insoluble. This is most likely for one or a combi-
nation of the following three reasons: (i) Fe(III)-phenolic complexation at the surface
of the undissolved salt particles, (ii) the formation of neutral and/or insoluble com-
plexes of iron with these phenolics29, or (iii) the inherently poor solubility of these
phenolics, see Figure 4.10 of Appendix 4.A. In line with the observed discoloration in
the precipitate, Figure 4.3 B, the Δ𝐸𝑎𝑏 value of quercetin and apigenin in the presence
of Fe(III)PP or the salt with x = 0.35 was unacceptable (> 10). The Δ𝐸𝑎𝑏 value for the
precipitate of curcumin in the presence of the salts with x ≤ 0.15 was also > 10. This
apparent color change to lighter shades of orange (lightness 𝐿∗ = 48 for blank ver-
sus 𝐿∗ = 64 for CaPP) is resulting from the presence of white or off-white insoluble
pyrophosphate salts in these precipitates that mix with curcumin, compared to the
orange color of pure curcumin (blank), rather than from dark-color formation.
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Figure 4.3 Discoloration of CaPP, Fe(III)PP, and mixed Ca-Fe(III) pyrophosphate
salts with phenolics. (A) Absorbance spectra of the supernatants of CaPP (x =0), Fe(III)PP
(x =1), and mixed Ca-Fe(III) pyrophosphate salts with 0.14, 0.15, 0.18, and 0.35 in the presence
of the different phenolics at pH 6. The dashed lines indicate the absorbance of the pure phe-
nolics (in the absence of any salts). (B) Pictures of the supernatants and precipitates in the
Eppendorf tubes.
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Figure 4.3 (continued): (C) The values of Δ𝐸𝑎𝑏 correspond to the color changes in the
supernatant (filled bar) and precipitate (striped bar) after being exposed to CaPP, Fe(III)PP,
and the mixed Ca-Fe(III) pyrophosphate salts, compared to no salts (i.e. blank phenolics). The
dashed line indicates the maximum acceptable color change (i.e., Δ𝐸𝑎𝑏 = 10).
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We observed that the intensity of the LMCT absorbance band, Figure 4.3 A, in-
creased monotonically with the x-value of the mixed Ca-Fe(III) pyrophosphate salts.
For the mixed salts with 0 ≤ x ≤ 0.35 in the presence of catechol, caffeic acid, epi-
catechin, and quercetin, the area under the curve in the visible range (AUC380-750)
showed a linear relationship with the iron concentration in solution (R2 > 0.97), Fig-
ure 4.13 of Appendix 4.A. For epicatechin and quercetin the R2 value decreased from
0.995 to 0.970 and from 0.990 to 0.872, respectively, if the point corresponding to
Fe(III)PP (x = 1) was included, because the slope of AUC380-750 suddenly increased
from x = 0.35 to x = 1. It has previously been shown that the inclusion of the diva-
lent metals (i.e., M(II)), such as calcium, can change the dark-colored iron-phenolic
complexation product towards a colorless M(II)-phenolic reaction product via metal
competition for complexation with phenolics 31. If this competition would occur in
these samples, then we would expect this relation between AUC380-750 and iron con-
centration to be non-linear, because the samples at lower x-value contain relatively
more Ca compared to higher x-values (i.e., for x = 0.14: Ca/Fe = 3.1 and for x = 0.35:
Ca/Fe = 0.93). However, our findings show a direct linear relationship between the
iron concentration and color. Thus, we conclude that the effect of metal competition
on color was likely very limited in these samples. We suggest that competition is
limited because Fe(III) is a harder Lewis acid compared to Ca, and therefore a much
larger excess of Ca (i.e. Ca/Fe ≥ 10) should be present to effectively limit color change
via metal competition 3.

Overall, for water-soluble phenolics, the use of the mixed Ca-Fe(III) pyrophos-
phate salts did not protect against adverse color changes that are caused by iron-
phenolic complexation, as is indicated by the observed color change and presence of
the LMCT band in the absorbance spectra. For quercetin, apigenin, and curcumin,
the color change was limited to acceptable values (Δ𝐸𝑎𝑏 ≈ 10) in the presence of
the salts with x ≤ 0.18. These outcomes show that the mixed Ca-Fe(III) pyrophos-
phate salts are more suitable for fortification of food products that contain slightly
water-soluble and/or water-insoluble phenolic compounds. Moreover, these findings
explain why the mixed salts show comparable reactivity to Fe(III)PP in a model black
tea solution, which mainly contains water-soluble phenolics, see chapter 29.

4.3.3 Oxidation rate of phenolics in the presence of CaPP, Fe(III)PP, and
mixed Ca-Fe(III) pyrophosphate salts

Complexation reactions can be followed by oxidation reactions of phenolics because
the complexation can be followed by an electron transfer from the ligand to Fe(III) 32.
Subsequent reactions of the oxidized phenolics yield a plethora of products that can
arise from phenolic degradation and oxidative coupling. Because of the extended
conjugated system of phenolics after oxidative coupling, these products may also
contribute to discoloration 33. To date, the effect of Fe(III)PP and the mixed Ca-Fe(III)
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pyrophosphate salts on phenolic oxidation is unknown. Therefore, we quantified
the recovery of phenolics after incubation in the presence of the studied pyrophos-
phate salts at selected pH values (i.e., 3, 6, and 8) by RP-UHPLC-PDA-MSn, Figure
7.5. In other words, the fraction of the phenolics which doesn’t remain intact is con-
sidered as oxidized. Epicatechin and quercetin were chosen as representatives for
water-soluble and slightly soluble/insoluble categories of the studied phenolics, re-
spectively.
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Figure 4.5 Oxidation rate of selected phenolics in the presence of the CaPP,
Fe(III)PP, and mixed Ca-Fe(III) pyrophosphate salts. Recovery of (A) epicatechin and
(B) quercetin in the absence and presence of CaPP (x = 0), Fe(III)PP (x =1), and mixed Ca-
Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35 at pH 3 (striped bar), 6 (dotted
bar), and 8 (filled bar) after incubation for 2 h at 23 °C. The error bars indicate the standard
deviation of independent duplicates. The dashed line indicates the initial concentration of
the phenolics (5 mM). Different letters indicate a significant difference in the concentration
compared to the other x-values for the same pH value (Tukey’s test, p < 0.05). * indicates that
the concentration was below the limit of quantification.

At pH 3, no significant difference (p > 0.05) was observed in the recovery of epi-
catechin in the presence of the different pyrophosphate salts, Figure 7.5 A. Because
the hydroxyl groups are protonated at pH 3 (see Figure 4.1), no complexation or sub-
sequent oxidation reactions occurred at pH 3. In the case of quercetin at pH 3, a
significant decrease in recovery was observed for the blank and in presence of the
different salts, Figure 7.5 B. These differences could not be linked to the x-value of
the salts, and because no oxidation products were detected in these samples (results
not shown) it remains unclear why significantly different recoveries were observed
at pH 3. Possibly some quercetin was lost due to the poor solubility and adsorption
on the electrode during pH adjustment. At pH 6, a significant decrease (p < 0.05)
in the recovery of epicatechin and quercetin in the presence of Fe(III)PP (x = 1) was
observed compared to the blank, CaPP, and all mixed Ca-Fe(III) pyrophosphate salts.
The significant decrease in intact epicatechin and quercetin by 35% and 55% of their
initial amount, respectively, after 2 hours of exposure to the Fe(III)PP is suggested to
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be due to oxidation of the phenolic compounds. This was supported by an increase in
peak areas of themain oxidation products from epicatechin (𝛿-type dehydrocatechin)
and quercetin (2,4,6-trihydroxyphenyl glyoxylic acid and 3,4-dihydroxybenzoic acid)
upon increasing x-value (Figures 4.14, and 4.15 of Appendix 4.A)2,33. For quercetin,
more oxidative degradation products rather than oxidative coupling products were
observed compared to epicatechin due to the presence of the 3-OH group in conju-
gation with the C2-C3 double bond, which enables formation of the highly reactive
quinone methides as intermediates in the degradation of quercetin 34.

Faster oxidation of the phenolics in the presence of Fe(III)PP at pH 6 can be
linked to a higher degree of complexation as shown in section 4.3.2. Exposure to
Fe(III)PP resulted in the most intense discoloration caused by more complex forma-
tion of quercetin and epicatechin with iron ions. After 2 h incubation of epicatechin
at pH 8 in the presence of Fe(III)PP, the epicatechin concentration significantly de-
creased compared to incubation of the blank or in the presence of CaPP (p < 0.05),
Figure 7.5 A. The concentration of recovered epicatechin was not significantly dif-
ferent in the presence of the various mixed Ca-Fe(III) pyrophosphate salts. Similarly,
no significant difference between the salts could be found for quercetin because its
fast oxidation in the presence of the Fe(III)-containing pyrophosphate salts at pH 8
resulted in concentrations being below the limit of quantification. However, in the
blank or in presence of CaPP, a significantly higher amount of quercetin was recov-
ered compared to all iron-containing salts.

At food-relevant pH (i.e., 6), the inclusion of calcium in the Fe(III)-containing py-
rophosphate salts resulted in less oxidation of the phenolic compound compared to
pure Fe(III)PP. This is the first indication that fortification of foods with mixed Ca-
Fe(III) pyrophosphate salts instead of pure Fe(III)PP can potentially limit the extent
of iron-mediated food oxidation. Even though oxidation is already limited to a cer-
tain extent in the presence of Fe(III)PP compared to FeSO4, because of the decreased
soluble iron concentration26,35, inclusion of calcium in the Ca-Fe(III) pyrophosphate
salts further lowers the soluble iron concentration, thereby further limiting phenolic
oxidation. This is in line with our hypotheses. Besides oxidation of phenolics, oxida-
tion of fatty acids, amino acids, and other micronutrients may also occur in presence
of Fe(III) 35. It should be further investigated whether these iron-mediated oxida-
tion reactions are also limited in the presence of the mixed Ca-Fe(III) pyrophosphate,
compared to Fe(III)PP.

4.3.4 Surface composition ofCaPP, Fe(III)PP, andmixedCa-Fe(III) pyrophos-
phate salts in the absence and presence of phenolics

The original reason for designing mixed Ca-Fe(III) pyrophosphate salts is reducing
the reactivity of iron (particularly from the surface of these salts) with phenolics
present in the food. These salts, based on the general formula Ca2(1-x)Fe4x(P2O7)(1+2x),
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with a theoretical x-value < 0.33, contain a lower percentage of Fe compared to Ca
in bulk. This Ca/Fe > 1 has previously been confirmed for the salts with x ≤ 0.18
by TEM-EDX, see chapter 29, and is indicated by the ratios of Fe/P and Ca/P for the
salts as shown in Figure 4.6 A. We hypothesized that the incorporation of calcium
as a second mineral along iron in the pyrophosphate matrix would reduce the iron
content at the surface of the mixed Ca-Fe(III) pyrophosphate salts and thereby lower
the soluble iron concentration and iron-mediated reactivity. XPSmeasurements were
employed to find the elemental composition at the surface of these salts, Figure 4.6 B
(for wide scan XPS spectra see Figure 4.16 of Appendix 4.A). To interpret the data, the
elemental percentages of the salts obtained from XPS were normalized with respect
to phosphorus. It was confirmed that Fe(III)PP and all the mixed salts contained a
lower iron to phosphorus ratio (Fe/P) at the surface than in the bulk, with up to a 5.5-
fold decrease in the case of the mixed salt with x = 0.14. This variation in distribution
of iron elements in the salt matrix (i.e., surface vs. bulk) can be caused by the higher
dissolution of Fe ions than Ca ions from the surface of the pyrophosphate salts in
water at the pH of the reaction mixture which results in higher Fe solubilization
from the salts during the washing steps for purification9,36. This solubilization of
Fe from the surface of the salts can be experimentally linked to the negative surface
charge of the salts particles in their colloidal state (before drying to powder) at this
pH range as well, see Figure 4.18 of Appendix 4.A. However, comparing the calcium
to phosphorus ratio (Ca/P) in the bulk and at the surface of the salts showed that
this ratio was the same or slightly lower (on average 1.18 ± 0.18 fold). These results
suggest that the mixed pyrophosphate salts have a lower iron to calcium ratio at their
surface compared to their bulk composition, despite having homogeneous elemental
distribution throughout their aggregates9.
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Figure 4.6 Analysis of the elemental ratios of the CaPP (x = 0), Fe(III)PP (x = 1), and
mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35, (A) in the bulk
by TEM-EDX obtained from9 (chapter 2), (B) at the surface by XPS, and (C) at the surface
after reactivity with epicatechin at pH 6. The data labels on the bars indicate the Fe/P ratios.
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The XPS measurements were also utilized to obtain the carbon to phosphorus
ratio (C/P) as an indication of the presence of phenolics on the surface of the salts.
Accurate determination of elemental ratios of carbon in the bulk using TEM-EDX
was not possible due to the carbon film on the TEM grids. The XPS measurements
indicated that after exposing the salts to epicatechin and removal of the free epicat-
echin by washing with water, C/P at the surface of the salts increased noticeably,
by up to 13-fold, Figure4.6 C (for wide scan XPS spectra see Figure 4.17 of Appendix
4.A). Although the minor amounts of carbon present in XPS spectra are inevitable
(e.g., due to the presence of atmospheric carbon dioxide impurities), this consider-
able increase in the carbon content at the surface of the Fe(III)-containing iron salts
is additional confirmation, besides the color of the precipitates, for the presence of
epicatechin at the surface of the insoluble pyrophosphate salts. In addition, Fe/P at
the surface of the iron-containing salts decreased substantially, up to a 3.2-fold, after
incubation with epicatechin, whereas the Ca/P ratio remained similar, Figure 4.6 C.
This indicates that besides binding of Fe at the surface of the salt by epicatechin, a
significant proportion of Fe was released into the solution after complexation with
epicatechin, which is in line with the increased soluble iron concentration in the
presence of epicatechin, Figure 4.2, and Figure 4.19 of Appendix 4.A. Furthermore, it
is possible that a fraction of Fe at the surface of these salts is covered by the bound
epicatechin and therefore the detection intensity of iron can be decreased in XPS
measurements due to this spatial hindrance.

4.3.5 Possible mechanism for reactivity of iron from Fe(III)PP and mixed
Ca-Fe(III) pyrophosphate salts

This study demonstrates that the dissolution behavior of iron from Fe(III)PP and the
mixed Ca-Fe(III) pyrophosphate salts depends on the x-value of the salt, the pH,
the solubility of the phenolic compound, and the Fe(III)-coordinating group(s) of
the phenolic compound. Figure 4.7 schematically summarizes the fate of the Fe(III)-
containing pyrophosphate salts with different x-values in the absence and presence
of the phenolics at pH 6-6.5 (representative pH for food products).

In the absence of phenolics, the salts with x ≤ 0.18 show up to an eight-fold de-
crease in soluble iron concentration compared to Fe(III)PP. In the presence of water-
soluble phenolics, the color of both the supernatant and the precipitate is negatively
affected. Firstly, the precipitate turns dark due to interactions of the water-soluble
phenolic with the iron present at the surface of the salts. Secondly, after binding
the water-soluble phenolic to the iron at the surface, the iron-phenolic complex re-
leases into solution and becomes soluble, causing discoloration of the supernatant.
For slightly water-soluble and insoluble phenolics with an ortho-diphenolic group,
we suggest that the soluble iron can form stable charged complexes that are solubi-
lized in water, leading to discoloration in both the supernatant and precipitate. For
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Figure 4.7 Schematic overview of possible mechanism for reactivity of iron from
Fe(III)PP and mixed Ca-Fe(III) pyrophosphate salts. The proposed mechanism underlies
the observed dissolution behavior of iron at the surface of the Fe(III)PP (x = 1) and mixed
Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35, and the reactivity of iron
from these salts in the presence of phenolics at pH 6. The colors in the squares are in line
with the experimentally observed color of the supernatant, a dark outline on the salt surface
indicates the discoloration observed in the precipitate. WS = water-soluble, WIS = slightly
water-soluble or water-insoluble.

slightly water-soluble and insoluble phenolics without the ortho-diphenolic group,
there is no interaction between the iron and the phenolic for the mixed salts with x
≤ 0.18. If iron is already present in the solution (i.e., x = 0.35 and 1), it can coordi-
nate with the insoluble phenolic and cause discoloration in the precipitate but these
Fe(III)-phenolic coordinates remain insoluble. The schematic overview in Figure 4.7
only applies when the pH is above the apparent pKa of the phenolic compounds, as
deprotonation of the phenolic hydroxyl groups is a prerequisite for these interac-
tions.

This is the first study to report that the reactivity of Fe(III)-containing pyrophos-
phate salts in the presence of phenolic compounds is dependent on the solubility and
iron-coordinating groups of the phenolic. Understanding the reactivity of the mixed
pyrophosphate salts with phenolics is helpful for the application of these salts in the
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design of iron-fortified food products. The present findings show that these salts
are potential iron fortificants for application in food products that mainly contain
slightly water-soluble phenolic compounds, such as savory concentrates. In future
studies, the reactivity of the mixed salts can be assessed in real food products and in
the presence of product-specific mixtures of phenolic compounds.

4.4 Conclusions

In this study, we investigate the reactivity of Fe(III)PP and the mixed Ca-Fe(III) py-
rophosphate salts (based on the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) with 0 ≤ x
≤ 1) in the presence of six different phenolic compounds. Besides iron-phenolic re-
activity, which results in complexation and oxidation, the effect of the presence of
phenolic compounds on iron solubility from the salts is also assessed. At pH 5-7, the
water-soluble phenolics (i.e., catechol, caffeic acid, and epicatechin) increased iron
solubility from the mixed pyrophosphate salts up to 11 times, by solubilization of
iron from the surface of the salts. This led to unacceptable discoloration as a result
of Fe(III)-phenolic complexation. In the presence of the slightly water-soluble (i.e.,
quercetin and apigenin) and insoluble phenolics (i.e., curcumin), iron from the salts
remained practically insoluble. Furthermore, for the salts with x ≤ 0.18, the color
change after exposure to these slightly water-soluble phenolics remained acceptable
for application. In addition, all mixed Ca-Fe(III) pyrophosphate salts resulted in sig-
nificantly less oxidation of epicatechin and quercetin at pH 6 compared to Fe(III)PP.
In conclusion, the mixed Ca-Fe(III) pyrophosphate salts with x ≤ 0.18 can potentially
be used as dual-fortificants with limited iron-mediated discoloration and oxidation
in foods containing slightly water-soluble or water-insoluble phenolics. In future
studies, the reactivity of these salts in the real food products, along with associated
changes in other organoleptic properties and in vitro iron bio-availability should be
addressed.
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4.A Appendix

4.A.1 Dissolution of CaPP, Fe(III)PP, and mixed Ca-Fe(III) pyrophosphate
salts in the presence of the phenolics by inductively coupled plasma
– atomic emission spectroscopy (ICP-AES)

Inductively coupled plasma–atomic emission spectroscopy (ICP-AES) was used for
independent verification of the iron quantification by the ferrozine assay. For ICP-
AES measurements, CaPP, Fe(III)PP, and the mixed Ca-Fe(III) pyrophosphate salts
were re-dispersed in water by stirring (∼ 250 rpm) with a magnetic stir bar (final
amount of salt 10 mg/ml) followed by the addition of aqueous solutions (i.e., cate-
chol, caffeic acid, and epicatechin) or dispersions (i.e., quercetin, apigenin, and cur-
cumin) of the phenolics at a final concentration of 5 mM. pH was set to reach a target
pH 3, 6, or 8 after 2 h of incubation at 23 °C while mixing at 1000 rpm. Samples
were five times diluted in 0.14 M HNO3, before injection in the ICP-AES system (Ag-
ilent 5110 VDV; Agilent Technologies, Tokyo, Japan). Independent duplicate samples
were taken from the salts at each pH point by independent titrations. The concentra-
tion of iron, calcium, and phosphorus was determined using scandium as an internal
standard. The limit of detection values of iron, calcium, and phosphorus were re-
spectively 0.05, 0.05, and 0.20 mg/l, the limit of quantification values were 0.15, 0.15,
and 0.61 mg/l, respectively.

4.A.2 Elution profiles reversed-phase chromatography

Elution profiles reversed-phase chromatography The following elution profile was
used to measure the solubility of the phenolics at pH 3, 6, and 8: 0.00 – 1.09 min,
isocratic on 1 vol.% B; 1.09 – 20.72 min, linear gradient from 1 – 55 vol.% B; 20.72 –
21.81 min linear gradient from 55 – 100 vol.% B; 21.81 – 27.26 min isocratic on 100
vol.% B; 27.26 – 28.35 min linear gradient from 100 – 1 vol.% B; 28.35 – 33.81 min
isocratic on 1 vol.% B. The following elution profile was used to monitor the oxidation
of epicatechin and quercetin: 0.00 – 1.09 min, isocratic on 1 vol.% B; 1.09 – 13.45 min,
linear gradient from 1 – 35 vol.% B; 13.45 – 14.54 min linear gradient from 35 – 100
vol.% B; 14.54 – 19.99 min isocratic on 100 vol.% B; 19.99 – 21.08 min linear gradient
from 100 – 1 vol.% B; 21.08 – 26.54 min isocratic on 1 vol.% B.

71



4 | Reactivity of Ca-Fe(III) pyrophosphate salts with phenolics

Blank x = 0 x=0.14 x=0.15 x=0.18 x=0.35 x = 1

Catechol

Caffeic acid

Epicatechin

Quercetin

Apigenin

Curcumin

Figure 4.8 Images of Eppendorf tubes containing the studied phenolics in combina-
tion with CaPP (x = 0), Fe(III)PP (x = 1), and the mixed Ca-Fe(III) pyrophosphate salts with x =
0.14, 0.15, 0.18, and 0.35 at pH 6. The red spots indicate the positions where the 𝐿∗𝑎∗𝑏∗ values
were extracted using a standard image analysis software (Photoshop CC2021, Adobe).
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Figure 4.9 Independent verification of ferrozine assay with ICP-AES method. Solu-
ble iron concentration from Fe(III)PP (x = 1) and mixed Ca-Fe(III) pyrophosphate salts with
x = 0.14, 0.15, 0.18, and 0.35 in the presence of epicatechin as a function of pH determined
by ICP-AES (filled markers) and by the ferrozine (open markers) methods. The inset depicts
the correlation between the iron concentration measured using both methods. The iron con-
centrations in solution measured by the two different methods were found to be in good
agreement (R2 = 0.96).
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Figure 4.10 Water solubility of the phenolics in the absence of any iron- or calcium-
containing salts at pH 3, 6, and 8 as quantified by RP-UHPLC-PDA-MS. The dashed line in-
dicates the prepared concentration of the phenolic solution.

Table 4.1 Iron content (mole percentage), theoretical maximum concentration
(mM), and the measured iron concentration (mM) from Fe(III)PP (x =1) and the mixed
Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35, based on the iron content of
the salt and the amount of salt in the starting dispersion (10 mg/ml for all salts).

x-value

Iron content 

(Mole %)

Theoretical 

maximum iron 

concentration (mM)

Measured iron concentration (mM)

pH 3 pH 6 pH 8

0.14 4.06 17.35 0.232±0.000a 0.006±0.000 0.059±0.001

0.15 4.29 17.75 0.365±0.017 0.032±0.003 0.307±0.014

0.18 4.93 21.03 0.265±0.005 0.147±0.002 0.608±0.009

0.35 7.78 32.87 0.080±0.004 1.422±0.037 3.148±0.037

1 12.90 53.69 0.028±0.001 0.810±0.029 3.198±0.016
a standard deviation of independent duplicates
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Figure 4.11 Dissolution behavior of iron from Fe(III)PP (x = 1) and the mixed Ca-
Fe(III) pyrophosphate salts with x = 0.14, x = 0.15, x = 0.18, and x = 0.35 at pH 1-10;
in the absence of phenolics (blank), and in presence of catechol, caffeic acid, epicatechin,
quercetin, apigenin, and curcumin at 23 °C.
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Figure 4.12 Effect of temperature on dissolution behavior of iron. Dissolution behav-
ior of iron from Fe(III)PP (x = 1) and the mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, x
= 0.15, x = 0.18, and x = 0.35 at pH 1-10 in the presence of epicatechin at 23, 37, and 90 °C.
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Table 4.2 Reported stability constants of Fe(III) with the phenolic compounds tested in this
study.

Phenolic Log𝛽 Reference

Catechol 43.8 37

Caffeic acid 18.9 38

Catechin 47.4 IUPAC. (1979). IUPAC stability constants
of metal–ion complexes, part B, organic ligands.
Oxford, UK: Pergamon Press. 12

Quercetin 44.2 39

Apigenin Not reported -
Curcumin 22.1 40

Phenolic R1
2 R2

2

Catechol 0.995 0.990

Caffeic acid 0.972 0.984

Epicatechin 0.970 0.995

Quercetin 0.872 0.974

Apigenin 0.418 0.081

Curcumin 0.420 0.019
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Figure 4.13 The area under curve in the range of 380-750 nm (AUC380-750) vs. the
solutble iron concentration. (A) Relationship between the area under the curve in the
visible light spectra (AUC380-750) versus the iron concentration in solution and (B) R12 the
regression value from the mixed salts and Fe(III)PP (including the red dashed point from A),
and R22 the regression value of the mixed salts only (excluding the red dashed point from A).
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Figure 4.14 Details of oxidation of epicatechin. (A) Proposedmain oxidation compound
(𝛿-type dehydrocatechin; 𝛿-type DhC2) of Fe(III)-mediated oxidation of epicatechin2,33. (B)
Bar graph indicating the peak area of 𝛿-type DhC2 after incubation of CaPP (x =0), Fe(III)PP
(x = 1), and the mixed Ca-Fe(III) pyrophosphate salts with epicatechin at pH 6.
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Figure 4.15 Details of oxidation of quercetin. (A)Main oxidation compounds of Fe(III)-
mediated oxidation of quercetin2. Bar graphs indicating the peak area of (B) THPGA and (C)
DHBA after incubation of CaPP (x = 0), Fe(III)PP (x = 1), and the mixed Ca-Fe(III) pyrophos-
phate salts with x = 0.14, 0.15, 0.18, and 0.35, with quercetin at pH 6.
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Figure 4.16 Surface composition of the salts. XPS Wide scan spectrum of CaPP (x = 0),
Fe(III)PP (x =1), and the mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35.
The salts were measured on an indium (In) surface.
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Figure 4.17 Surface composition of the salts after exposure to epicatechin. XPSWide
scan spectrum of CaPP (x = 0), Fe(III)PP (x =1), and the mixed Ca-Fe(III) pyrophosphate salts
with x = 0.14, 0.15, 0.18, and 0.35 after incubation with epicatechin (pH 6). The salts were
measured on an indium (In) surface.
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Figure 4.18 Zeta potential of the salts as a function of pH. The zeta potential of the
Fe(III)PP (x = 1) and the mixed Ca-Fe(III) pyrophosphate salts with x = 0.14, 0.15, 0.18, and 0.35
as a function of the pH of their dispersions.
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Figure 4.19 Comparison between the elements concentrations in the solution in the
absence and presence of epicatechin. Concentration of iron (red triangle), calcium (green
square), and phosphorus (blue circle) quantified by ICP-AES in aqueous supernatant for (A)
CaPP (x = 0) and the mixed Ca-Fe(III) pyrophosphate salts with (B) x = 0.14, (C) x = 0.15, (D) x
= 0.18, (E) x = 0.35, and (F) Fe(III)PP (x = 1) in the absence (filled markers) and presence (open
markers) of epicatechin. The insets show the corresponding iron concentration in solution.
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Chapter 5

Mixed Fe(II)-containing pyrophosphate salts:
Design and characterization for

dual-fortification of foods
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Even though iron (II) has been proven to bemore bio-accessible than iron (III), to date
the possibilities of using ferrous pyrophosphate (Fe(II)PP) for food applications have
not been explored, compared to the widely-applied ferric pyrophosphate (Fe(III)PP).
In the current work, Fe(II)PP as well as the mixed Fe(II)-containing pyrophosphate
salts with the general formula M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, where M = Ca, Zn, or Mn)
were synthesized as simultaneous delivery systems for iron and a second mineral
(M). The salts were prepared via a fast and facile co-precipitation method and char-
acterized by TEM-EDX, ICP-AES, XRD, and FT-IR. Furthermore, the iron-mediated
reactivity of these salts was assessed using a black tea solution. Results showed
that the Fe(II)PP caused 1.5 times less discoloration of the black tea solution, com-
pared to Fe(III)PP. Moreover, exposure of the black tea solution to the mixed salts
with x = 0.470 and 0.086 in which M = Zn and Mn, respectively, resulted in reduced
discoloration, with respect to Fe(II)PP. Our results indicate that the pure Fe(II)PP
and mixed Fe(II)-containing pyrophosphate salts are potential candidates for dual-
fortification of foods.

This chapter is based on N. Moslehi, J. Bijlsma, W. K. Kegel, and K. P. Velikov, “Iron-
fortified food product”, WO2022048952A1 (2022).
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"Yesterday I was clever so I wanted to change
the world. Today I am wise so I am changing
myself."

Rumi – Persian poet, 1207-1273

5.1 Introduction

As it was mentioned before, iron is a problematic mineral as a food additive due
to its high reactivity with phenolic compounds that are plentiful in plants and veg-
etables 1,2. In order to address the issue of high reactivity of iron with the chem-
icals present in foods, fortification of food products with poorly water-soluble or
water-insoluble iron sources such as iron (III) pyrophosphate (Fe(III)PP) has been
proven to be a beneficial and cost-effective approach 3–5. Formerly, it was shown
that Fe(III)PP has low water solubility (< 5%) at pH 2-5.5, yet dissolves well be-
low pH 26,7. Even though poorly soluble Fe(III)PP can cause fewer changes in the
organoleptic properties, it has been shown before that it cannot fully suppress the
iron-mediated reactions with phenolic compounds upon addition to foods in the pH
range relevant to human diet8,9. Furthermore, poorly soluble Fe(III)PP has the draw-
back of low iron bio-availability and consequently inadequate iron update in the
human body 10,11. In contrast, it has been shown that Fe(II) is better absorbed than
Fe(III), 12 and iron (II) sources such as ferrous sulfate and ferrous fumarate, exhibit
high iron bio-availability4. Nevertheless, due to their high solubility and therefore
high iron-mediated reactivity with foods, they are not preferred for foods that are
highly sensitive to color and flavor changes 13, and are often encapsulated which is
less desirable due to the higher costs of preparation 14–16.

Among iron (II) sources, there is a lack of published literature on iron (II) py-
rophosphate (Fe2P2O7, Fe(II)PP) salt. Fe(II)PP is widely studied as anode material
with relatively higher specific capacity and better cyclic performance for lithium-ion
batteries 17–19. However, it has not been investigated for its potential in food appli-
cations to our knowledge. Although Fe(III)PP is more preferred to be introduced to
foods because of its off-white color, compared to the green Fe(II)PP, the advantage of
using the latter is delivering iron in ferrous form which has been previously shown
to have a significantly higher absorption, compared to ferric form 12,20.

It was previously demonstrated that inclusion of a divalent metal such as Ca
alongside iron (III) in pyrophosphate matrix enhanced the iron solubility from the
mixed Ca-Fe(III) pyrophosphate salts in gastric condition (pH 1-3) up to fourfold,
while showing decreased iron solubility up to eight-fold in food pH range (3-7), com-
pared to Fe(III)PP, see chapter 36. Additionally, it was shown by van Leeuwen and

86



555555555

5.2 | Materials and methods

co-authors that incorporation of an excess amount of a divalent metal (M) such as
Mg in ferric pyrophosphate (i.e., Mg:Fe(III) ratio 50:1), hindered its reactivity towards
phenolics21. Therefore, we hypothesize that the combination of a second divalent
metal and Fe(II) in one pyrophosphate matrix will result in reduced iron-mediated
reactivity of the Fe(II)-containing salts. Besides decreasing the reactivity of iron by
embedding it in another less chemically reactive mineral carrier, the main advantage
of these compounds is that they can be potential dual-fortificants with tunable com-
position of a second essential mineral, in this case calcium, zinc, or manganese, along
with iron.

In this research study, we establish the potential of pure Fe(II)PP andmixed Fe(II)-
containing pyrophosphate salts in the field of food fortification. To do so, we inves-
tigate the possibility of mixing Fe(II) with a second divalent metal in the pyrophos-
phate matrix, based on the general formula, M2(1-x)Fe2xP2O7, (0 < x < 1, where M =
Ca, Zn, or Mn), as simultaneous delivery systems for two essential minerals (i.e., Fe
and M). Conventional co-precipitation is used as the synthesis method to integrate
iron (II) and the second divalent metal homogeneously into one pyrophosphate salt
matrix. Moreover, the chemical compositions of the salts are explored by TEM-EDX
and ICP-AES, and their crystallinity is investigated by XRD and FT-IR. Finally, the
designed salts are tested for their Fe-mediated discoloration of a black tea solution
as a representative model for phenolics (in particular catechins).

5.2 Materials and methods

5.2.1 Materials

Iron (III) chloride hexahydrate (FeCl3.6H2O, ≥ 99 wt.%), Iron (II) chloride tetrahy-
drate (FeCl2.4H2O, ≥ 99 wt.%), manganese (II) chloride (MnCl2, ≥ 96 wt.%), tetra-
sodium pyrophosphate decahydrate (Na4P2O7.10H2O, > 99 wt.%), calcium dichloride
(CaCl2, > 93 wt.%), nitric acid (HNO3, 65 wt.%), and 3-(2-pyridyl)-5,6-diphenyl-1,2,4-
triazine-p,p’-disulfonic acid monosodium salt hydrate (i.e., ferrozine; ≥ 97 wt.%),
were obtained from Sigma Aldrich (St. Louis, MO, USA). Iron (II) sulfate heptahy-
drate (FeSO4.7H2O, ≥ 99 wt.%) and anhydrous zinc chloride (ZnCl2, ≥ 98 wt.%) were
obtained from Alfa Aesar (Haverhill, MA, USA). Ethanol absolute (≥ 99 wt.%) and
ascorbic acid (≥ 99 wt.%) were obtained from VWR International (Radnor, PA, USA).
The Milli-Q (MQ) water used was deionized by a Millipore Synergy water purifica-
tion system (Merck Millipore, Billerica, MA, USA). The tea used for preparing the
tea solutions was an Original English tea blend from Pickwick ® (Amsterdam, The
Netherlands).
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5.2.2 Preparation of pure and mixed divalent metal salts

Pure divalent metal pyrophosphate salts

Pure salts were synthesized as references for comparative purposes. The preparation
was done via a co-precipitation method similar to the methods described in chapter
26,22,23. Firstly, solutions of 1.286 mmol FeSO4.7H2O, CaCl2, ZnCl2, and MnCl2 in 50
ml of MQ water were prepared independently. Following this, the solutions were
added quickly (within 5 seconds) to a solution of 0.643 mmol Na4P2O7.10H2O (NaPP)
in 100ml of MQwater in order to prepare iron (II) pyrophosphate (Fe2P2O7, Fe(II)PP),
calcium pyrophosphate (Ca2P2O7, CaPP), zinc pyrophosphate (Zn2P2O7, ZnPP), and
manganese (II) pyrophosphate (Mn2P2O7, MnPP), respectively. This was done while
the NaPP solution was stirring vigorously (∼ 400 rpm) with a magnetic stir bar. In
the case of the Fe(II)PP a turbid green, and in other cases turbid white/off-white
dispersions were formed a few seconds after the addition. The samples were then
centrifuged at 3273 × g for 30 minutes in 50 ml volume polypropylene conical cen-
trifuge tubes using an Allegra X-12R Centrifuge (Beckman Coulter, Brea, CA, USA).
This was followed by washing the precipitate with MQwater twice. Finally, the salts
were dried overnight in an oven at 45 °C (Fe(II)PP: 88%, CaPP: 74%, ZnPP: 80%, and
MnPP: 72% yield).

Mixed divalent metal Fe(II)-containing pyrophosphate salts

Themixed divalentmetal salts were prepared by the same procedure as the pure salts,
by addition of 50 ml of a mixed solution of FeSO4.7H2O and CaCl2, ZnCl2, or MnCl2
in MQ water to a solution of NaPP with a fixed concentration of pyrophosphate ions
(6.43 mM, 100 ml). Three different series of mixed Fe(II)-containing pyrophosphate
salts each with a second divalent metal M, and different M to Fe(II) ratios were pre-
pared, based on the general formula M2(1-x)Fe2xP2O7 (0 < x < 1), for different theoret-
ical x-values (i.e., 0.05, 0.10, 0.25, and 0.50, coded as MMix1 to MMix4, respectively,
where M = Ca, Zn, or Mn). After adding the mixed solutions to NaPP, the solutions
were stirred vigorously (∼ 400 rpm) with a magnetic stir bar (final concentration of
NaPP: 4.29 mM). The molar ratio of total metal ions (i.e., [M] + [Fe], final concentra-
tion: 8.573 mM) to pyrophosphate ions was 2:1. In all ratios, a turbid dispersion was
formed a few seconds after the addition. The samples were then centrifuged, washed,
and dried in an oven following the same procedures as explained for the pure diva-
lent metal salts, see section 5.2.2. The colors of the dried powders of all the mixed as
well as the pure salts were visualized by taking an image of them illuminated with
a uniform light source using identical camera settings. The images were evaluated
using an online color conversion tool (https://imagecolorpicker.com/) and con-
verted to the 𝐿∗𝑎∗𝑏∗ color space (i.e., 𝐿∗ dark or light, 𝑎∗ red vs. green, 𝑏∗ yellow vs.
blue), see Figure 5.7 of Appendix 5.A. It is worth recalling here that the x-values in
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the general formula indicate the minerals (i.e., M and Fe(II)) composition of the salts.
Consequently, the mole ratios were calculated based on which the x-value was found
in the structural formula. The average yields of the prepared mixed salts with M =
Ca, Zn, and Mn were 33 ± 3%, 69 ± 10%, and 82 ± 7%, respectively. Standard deviation
was calculated based on three independent syntheses of all the mixed salts.

5.2.3 Characterization

Transmission Electron Microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDX)

Water dispersions of the salts were dried on carbon-coated copper and nickel grids
for M = Ca and Zn, respectively, and analyzed by transmission electron microscopy
(TEM) and energy-dispersive X-ray spectroscopy (EDX). This was performed on a
TalosTM F200X (Thermo Fisher Scientific, San Jose, CA, USA) operated at 200 kV. The
elemental composition of the mixed salts was obtained by EDX and used for finding
the experimental (measured) x-value based on the general formula of the mixed salts.
The ratios of the atomic percentages (i.e., M/Fe = 2(1-x)/2x, M/P = 2(1-x)/2, Fe/P =
2x/2) were used to find x in the structural formula M2(1-x)Fe2xP2O7. The average x-
value for each mixed salt was reported with a standard deviation based on 3 replicate
preparations of the salts and 3 independent measurements. The average x-values
were incorporated in the general formula of the mixed divalent metal pyrophosphate
salts to obtain the actual chemical formula of the salts. Elemental composition of the
mixed salts in which M = Mn could not be obtained accurately by this technique
(TEM-EDX) due to the overlapping Mn and Fe lines in the energy spectrum.

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

For the salts with M = Mn, the chemical composition was obtained by elemental
analysis using ICP-AES. After ensuring the identical morphology and homogeneous
distribution of Fe and Mn in the salts (i.e., MnMix1 to MnMix3), their samples were
dissolved in 10 ml of a 2% HNO3 solution to achieve optimal measurement concentra-
tion ranges. ICP-AES measurements were performed using an Optima 8300 instru-
ment (PerkinElmer, Waltham, MA, USA) and in triplicate. Finally, the ratios of Mn/Fe
and P/Fe were used to obtain the average x-value for each salt based on the general
formula. For the salt with heterogeneous morphology (i.e., MnMix4), the approx-
imate x-values were estimated using EDX analysis on the different morphological
phases separately, as described in the previous section.
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High-Angle Annular Dark Field Scanning TEM (HAADF-STEM)

High-angle annular dark-field scanning TEM (HAADF-STEM) was performed on a
TalosTM F200X (Thermo Fisher Scientific, San Jose, CA, USA) operated at 200 kV.
The elemental mapping was recorded by assigning a color to each element. Color
indications are as follows: second divalent metal (i.e., M = Ca, Zn, or Mn): green,
iron: red, and phosphorus: blue.

X-Ray Diffraction (XRD)

The dried powders of the salts were analyzed at room temperature with an AXS
D2 Phaser powder X-ray diffractometer (Bruker®, Billerica, MA, USA), which was
equipped with a LYNXEYE® detector in Bragg-Brentano mode. The radiation used
was cobalt K𝛼 1,2, _ = 1.79026 Å, operated at 30 kV, 10 mA for 2\ = 5 to 70 degrees.
A silicon holder was used, and the measurements were repeated twice on the salts
from independent synthesis batches.

Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR measurements were done on dried powders of the samples by an FT-IR spec-
trometer (PerkinElmer, Waltham, MA, USA), using the KBr pellet technique24. 2.5 mg
of each salt was mixed thoroughly with 250 mg of KBr (FT-IR grade) and dried in an
oven at 60 °C overnight. Pellets were prepared using a press and the measurements
were done in independent duplicate. The interferograms were accumulated over the
spectral range of 1600-400 cm-1 using a resolution of 4 cm-1, with a background scan
recorded before each measurement.

5.2.4 Assessment of the reactivity of iron from thepure andmixedpyrophos-
phate salts in a black tea solution

To have an early indication of iron-mediated reactivity of the mixed divalent metal
pyrophosphate salts, a black tea solution was used as a representing model system
for phenolic compounds (catechins). The iron-mediated reactivity of the salts was
evaluated by discoloration of the black tea solution caused by the dissolved iron from
the salts in the tea solution.

The procedure was similar to what was described in chapter 2. Ground tea leaves
of Original English blend (Pickwick®) were added to boiling MQ water (1 g of tea
leaves in 100 ml of water). After stirring for 3 minutes, the tea leaves were filtered
out using 1541-125 cellulose filter papers (Whatman®, Maidstone, UK). The Fe(II)-
containing salts with a normalized concentration of iron (i.e., 1.05 mg Fe in 100
ml tea) were added to the tea solution (pH ≈ 5.13 ± 0.13). For comparison, CaPP,
ZnPP, or MnPP with a normalized concentration of 1.05 mg Ca, Zn, or Mn in 100
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ml tea were added to the tea solution as well. After stirring for 10 minutes using
an RCT basic stirrer (IKA-Werke, Staufen, Germany), the tea solutions were filtered
first over Whatman® cellulose filter papers and second over a 17845-ACK Minisart®

NY polyamide (nylon) filter with 0.2-micron pore size, (Sartorius, Göttingen, Ger-
many). During the procedure, the temperature was constant at approximately 90 °C.
The discoloration of the filtered tea solutions was quantified by ultraviolet-visible
light (UV-Vis) spectroscopy at room temperature. The visible spectra of the tea solu-
tionswere recorded on a Lambda-35 spectrophotometer (PerkinElmer,Waltham,MA,
USA). The increase in absorbance at wavelength range of 500-600 nmwas compared
to the blank black tea solution and used at the wavelength of 550 nm to quantify the
iron-phenolic complexation25. The colors of the tea solutions were visualized by
taking an image of all tea solutions standing next to each other illuminated with a
uniform light source at room temperature. The images were evaluated using the on-
line color conversion tool (mentioned in section 5.2.2). For better elaboration of the
discoloration of the black tea solution, the color difference between the tea solutions
before and after exposure to the salts, Δ𝐸𝑎𝑏, was used as a numerical tool, as de-
scribed in chapter 4. In this procedure, the 𝐿∗𝑎∗𝑏∗ value was taken at three different
spots on the images. The absolute value of color difference, Δ𝐸𝑎𝑏, corresponds to the
distance between two points within the 𝐿∗𝑎∗𝑏∗ color space (not only the darkness i.e.,
𝐿∗ value) and is calculated according to Equation 5.126,27.

Δ𝐸𝑎𝑏 = [(𝐿∗0 − 𝐿∗𝑥 )2 + (𝑎∗0 − 𝑎∗𝑥 )2 + (𝑏∗0 − 𝑏∗𝑥 )2]1/2 (5.1)

Where 𝐿∗0 , 𝑎
∗
0, 𝑏

∗
0 and 𝐿

∗
𝑥 , 𝑎∗𝑥 , 𝑏∗𝑥 are the color space values for the blank black tea and

the black tea after exposure to the salts, respectively.
The concentration of the iron released from the salts in the tea solutions was

measured using a ferrozine-based colorimetric assay, as described in chapter 3. The
absorbance of total Fe at 565 nm was measured at room temperature by a Lambda-
35 spectrophotometer (PerkinElmer, Waltham, MA, USA). It was confirmed that the
presence of Ca, Zn, or Mn ions did not interfere with the quantification of total iron,
Figure 5.8 of Appendix 5.A. All measurements were performed in independent du-
plicates and quantification of the dissolved iron was performed based on intensity
and with a calibration curve of FeSO4 (0.0078 – 1 mM, R2 > 0.99). Statistical analy-
sis was carried out to evaluate the significance of differences in iron concentration
(significant at p < 0.05).
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5.3 Results and discussion

5.3.1 Characterization of the pure divalent metal pyrophosphate salts

The morphology of the pure divalent metal pyrophosphate salts (i.e., Fe(II)PP, CaPP,
ZnPP, and MnPP) was explored by electron microscopy, Figure 5.1 A. The dried dis-
persions of these salts showed diverse morphologies. The TEM images of Fe(II)PP
showed large aggregates of 50-100 nm thin irregularly-shaped particles, while CaPP
yielded interconnected aggregates of noticeably smaller (10-20 nm) spherical parti-
cles, which was in line with a previous study23. Moreover, the TEM image results
showed that ZnPP formed relatively larger (roughly 200 nm) platelets of 10-25 nm
thick, whereas MnPP was a mixture of round and rod-shaped platelets of maximum
100 nm long, see Figure 5.1 A.

As mentioned in chapter 2, it has previously been shown that the crystallinity
of metal pyrophosphate particles can depend on the valence match/mismatch of the
metal and pyrophosphate ions23. In general, divalent metals are expected to form
crystalline compounds with pyrophosphate ions due to the less complicated stoichio-
metric ratio to reach neutrality23. This was confirmed for CaPP and ZnPP by XRD
diffractograms and FT-IR spectra. The X-ray diffraction pattern for CaPP and ZnPP
indicated clear signals of highly crystalline structures which are similar to the pre-
viously reported diffractograms for monoclinic calcium pyrophosphate tetrahydrate
𝛽 (m-CPPT 𝛽)28 and polymorphs of zinc pyrophosphate29,30, respectively, Figure 5.1
B. In the XRD diffractogram of MnPP, we observed only one signal of crystallinity
at approximately 2\ = 8 degrees which has not been reported before 31–33. This could
be due to the formation of different polymorphs of pyrophosphate anions during the
co-precipitation in water compared to the solid-state preparation. In addition the
synthesis method proposed in the current work is similar to synthesis of amorphous
MnPP which has been reported before 33. Nevertheless, the pyrophosphate anion is
known to possess multiple conformations in the solid state such as staggered and
eclipsed the terminal PO3 groups with a linear or bent P-O-P bridge 33 which can
result in appearance or interference of various peaks in the XRD diffractograms.
Furthermore, it was expected for Fe(II)PP to show crystalline structure as well based
on the stoichiometry of Fe2+ and P2O7

4- ions for formation of unit cells22,34. However,
the spectrum for Fe(II)PP showed only noise and a broad peak being indicative of
amorphous structure for this salt, Figure 5.1 B.
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Figure 5.1 Characterization of the pure divalentmetal pyrophosphate salts. (A) TEM
images of Fe(II)PP, CaPP, ZnPP, and MnPP shows formation of 50-100 nm irregularly shaped,
10-20 nm spherical (and aggregated), roughly 200 nm platelets, and 100 nm round and rod-
shaped platelets for these salts, respectively. (B) Comparison between XRD diffractograms
of the pure pyrophosphate salts shows that while CaPP, ZnPP, and MnPP are crystalline,
Fe(II)PP is amorphous. (C) For the same reason, the FT-IR absorbance of the chemical bonds
in the pyrophosphate ions appear sharp and strong for CaPP, ZnPP, and MnPP, and broad
and smooth for Fe(II)PP.

The details of chemical bonding in the Fe(II)PP, CaPP, ZnPP, and MnPP were in-
vestigated by FT-IR spectrometry, Figure 5.1 C. The FT-IR spectrum for CaPP, ZnPP,
and MnPP showed well-defined bands, whereas these peaks appeared broad and
smooth for Fe(II)PP at the same wavenumbers. The sharper and well-defined bands
were expected for crystalline materials. Spectral broadening in Fe(II)PP was a sign
and a result of its amorphous nature. Despite different broadness, peak positions of
the main characteristic peaks matched with each other because the pyrophosphate
groups are the main vibrationally active species. The characteristic peaks attributed
to bending for O-P-O bonds in the P2O7 groups appeared around 500-600 cm-1. The
signals observed at 745 and 945 cm-1 were assigned to symmetric and asymmetric
vibrations in P-O-P, respectively, and the peaks in the range of 1000 to 1200 cm-1

corresponded to P-O stretching vibration frequencies. All the peaks observed for
the P2O7

4- anion are similar to what was described in chapter 2 as well as previous
reports6,30,32,35–37.
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5.3.2 Characterization of themixed divalentmetal Fe(II)-containing pyrop-
hosphate salts

The morphology and chemical composition of the mixed divalent metal pyrophos-
phate salts, designed with x = 0.05, 0.10, 0.25, and 0.50 in M2(1-x)Fe2xP2O7, (coded
as MMix1 to MMix4, where M = Ca, Zn, or Mn) were characterized by electron mi-
croscopy, Figure 5.2. TEM images showed that inclusion of Ca as the second divalent
metal (i.e., M = Ca) in the Fe(II)-containing pyrophosphate salts resulted in homo-
geneous and similar morphologies to CaPP for all the designed x-values, indicating
aggregates of small (10-20 nm) spherical particles for the salts CaMix1-CaMix4, Fig-
ure 5.2 A. Moreover, the x-values for the salts CaMix1-CaMix4 were measured (by
EDX) to be 0.060, 0.130, 0.240, and 0.470, respectively, which were rather close to
the designed x-values, Figure 5.2 D.

In the case of M = Zn, the mixed salts yielded aggregates of thin platelets of ap-
proximately 100-200 nm large which were homogeneous in terms of their morphol-
ogy, Figure 5.2 B. The EDXmeasurements indicated that for these salts the measured
x-values were relatively close to but slightly lower than the expected x-values in all
the mixed salts; 0.047, 0.074, 0.202, and 0.47 for the salts ZnMix1 to ZnMix4, respec-
tively, Figure 5.2 D.

Detailed analysis of the TEM images and ICP-AES results of the mixed pyrophos-
phate salts in which M = Mn suggested that incorporating Mn as the second divalent
metal alongside Fe(II) in the pyrophosphate matrix yields formation of a uniform
morphology which was observed to be irregularly-shaped particles of 100-200 nm in
all the mixed salts, except for the salt MnMix4 (i.e., the mixed salt with the highest
iron content). Moreover, the average x-values for the salts MnMix1-MnMix3 were
measured (by ICP-AES) to be approximately 0.053, 0.086, and 0.220, respectively.
The salt MnMix4 yielded local segregation and coexistence of two morphological
phases: a rod-shaped phase with relatively higher Fe content (i.e., higher x-value),
and irregularly shaped aggregates with lower Fe content (i.e., lower x-value), R: rod
shape and I: irregular shape in Figure 5.2 D, respectively. The salt MnMix4 appeared
to be a mixture of an iron-rich phase with x ≈ 0.520, and a manganese-rich phase
with x ≈ 0.350, Figure 5.2 C. The formation of the Fe-rich and Mn-rich phases of
particles, resulting in different measured x-values (approximation from EDX quan-
tification), might be explained by the possibility of phase separation in the resulting
solid solutions 7,38.
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Figure 5.2 Morphology of the mixed divalent metal Fe(II)-containing pyrophos-
phate salts with the general formula M2(1-x)Fe2xP2O7, coded as MMix1 to MMix4 where
(A) M = Ca, (B) M = Zn, and (C) M = Mn obtained from TEM imaging. Comparison indi-
cates that all the mixed Fe(II)-containing salts yield uniform morphology and homogeneous
particles, except for the salt MnMix4 which shows segregation into two coexisting structural
phases. (D) The measured x-value for the mixed Fe(II)-containing pyrophosphate salts ob-
tained from EDX (for M = Ca and Zn) and ICP-AES (for M = Mn) quantification. The mea-
sured x-values for all the mixed salts were close to the designed values, except for in the case
of MnMix4. This salt shows different measured x-values for the coexisting morphologies, (R)
rod shape and (I) irregular shape.
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The elemental distribution in the mixed Fe(II)-containing pyrophosphate salts
was visualized by HAADF-STEM. Homogeneous distribution of the elements M (=
Ca, Zn, or Mn), Fe, and P was observed by elemental mapping of the mixed salts
CaMix1-CaMix4, (Figure 5.3 A), ZnMix1-ZnMix4 (Figure 5.3 B), and MnMix1-MnMix3
(Figure 5.3 C). In line with the results of TEM-EDX, the elemental mapping of the
salt MnMix4 showed different distribution of Fe for Fe-rich and Mn-rich (or Fe-poor)
coexisting morphologies.

100 nm 100 nm 50 nm

100 nm50 nm 200 nm 50 nm 200 nm

50 nm

200 nm 100 nm 100 nm100 nm

CaMix2CaMix1 CaMix3 CaMix4

ZnMix2ZnMix1 ZnMix3 ZnMix4

MnMix2MnMix1 MnMix3 MnMix4

(A)

(B)

(C)

Figure 5.3 Elemental mapping performed by HAADF-STEM on the mixed Fe(II)-
containing pyrophosphate salts with the general formula M2(1-x)Fe2xP2O7, coded as
MMix1 to MMix4 where (A) M = Ca, (B) M = Zn, and (C) M = Mn. Color indications are as
follows: second divalent metal (M = Ca, Zn, or Mn): green; iron (Fe): red; and phosphorous
(P): blue. Elemental mapping clearly shows homogeneous distribution of the elements in all
the mixed salts except for the salt MnMix4.

The crystallinity of the mixed divalent metal Fe(II)-containing pyrophosphate
salts was investigated by X-ray powder diffraction analysis, Figure 5.4 (left). The
XRD diffractograms of the mixed salts were not similar to any of the existing XRD
reference patterns in the international center for diffraction data (ICDD, https://
www.icdd.com) . Comparing the XRD patterns of the pure CaPP and Fe(II)PP to their
mixed salts (i.e., CaMix1-CaMix4) showed that inclusion of Ca alongside Fe(II) in
the pyrophosphate matrix results in amorphous structures of these mixed salts and
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therefore appearing noise and broad peaks in their XRD diffractograms, Figure 5.4 A
(left).
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Figure 5.4 XRD diffractograms (left) and FT-IR spectra (right) of the mixed Fe(II)-
containing pyrophosphate salts with the general formula M2(1-x)Fe2xP2O7 (0 < x < 1)
where (A)M=Ca, (B)M=Zn, and (C)M=Mn. The spectra of the pure CaPP, ZnPP orMnPP
and Fe(II)PP are shown for comparison. (A) The salts CaMix1-CaMix4 show broad peaks in
their XRD diffractograms and FT-IR spectra which is a sign of their amorphous structures. (B)
A gradual transformation in the crystalline structure was observed in the XRD diffractograms
and FTIR spectra of the salts ZnMix1-ZnMix4 upon increasing Fe content. Eventually the char-
acteristic peak at 9.5 degree for crystalline structure and the chemical bond vibration peaks
in the FT-IR spectra of the mixed salts ZnMix3 and ZnMix4 appeared broad and smooth. (C)
The characteristic peak in the XRD diffractogram of MnPP appeared broader upon increasing
Fe content in the salts MnMix1-MnMix4. For the same reason, the peaks corresponding to
their chemical bonds in the pyrophosphate ions appeared broad and smooth.
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However, in the case of Zn as the second divalent metal (M) comparison between
the XRD diffractograms of the mixed salts (i.e., ZnMix1-ZnMix4) and the pure ZnPP
and Fe(II)PP specified a gradual transformation of crystalline structure upon increas-
ing iron content in these samples, Figure 5.4 B (left). The characteristic peak at 2\
= 8 degree (a), which appeared sharp and strong for ZnPP, shifted to approximately
9.5 degree in the mixed salts. Moreover, the intensity and sharpness of this peak de-
creased noticeably upon increasing iron content in these mixed salts. Additionally,
the peaks at 17 degree (b), 19 degree (c), and in the range of 25-35 degree appeared
broader with a decreased intensity in the salts ZnMix1-ZnMix3, compared to ZnPP.
Ultimately, these peaks disappeared in the diffractogram of the salt ZnMix4.

The XRD patterns of the mixed Fe(II)-containing pyrophosphate salts with M =
Mn (i.e., MnMix1-MnMix4) were consistent with the pattern of MnPP, Figure 5.4 C
(left). The characteristic peak at approximately 2\ = 8 degree appeared in all the
mixed salts and broadened upon increasing iron content in these salts. Eventually,
the multiple peaks appearing for the salt MnMix4 can be likely due to the multi-
ple conformational phases resulting from the physical segregation observed in the
morphology of this salt, see Figure 5.4 C.

The details of chemical bonds in the structure of the mixed Fe(II)-containing py-
rophosphate salts were explored by FT-IR spectroscopy, Figure 5.4 (right). The anal-
ysis of the FT-IR spectra of the mixed salts showed that peak positions coincided
between the salts because the vibrations only correlate with the chemical bonds in
the pyrophosphate ions. Pyrophosphate vibrations showed sharp and well-defined
peaks for the crystalline salts, whereas the same peaks appeared broad and smooth
for the amorphous salts. The peak positions matched with the wavenumbers ob-
served for pyrophosphate group in the pure Fe(II)PP, CaPP, ZnPP, and MnPP salts as
discussed in section 5.3.1.

5.3.3 Assessment of the reactivity of the pure and mixed divalent metal
Fe(II)-containing pyrophosphate salts by discoloration of a black tea
solution

Even though the main intention of the present work is not to fortify tea, we used a
black tea solution as a representative model solution to investigate the reactivity of
iron in the designed mixed salts with phenolics (catechins), to show the prospects of
fortification of foods with the Fe(II)-containing pyrophosphate salts. The substantial
amount of phenolic compounds in black tea can provoke discoloration in the pres-
ence of iron-containing salts by iron-mediated complexation and/or oxidation 39–41.
Ferrous ion is known to make colorless complex with phenolics (catechol moiety)42.
However, autoxidation of Fe(II) in this complex to Fe(III) (in the presence of oxygen)
results in more stable yet colored Fe(III)-phenolic complex which eventually leads to
discoloration of the food, in this case the black tea solution43,44.
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The black tea model solution was exposed to the pure Fe(II)PP, CaPP, ZnPP, and
MnPP as well as the mixed Fe(II)-containing pyrophosphate salts (the final pH of
the solutions was approximately 5-6.5). Because these pure pyrophosphate salts are
poorly water-soluble45, it was expected that their mixed salts would also show less
reactivity and therefore, less discoloration upon food fortification. The results of
discoloration of the tea solution, caused by iron ions released from the salts are shown
in Figure 5.5. The discoloration of the black tea solution after exposure to FeSO4 and
Fe(III)PP was investigated for comparison as well. FeSO4 is known to be an iron
(II) source with high solubility and therefore high discoloration upon addition to the
foods 13,39. In contrast, Fe(III)PP receives a great deal of attention for its application
in food fortification due to its poor solubility and therefore less reactivity with the
phenolics present in the foods6,7,25.

Exposing the tea solution to iron in the form of the pure Fe(II)PP salt for 10 min-
utes, resulted in the darkening of the tea solution compared to the reference i.e., the
pure black tea solution, Figure 5.5 A. However, Fe(II)PP caused significantly (p < 0.05)
less discoloration in the black tea solution in comparison with FeSO4 and Fe(III)PP,
in line with the total absorbance spectra of the tea solutions at 550 nm, see Figure
5.5 A. The color difference in the tea solution before and after being exposed to the
iron-containing salts was evaluated by calculating the Δ𝐸𝑎𝑏 value. It is assumed that
when the Δ𝐸𝑎𝑏 is in the range of 3-5, the color difference can be observed by an
average consumer46, and when Δ𝐸𝑎𝑏 ≈ 10, the color difference is acceptable in the
presence of the iron-fortified salt47. The results showed that the Δ𝐸𝑎𝑏 of the black
tea solution after being exposed to Fe(II)PP was approximately 10.9, which was a
nearly acceptable color change, yet about 1.5 times less than Fe(III)PP (i.e., Δ𝐸𝑎𝑏 ≈
16). The darker color of the black tea solution after exposure to Fe(III)PP, compared to
Fe(II)PP, is expected to be related to faster dissolution of Fe(III)PP in the tea, see chap-
ter 6. Furthermore, the concentration of the dissolved iron from the salts in the tea
solutions indicated that Fe(II)PP resulted in approximately 3-fold less dissolved iron
in the tea solution, compared to Fe(III)PP, Figure 5.5 A. Nevertheless, the measured
soluble iron from the Fe(II)PP and Fe(III)PP were only 3.7% and 11.7%, respectively,
of the total amount of added iron (in the form of these salts). This indicates that
a remarkable amount of iron was retained in these salts’ matrices. It should also
be noted that the final pH of the tea solution after exposure to both Fe(III)PP and
Fe(II)PP was measured to be approximately 4.8. These results suggest that Fe(II)PP
is an iron source with potentially lower iron-mediated reactivity and practically ac-
ceptable color change upon addition to model catechin-containing solutions such as
black tea, compared to Fe(III)PP.
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Figure 5.5 The results of the reactivity assessment in a black tea solution exposed to
(A) Fe(II)PP, compared to FeSO4 and Fe(III)PP, and the mixedM2(1-x)Fe2xP2O7 salts where (B)
M = Ca, (C)) M = Zn , and (D)M =Mn. In each section of the figure, the visual comparison of
the colors of the tea solutions (tea cups), the absorbance of the tea solutions at 550 nm (left),
the quantitative color difference (i.e., Δ𝐸𝑎𝑏) with respect to the blank tea (middle), and the
dissolved iron concentration from the salts in the tea solutions (right) after exposure to the
salts are shown. (A) In the case of Fe(II)PP, the color change, Δ𝐸𝑎𝑏, is approximately 1.5 times
less than Fe(III)PP. Moreover, in the case of Fe(II)PP the dissolved iron concentration in the
tea solution is approximately 3-fold lower, compared to Fe(III)PP.
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Figure 5.5 (continued): With respect to Fe(II)PP, among the mixed divalent metal Fe(II)-
containing pyrophosphate salts, (B) CaMix4 (x = 0.470) with similar color difference (Δ𝐸𝑎𝑏 =
10.7), (C) ZnMix4 (x = 0.470) with less color difference (Δ𝐸𝑎𝑏 = 8.6) and similar concentration
of the dissolved iron, and (D) MnMix2 (x = 0.086) with much less color change (Δ𝐸𝑎𝑏 = 6.7)
and lower iron dissolution (2.3-fold) exhibit less iron-mediated reactivity and discoloration in
the black tea solution.
* The average of the two x-values corresponding to the two morphological phases of the salt
MnMix4 is used here (0.440).
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The visual color comparison between tea solutions exposed to the mixed salts
M2(1-x)Fe2xP2O7, where M = Ca (i.e., CaMix1 to CaMix4 with measured x = 0.060,
0.130, 0.240, and 0.470, respectively), showed that the discoloration induced by these
salts in the tea solution was a non-monotonic function of their iron content, Figure
5.5 B. The color difference, Δ𝐸𝑎𝑏, was the highest for the mixed salt CaMix3 (x =
0.240), which was approximately 2.4-fold higher than Fe(II)PP (x = 1). This was in
line with the fact that this salt had the highest absorbance among all other salts at
550 nm and the highest area under the curve in the whole range of 500-600 nm (data
not shown). It’s important to mention in this context that the color change illus-
trated by Δ𝐸𝑎𝑏 value can partly be due to the discoloration caused by the oxidation
of the phenolics present in the black tea solution. Moreover, conditions such as pH
and temperature can affect the oxidation of the phenolic compounds48. Therefore,
the instability of color of the tea solution after exposure to the mixed salt can also
be due to the differences in their pH values and the oxidation of phenolics at high
temperature. Moreover, the mixed salt with the highest Fe(II) content (i.e., CaMix4
with x = 0.470) exhibited similar discoloration of the tea solution to Fe(II)PP (Δ𝐸𝑎𝑏
= 10.7). The illustration of the dissolved iron concentration from these salts versus
their measured x-values showed enhanced dissolved iron concentration in the tea so-
lution for all the mixed salts up to an 8-fold increase for the salt CaMix3 (x = 0.240),
compared to Fe(II)PP (x = 1), Figure 5.5 B. Additionally, the salt CaMix4 (x = 0.470)
with similar discoloration to Fe(II)PP showed approximately 4 times higher soluble
iron concentration, compared to Fe(II)PP. It was previously reported that the pres-
ence of the water-soluble phenolics (such as catechins present in tea) can promote
the soluble iron from the mixed Ca-Fe(III) salts, see chapter 4. This non-monotonic
behavior of discoloration of black tea solution with respect to the iron content was
previously observed for the mixed Ca and Fe(III) pyrophosphate salts as well6, see
chapter 2. Furthermore, discoloration of the tea solution in this case (with Ca as the
second (divalent) metal) is suggested to be due to the interaction and oxidation of
polyphenols in the presence of calcium at elevated temperatures as well49, since the
complexation of calcium with phenolics is not reported to lead to a change in color9.

Exposing the black tea solution to the mixed salts M2(1-x)Fe2xP2O7, where M = Zn
(i.e., ZnMix1 to ZnMix4 with measured x = 0.047, 0.074, 0.202, and 0.470, respec-
tively), resulted in enhanced discoloration with a maximum 1.7-fold increase in the
case of the salt ZnMix2 (x = 0.074), compared to Fe(II)PP (x = 1), Figure 5.5 C. Similar
to the case of M = Ca, the color difference Δ𝐸𝑎𝑏 was the lowest and even lower than
10 (≈ 8.6) for the mixed salt with the highest iron content, ZnMix4 (x = 0.470). In
line with the results obtained from the color difference, the dissolved iron in the tea
solution was maximum for the salt ZnMix2 (x = 0.074), which was approximately
3.8-fold higher than the concentration of the dissolved iron from the pure Fe(II)PP (x
= 1). The dissolved iron concentration in the tea solution was measured to be mini-
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mum for the salt ZnMix4 (x = 0. 470) among all other salts, and similar to Fe(II)PP
(0.0061 vs. 0.0068 mM, respectively), see Figure 5.5 C. These results suggest that
the designed mixed salt ZnMix4 (x = 0.470) is a potential candidate for delivery of
Fe(II) and Zn, which shows less discoloration in a black tea solution, compared to
Fe(II)PP. Interestingly, exposing the black tea to the pure ZnPP (x = 0) caused a slight
lightening in the black tea solution (lightness 𝐿∗ = 24 for ZnPP vs. 𝐿∗ = 20 for pure
black tea). This could be explained by the fact that zinc is known to undergo com-
plexation with tea catechins (with absorbance characteristic peak < 350 nm) 50,51 and
form light yellow-colored complexes with phenolics 52. Moreover, it has previously
been reported that zinc has antioxidant activity 53,54. Therefore, it is expected that the
discoloration of the black tea solution resulted from the oxidation of its phenolics is
limited after exposure to ZnPP.

The results obtained from discoloration of the black tea solution after being ex-
posed to the mixed M2(1-x)Fe2xP2O7, where M = Mn (i.e., MnMix1 to MnMix4 with
measured x = 0.053, 0.086, 0.220, and 0.440, respectively) are shown in Figure 5.5 D.
It’s worth mentioning here that even though the salt MnMix4 is not considered as
a suitable candidate for the purpose of this work because of its non-homogeneous
morphology, it was still assessed for its iron-mediated reactivity in the tea experi-
ment. To show the results, the average of the two x-values corresponding to the two
morphological phases of this salts was chosen as the x-value for this salt (i.e., average
of x = 0.35 and 0.52, which equals 0.44), see Figure 5.2 D.

Overall, results showed that inclusion of Mn as the second divalent metal in the py-
rophosphate salt matrix successfully limited the iron-mediated reactivity in these
salts and consequently caused less discoloration of the black tea solution compared
to Fe(II)PP. All these mixed salts exhibited lower absorbance at 550 nm, less color
change (i.e., lower Δ𝐸𝑎𝑏 value), and lower dissolved iron concentration in solution,
compared to Fe(II)PP, except for the salt MnMix4 (x = 0.440), Figure 5.5 D. It was ex-
pected from the results obtained from EDX and elemental mapping for this salt not to
show less reactivity and therefore discoloration in the black tea solution, compared
to Fe(II)PP, due to the heterogeneity in morphology and iron distribution in its ma-
trix. The reason is that coexisting salt compositionwhich possess higher iron content
will have more available iron to be exposed to the phenolics present in the tea so-
lution, compared to the irregular homogeneous aggregates. Furthermore, the mixed
salt MnMix2 (x = 0.087) with Δ𝐸𝑎𝑏 = 6.7 exhibited the least discoloration among all
other mixed salts with M =Mn in the general formula. In addition, the dissolved iron
concentration from these mixed salts in the tea solution decreased up to a 2.3-fold
for the mixed salt MnMix2 (x = 0.087), compared to Fe(II)PP (x = 1). Therefore, the
mixed salts with Mn as the second divalent metal with x ≤ 0.220 are the preferred
candidates in terms of their iron-mediated reactivity with catechins present in black
tea solution.
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Additionally, it has previously been shown that inclusion of a competitive diva-
lentmetal (M)with respect to the complexationwith phenolics can limit the complex-
ation of Fe-phenolic via shifting the equilibrium towards formation of colorless/less
dark-colored M-phenolic complexes 55. Two competitive reactions in this case will
be:

Fe + phenolic → Fe−phenolic 𝐾𝐹𝑒 =
[𝐹𝑒 − 𝑝ℎ𝑒𝑛𝑜𝑙𝑖𝑐]
[𝐹𝑒] [𝑝ℎ𝑒𝑛𝑜𝑙𝑖𝑐] (5.2)

M + phenolic → M−phenolic 𝐾𝑀 =
[𝑀 − 𝑝ℎ𝑒𝑛𝑜𝑙𝑖𝑐]
[𝑀] [𝑝ℎ𝑒𝑛𝑜𝑙𝑖𝑐] (5.3)

In order to limit the formation of Fe-phenolic, M-phenolic complex should be fa-
vored, therefore [M-phenolic] ≫ [Fe-phenolic], and as a result 𝐾𝑀 [𝑀] ≫ 𝐾𝐹𝑒 [𝐹𝑒]
should hold9. Unfortunately, the information regarding the stability constants of
complexes of the metals studied in this work with tea catechins are not known to
our knowledge. However, we surveyed the existing data on complexes of these met-
als with catechol due to the similar metal chelating groups of catechins and catechol
(i.e., catechol moiety), see Figure 4.1 in chapter 4. The existing data on stability con-
stant of metal-catechol complexes indicates that first Fe(II)-catechol complex has a
lower stability constant, compared to Fe(III)-catechol (𝐾 ≈ 14 vs. 20, respectively) 56,
which is the explanation for autoxidation of Fe(II) to Fe(III) after complexation to
phenolics 57. Furthermore, the stability constant of the complex of the (second) di-
valent metals (M) investigated in this work with catechol have been reported to be
approximately 2.5, 8.3, and 7.5 for M = Ca, Zn, and Mn, respectively 56,58,59. This in-
dicates that in the ratio of M/Fe(II), M = Zn and Mn are stronger competitive metals
than Ca. It has been reported that the metal competition can effectively limit the
color change when a large excess of M is present9. In the current work the ratio of
M/Fe(II) in the mixed salts (based on their x-values) is in the range of 1.1 to 15.7, 1.1 to
20.3, or 1.3 to 17.9 for the salts in which M = Ca, Zn, or Mn, respectively.

On the condition that the second divalent metal (M) competes with Fe(II) to bind
to the catechins present in the black tea solution, a non-linear relation is required
between the area under the absorbance curve of the tea solutions in the visible range
(AUC380-700) with increasing the concentration of the dissolved iron from the salts
(in the same concentration of the phenolics). We observed that for none of the sets
of the mixed salts, the above-mentioned correlation is perfectly linear, see Figure 5.9
A-C of Appendix 5.A for the mixed salts in which M = Ca, Zn, and Mn, respectively.
The insets in Figure 5.9 shows that the correlation between the AUC380-700 is non-
linear for the salts in which the secondmetal is in excess as well, with respect to Fe(II)
(M/Fe(II) is in the range of 6.7-15.7, 12.5-20.3, and 10.6-17.9 for M = Ca, Zn, and Mn,
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respectively). However, as shown in Figure 5.5 D, the measured iron concentration in
the solution was a monotonic function of the iron only in the case of the mixed salts
when M = Mn, and not for M = Ca or Zn. Monitoring the area under the curve in the
visible range versus dissolved Fe concentration in the tea solution suggests that by
adding the same amount of iron (1.05 mg Fe/100 ml tea) in the form of Fe(II)PP, the
slope of AUC380-700 showed a sudden increase with respect to the mixed Mn-Fe(II)
salts with homogeneous morphology (i.e., x = 0.053, 0.086, and 0.220), Figure 5.9
D of Appendix 5.A. This suggests that in these mixed salts with x ≤ 0.220, Mn can
compete with Fe(II) toward formation of less dark complexes with catechins present
in the tea. It has also been shown before that the Mn-phenolic complex has a much
lighter brown color, compared to Fe-phenolic complex 55. Nonetheless, the competi-
tion between the metals for complexation with the phenolics (present in tea) should
be further investigated in the future works.

To summarize, our results suggest that mixed Fe(II)-containing pyrophosphate
salts are potential candidates for dual-fortification of foods with tunable minerals
compositions. The results of the current work shows that the mixed salts CaMix4
(x = 0.470), ZnMix4 (x = 0.470), and MnMix2 (x = 0.086) with similar or less iron-
mediated discoloration of a black tea solution, compared to Fe(II)PP, are the pre-
ferred candidates for simultaneous fortification of foods with F(II) and Ca, Zn, or
Mn, respectively. Thus, these salts are preferred candidates with the main benefit of
minimized dissolved iron concentration and therefore reduced iron-mediated discol-
oration to be applied for dual-fortification of foods containing catechins.

5.4 Conclusions

In the current work, we report the design, synthesis, and characterization of fer-
rous pyrophosphate (Fe(II)PP) as well as the mixed divalent metal Fe(II)-containing
pyrophosphate salts with the general formula M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, where M
= Ca, Zn, or Mn). All the mixed salts showed uniform morphology, except for the
mixed salt where M = Mn with designed x = 0.5. We demonstrate for the first time
the reactivity of the pure and mixed Fe(II)-containing salts in a black tea solution as a
representative model system for phenolics in particular catechins. Results indicated
that the Fe(II)PP caused acceptable color change in the black tea solution which was
1.5 times less than the conventional ferric pyrophosphate (Fe(III)PP). In addition, our
results suggest that the concentration of the dissolved iron ions released from the
mixed salts was a non-monotonic function of the x-values where M = Ca and Zn.
In the case of M = Ca, none of the salt compositions we studied were able to re-
duce discoloration as compared to Fe(II)PP. For the case of M = Zn, the salt with the
measured x = 0.470 exhibited less color change (Δ𝐸𝑎𝑏 = 8.6) and similar dissolved
iron concentration, compared to Fe(II)PP (Δ𝐸𝑎𝑏 = 10.9). Furthermore, the present
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findings suggest that the mixed salts in which M = Mn with x = 0.086 are the pre-
ferred salts for foods containing catechins due to reduced color change (minimum
Δ𝐸𝑎𝑏 = 6.7) and decreased soluble iron concentration up to 2.3-fold, with respect to
Fe(II)PP. In the next chapter, the dissolution behavior of the pure and mixed divalent
metal Fe(II)-containing pyrophosphate salts, as well as their dissolution behavior in
gastric-mimicked conditions will be explored.
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5.A Appendix

Fe(II)PP (x = 1)

62, -2, 17

CaPP (x = 0) CaMix1 (x = 0.060) CaMix2 (x = 0.130) CaMix3 (x = 0.240) CaMix4 (x = 0.470)

93, -1, -3 89, 3, 27 76, 3, 26 79, 5, 32 46, 6, 41

ZnPP (x = 0) ZnMix1 (x = 0.047) ZnMix2 (x = 0.074) ZnMix3 (x = 0.202) ZnMix4 (x = 0.470)

98, 0, -2 95, -4, 1 86, -6, 14 65, -5, 16 60, -6, 23

MnPP (x = 0) MnMix1 (x = 0.053) MnMix2 (x = 0.086) MnMix3 (x = 0.220) MnMix4 (x = 0.440*)

80, 1, 5 50, 9, 32 48, 9, 32 40, 14, 29 39, 4, 29

(A)

(B)

(C)

(D)

Figure 5.7 The images and details of color conversion (i.e., 𝐿∗𝑎∗𝑏∗ values) of (A) pure
Fe(II)PP, the mixed pyrophosphate salts with the general formula M2(1-x)Fe2xP2O7 where (B)
M = Ca, (C) M = Zn, and (D) M = Mn. The pure CaPP, ZnPP, and MnPP are shown for
comparison as well. The details of color conversions of the salts are obtained by an online
color measurement tool https://imagecolorpicker.com/ and reported by 𝐿∗, 𝑎∗, 𝑏∗ values,
respectively.
* The average of the two x-values corresponding to the two morphological phases of the salt
MnMix4 is used here (0.440).
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Figure 5.8 Interference of presence of Ca, Zn, or Mn ion with the quantification of
total iron in the ferrozine-based colorimetric assay. Absorbance of the ferrozine complex
at 565 nm in the presence of increasing concentration of iron, second divalent metal (M), and
a mixture containing their equimolar concentrations where (A)M = Ca, (B)M = Zn, and (C)
M = Mn. Presence of none of the studied divalent metals (i.e., Ca, Zn, and Mn) resulted in
absorbance or interference with the absorbance of the Fe-ferrozine complex at 565 nm.
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Figure 5.9 The correlation between the area under the absorbance curve in the vis-
ible light range (AUC380-700) versus the dissolved iron concentration from the mixed
Fe(II)-containing pyrophosphate salts where (A) M = Ca, (B) M = Zn, and (C) M = Mn
in the black tea solutions. The insets show the same correlation for the salts where M is in
excess with respect to iron. The regression values (R2) of each correlation are shown as well.
(D) The slope of the area under the absorbance curve versus the dissolved iron concentration
increased in the mixed salts where M =Mn. The circled point shows the corresponding values
for Fe(II)PP.
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Chapter 6

Mixed Fe(II)-containing pyrophosphate salts:
pH-dependent dissolution behavior

Abstract
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The challenge in designing micronutrient-fortified foods is ensuring the balance be-
tween the organoleptic properties of the food and bio-availability of the micronu-
trients. In this work, the pH-dependent dissolution behavior of the pure as well as
the mixed salts M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, where M = Ca, Zn, or Mn) after 2 h in-
cubation at 23 °C was studied for their application as dual-fortificants for iron and
a second mineral (M). Results showed that the pure salts were very poorly soluble
at pH 4-7, while they dissolved well at pH 1-3. In addition, dissolution behavior of
iron from the mixed salts showed that all the salts with M = Ca, Zn, and Mn, had
very limited iron dissolution (< 0.5 mM) in the moderate pH range (5-7) while show-
ing enhanced dissolved iron concentration up to 5 mM in the gastric and 1.3 mM
in intestine pH range. Furthermore, investigating the dissolution of these salts in
physiologically relevant conditions indicated that the pure ferrous pyrophosphate
(Fe(II)PP) and the mixed pyrophosphate salts are expected to be biologically acces-
sible and suitable for dual-fortification of foods with Fe and Ca, Zn, or Mn.

This chapter is based on N. Moslehi, M. van Eekelen, K. P. Velikov, and W. K. Kegel,
“Mixed divalent pyrophosphate salts for simultaneous delivery of iron and calcium,
zinc, or manganese in foods”, To be submitted.
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6 | Dissolution behavior of divalent metal pyrophosphate salts

"Have patience,
all things are difficult before they become
easy."

Saadi Shirazi – Persian poet, 1210-1291

6.1 Introduction

The main benefit of using poorly water-soluble or water-insoluble iron-containing
compounds for food fortification is their reduced impact on the organoleptic prop-
erties of the food due to their low solubilities 1–3. However, the poor solubility in
gastrointestinal tract can also result in limited iron bio-availability and consequently
reduced iron (and other micronutrients) uptake in the human body4,5. Therefore, the
challenge relies on the fact that the dissolution of iron from the iron-containing com-
pound should strongly depend on pH, meaning that the solubility needs to be limited
in the food pH range2, while being high and/or fast in gastrointestinal conditions6–8.

It has previously been shown that iron (II) is absorbed better than iron (III)9.
For instance, sources such as ferrous sulfate (water-soluble) and ferrous fumarate
(poorly water-soluble), exhibit high iron bio-availability 10. Nevertheless, among iron
(II) sources, there is a lack of published work on iron (II) pyrophosphate (Fe2P2O7,
Fe(II)PP) salt and its potential as an iron fortificant. In addition, it was previously
demonstrated that inclusion of a second divalent metal such as Ca, Zn, or Mn along-
side iron (II) in pyrophosphate matrix with the general formula M2(1-x)Fe2x(P2O7) (0
≤ x ≤ 1, where M = Ca, Zn, or Mn, respectively) can reduce discoloration of a black
tea solution, compared to Fe(II)PP, see chapter 5. On the other hand, calcium py-
rophosphate (CaPP), zinc pyrophosphate (ZnPP), and manganese (II) pyrophosphate
(MnPP) are reported to be poorly water-soluble or water-insoluble, but dissolve well
in inorganic mineral acids 11,12. Therefore, we hypothesize that the combination of a
second divalent metal alongside Fe(II) in pyrophosphate matrix will result in poor
water-solubility of the resulting mixed mineral salt as well, while showing relatively
higher iron solubility in gastric pH range (1-3).

In this study, we explore the dissolution behavior of pure as well as the mixed
divalent metal pyrophosphate salts with the general formula M2(1-x)Fe2x(P2O7) (0 ≤
x ≤ 1, where M = Ca, Zn, or Mn). Furthermore, in order to provide an indication of
bio-accessibility of iron and the second metal from the pure and mixed salts, their
dissolution behavior in the physiologically relevant conditions is investigated.
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6.2 Materials and methods

6.2.1 Materials

Nitric acid (HNO3, 65 wt.%), 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic
acid monosodium salt hydrate (i.e., ferrozine; ≥ 97 wt.%), hydrochloric acid (HCl, 37
wt.%), and sodium hydroxide (NaOH, ≥ 98 wt.%) were obtained from Sigma Aldrich
(St. Louis, MO, USA). Iron (II) sulfate heptahydrate (FeSO4.7H2O, ≥ 99 wt.%) was
obtained from Alfa Aesar (Haverhill, MA, USA). Ethanol absolute (≥ 99 wt.%) and
ascorbic acid (≥ 99 wt.%) were obtained from VWR International (Radnor, PA, USA).
TheMilli-Q (MQ)water usedwas deionized by aMillipore Synergywater purification
system (Merck Millipore, Billerica, MA, USA).

6.2.2 Dissolution behavior of the pure and the mixed divalent metal Fe(II)-
containing pyrophosphate salts

The dried powders of the pure or mixed salts were re-dispersed in MQ water by stir-
ring (∼ 250 rpm) with a magnetic stir bar (final concentration: 10 mg/ml). Then, the
pH of the dispersionwas adjusted using a pH-stat device (Metrohm, Herisau, Switzer-
land) by the addition of 0.1 M HCl or 0.1 M NaOH. Subsequently, all dispersions were
incubated at 1000 rpm using an Eppendorf Thermomixer® F1.5 (Eppendorf, Ham-
burg, Germany) at pH values ranging from one to eleven (steps of two pH units),
for 2 h at 23 °C. After incubation, the pH of each sample was measured to indicate
the final pH. Finally, the samples were centrifuged at 15000 × g for 10 min using
an Eppendorf Centrifuge 5415R and the supernatants were separated to quantify the
dissolved elements concentrations.

Iron concentration measurement by a ferrozine-based colorimetric assay

The concentration of the dissolved iron from Fe(II)PP and themixed Fe(II)-containing
pyrophosphate salts was monitored by a ferrozine-based colorimetric assay 13, as de-
scribed previously. An excess of ascorbic acid (50 µl, 100 mM) was added to 50 `l
sample (supernatant). After 30 minutes incubation of the sample with ascorbic acid,
ferrozine (50 `l, 10 mM) was added. The absorbance at 565 nmwas measured at room
temperature by a SpectraMax M2e (Molecular Devices, Sunnyvale, CA, USA). Quan-
tification of dissolved iron was performed based on intensity and with a calibration
curve of FeSO4 (0.0078 – 1 mM, R2 > 0.99). It was confirmed that the presence of the
Ca, Zn, or Mn ions did not interfere with the quantification of total iron (Figure 5.8
of Appendix 5.A). Statistical analysis was carried out to evaluate the significance of
differences in iron concentration (significant at p < 0.05).
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Elements concentrationmeasurement by inductively coupled plasma – atomic emis-
sion spectroscopy (ICP-AES)

Inductively coupled plasma–atomic emission spectroscopy (ICP-AES) was used for
independent determination of iron concentration, to be compared to the ferrozine as-
say. After incubation, the samples (i.e., supernatants) were 10 times diluted in 0.14 M
HNO3, before injection in the ICP-AES system (Agilent 5110 VDV; Agilent Technolo-
gies, Tokyo, Japan). All measurements were done in duplicate. The concentrations
of iron, calcium, zinc, manganese, and phosphorus from Fe(II)PP, CaPP, ZnPP, and
MnPP salts were determined using scandium as an internal standard. The limit of
detection (LOD) values of iron, calcium, zinc, manganese and phosphorus were 5,
20, 5, 1, and 50 `g/l, respectively.

6.2.3 Dissolution behavior the pure and the mixed Fe(II)-containing py-
rophosphate salts in gastric-mimicked conditions

In order to get an early indication of the bio-accessibility of iron the minerals in the
designed salts, dissolution of the salts in gastric-mimicked conditions was studied.
The dried powders of the pure and mixed pyrophosphate salts were re-dispersed in
MQ water (final concentration: 10 mg/ml), followed by adjusting the pH of the dis-
persions to pH 2 using a SevenExcellence Multiparameter pH meter (Mettler Toledo,
Columbus, OH, USA) by the addition of 0.5MHCl. Subsequently, all dispersionswere
incubated at 1000 rpm using an Eppendorf Thermomixer® F1.5 (Eppendorf, Ham-
burg, Germany) at 37 °C for 75 min. After the incubation, the pH of each sample was
measured again to determine the final pH. Finally, the samples were centrifuged at
15000 × g for 10 minutes using an Eppendorf Centrifuge 5415R and the supernatants
were isolated to quantify the dissolved Fe and the other elements (i.e., Ca, Zn, or
Mn and P) concentrations by the ferrozine-based colorimetric assay and ICP-AES,
respectively (see section 6.2.2). All measurements were performed in duplicate, and
quantification of dissolved iron was performed based on intensity and with a cali-
bration curve of FeSO4 (0.0078 – 1 mM, R2 > 0.99). To quantify both Fe(II) and Fe(III)
concentrations, the ferrozine-based colorimetric assay was done both with and with-
out addition of excess amount of ascorbic acid. Presence of ascorbic acid results in
reduction of Fe(III) to Fe(II) and consequently total Fe in solution can be measured. In
the case of addition of no ascorbic acid, the concentration of Fe(II) can be quantified.
Accordingly, Fe(III) concentration can be calculated by the difference between total
Fe and Fe(II) concentrations.
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6.3 Results and discussion

6.3.1 Dissolution behavior of the pure divalent metal pyrophosphate salts;
Fe(II)PP, CaPP, ZnPP, and MnPP

As mentioned previously (in chapter 3), one of the main challenges in designing
iron-containing compounds for food fortification is tuning their pH-dependent dis-
solution behavior. To prevent additional reactions between the iron source and the
phytochemicals present in the fortified food vehicle while ensuring bio-accessibility
of the iron, it is necessary for the compound to have limited dissolution in the food
pH range (3-7), and good and fast dissolution in the gastrointestinal pH (1-3 and 6-8).
In the case of mixing two or several minerals, the forementioned conditions should
in principle hold for at least one of the pure components as well. Therefore, the
dissolution behavior of the pure divalent metal pyrophosphate salts; Fe(II)PP, CaPP,
ZnPP, and MnPP was evaluated as a function of pH by ICP-AES method, Figure 6.1.
Quantification of the metals (i.e., Fe, Ca, Zn, and Mn) and phosphorus (P) concentra-
tions from the pure pyrophosphate salts showed that interestingly all the salts have
limited solubilities in the pH range 4-7, and fast dissolution in the low pH (1-3), Figure
6.1 (top).
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Figure 6.1 pH-dependent dissolution behavior of the pure divalentmetal pyrophos-
phate salts obtained by ICP-AES. Concentrations of the elements (top) and percentage of
the dissolve metal (bottom) for (A) Fe(II)PP, (B) CaPP, (C) ZnPP, and (D) MnPP.
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Results showed that Fe(II)PP remained (practically) insoluble (i.e., < 0.1 g/l 14) in
the pH range 3-7. The soluble iron concentrations from this salt were below 1.7 mM,
Figure 6.1 A (top) at pH 5-7, whichwas calculated to bemaximum0.5% of the total iron
present in the solid, Figure 6.1 A (bottom). It was previously shown that the soluble
iron concentration from Fe(III)PP in the same pH range (5-7) can reach up to 2.5 mM,
see chapter 3 15. This finding can explain why Fe(II)PP caused less discoloration of a
black tea solution (pH ≈ 5.2), compared to Fe(III)PP, see section 5.3.3 of chapter 5. Be-
low pH 3, the soluble iron concentration from Fe(II)PP increased up to approximately
11 mM around pH 1 which is equivalent to approximately 40% dissolved iron, Figure
6.1 A. The dissolution of iron from Fe(II)PP at pH < 3 can be due to the formation of
soluble ferrous pyrophosphate complexes such as Fe(H3P2O7)2 and Fe(H2P2O7)22- 16,
ferric pyrophosphate complexes such as FeH3P2O7

2+ and FeH2P2O7
+ 17,18, free iron

ions at low pH, and/or possible Fe(II)/Fe(III) chloride complexes with pyrophosphate
species (pyrophosphoric acid has pKa1 and pKa2 values of 0.92 and 2.1, respectively 19).

At pH > 7, the soluble iron concentration increased up to 18 mM at pH 10. In-
terpolation of the soluble iron concentration data between pH 7 and 9 indicated that
the iron concentration from this salt at pH 8 was approximately 7.8 mM, Figure 6.1 A
(top). Furthermore, the lower measured Fe concentration, compared to P, at pH 10-11
was suggested to be due to the formation and sedimentation of the iron oxides and
hydroxides at high pH valueswhichwas visually observed as dark orange/brown sed-
iments in the titrated sample. Comparison between dissolution behavior of Fe(II)PP
and Fe(III)PP (see chapter 3) at gastrointestinal pH range (i.e., 1-3 and 6-8) indicates
that the soluble iron concentration from Fe(II)PP was higher than Fe(III)PP up to 11
times at pH 1 and 2.6 times at pH 8. These findings suggest that Fe(II)PP is a potential
candidate for iron fortification of foods particularly at the pH range 5-7. Moreover,
Fe(II)PP is expected to exhibit higher bio-accessibility of iron in the gastrointesti-
nal tract due to its faster dissolution at biologically-relevant conditions, compared to
Fe(III)PP6–8,20,21.

Quantification of soluble calcium concentration from CaPP indicated limited sol-
ubility of this salt at pH ≥ 5 with maximum 3.2 mM Ca concentration at roughly pH
5, Figure 6.1 B (top), which corresponds to dissolution of 4.2% of the total initial Ca
present in the solid salt Figure 6.1 B (bottom). At pH < 5, the soluble Ca concentration
was observed to increase up to approximately 130 mM at pH ≈ 2 which was > 96%
dissolution. It has previously been shown that due to the limited solubilities of CaPP
and Fe(III)PP, inclusion of Ca and Fe(III) in one pyrophosphate matrix can limit the
soluble iron concentration from the mixed salts up to 8-fold in the pH range 3-7 15

(see chapter 3). According to the results obtained from dissolution of the pure CaPP,
which were in agreement with a previous work 12, it is hypothesized that inclusion of
Ca alongside Fe(II) in the pyrophosphate matrix also results in limited dissolution of
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the mixed compound (salt) at least at pH range 5-7, while showing relatively higher
soluble iron (and calcium) concentrations at pH < 3.

ZnPP showed poor solubility at pH range 5-8 with a maximum concentration of
0.3 mM for Zn at pH ≈ 8, Figure 6.1 C (top), which was roughly 0.5% of the total Zn
present in the solid salt, Figure 6.1 C (bottom). At pH ≤ 5, ZnPP is relatively soluble
with > 99% Zn dissolution around pH 1. Moreover, at pH > 8, the solubility of the
ZnPP was enhanced up to 6 mM at pH ≈ 12 which was approximately 13% of the total
zinc present in the solid salt. The lower Zn concentration measured with respect to P
was again suggested to be due to the insoluble zinc oxide and hydroxide which was
detected by the color of the remained sediment (dull white).

pH-dependent dissolution behavior of MnPP indicated that at pH > 5 the dis-
solved manganese concentration was below 2 mM, Figure 6.1 D (top) which corre-
sponds to roughly 2.5% of the total Mn present in the solid salt. Moreover, at pH <

5 the measured soluble Mn concentration from MnPP increased up to > 99% (≈ 193
mM) at pH 2, see Figure 6.1 D (bottom).

The findings on the dissolution behavior of ZnPP and MnPP as a function of
pH indicate that integration of Zn or Mn along Fe(II) in a pyrophosphate matrix is
expected to result in poor solubility of iron from the matrices of the resulting mixed
pyrophosphate salts with M = Zn or Mn in the general formula at pH 5-7, while
exhibiting higher soluble iron concentrations at pH < 4.

6.3.2 Dissolution behavior of iron from the mixed divalent metal Fe(II)-
containing pyrophosphate salts

The dissolution of iron from the iron-containing salt should be limited at food pH
(3–7) and high and fast at gastric pH (1–3) and/or intestinal pH (6–8). Therefore, the
dissolution behavior of iron from Fe(II)PP and mixed divalent metal Fe(II)-containing
pyrophosphate salts was evaluated as a function of pH by UV-Vis spectroscopy using
the ferrozine assay 13. It was confirmed that the presence of the Ca, Zn, or Mn ions
did not interfere with the quantification of total iron in this assay, (see Figure 5.8 of
Appendix 5.A). The dissolution behavior of iron from Fe(II)PP and the twelve mixed
divalent Fe(II)-containing pyrophosphate salts in aqueous solution was evaluated in
the pH range from 1-11, Figure 6.2. Quantification of the dissolution total iron from
the mixed M2(1-x)Fe2xP2O7 salts indicated that overall all the mixed salts (i.e., M = Ca,
Zn, and Mn) showed very limited dissolution of iron (< 0.5 mM) in the moderate
pH range (4-7) while showing enhanced dissolved iron concentration in the gastric-
and intestine-relevant pH (up to 5 and 1.3 mM, respectively), see Figure 6.2 A, B, and
C for the mixed salts with M = Ca, Zn, and Mn, respectively. Therefore, as it was
hypothesized, inclusion of the divalent metals studied in this work (i.e., Ca, Zn, or
Mn) alongside Fe(II) in the pyrophosphate matrix resulted in a unique dissolution
behavior of the mixed salts.
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Figure 6.2 Dissolution behavior of iron from the mixed divalent metals Fe(II)-
containing pyrophosphate salts in comparison to Fe(II)PP.Concentration of soluble iron
from the mixed M2(1-x)Fe2xP2O7 salts where (A) M = Ca, (B) M = Zn, and (C) M = Mn, after
2 h incubation at 23 °C. The dissolution profile of iron from Fe(II)PP is shown for comparison
(dashed lines).

In the case of Ca as the second divalent metal (i.e., M = Ca in the mixed salts with
the general formula M2(1-x)Fe2xP2O7, the dissolved iron concentration from all mixed
salts decreased at pH > 4.5, compared to Fe(II)PP, Figure 6.2 A. One exception for
this was the CaMix4 salt with x = 0.470 at pH 5.5 and > 10. At pH 5.5, the iron con-
centration from this salt (CaMix4) was approximately 11 times higher than Fe(II)PP
(i.e., 0.34 vs. 0.03 mM, respectively).
In the pH range 4.5-7, the mixed salts CaMix1-3 showed lower soluble iron concen-
tration with up to ≈ 90-fold decrease in the case of CaMix1 salt with x = 0.060 at pH
6.5, compared to Fe(II)PP. Moreover, in this pH range the salt CaMix4 with x = 0.470
had the highest iron dissolution among the mixed salts. Additionally, the dissolved
iron concentration from the mixed salts with M = Ca enhanced at pH ≤ 4 with a
rough maximum of 16-fold increase in the case of CaMix3 with x = 0.240 at pH 2,
compared to Fe(II)PP. Therefore, it is expected that the salts CaMix1-3 show lower
iron-mediated reactivity at food pH, while exhibiting higher bio-accessibility at pH
1-3, relative to Fe(II)PP (this is further discussed in section 6.3.3). These findings pro-
pose that the mixed M2(1-x)Fe2xP2O7 salts where M = Ca with x ≤ 0.240 are potential
dual-fortificants for iron and calcium, particularly for the food vehicles in the pH
range 5-7.

The results of dissolution behavior of iron from the mixed M2(1-x)Fe2xP2O7 salts
where M = Zn showed that in this case all mixed salts showed lower iron concentra-
tion in solution over the whole pH range 1-11, compared to Fe(II)PP (see Figure 6.2 B).
The only exception to this was the salt ZnMix4 with x = 0.470 with roughly similar
iron dissolution at pH 5, compared to Fe(II)PP. This was in line with the fact that the
dissolved iron concentration from this salt was similar to Fe(II)PP in a black tea so-
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lution at the same pH, see chapter 5. Nevertheless, this salt was practically insoluble
with a maximum soluble iron concentration of 0.05 mM (3.2 mg/l) 14.
In the food-relevant pH (3-7), inclusion of Zn along Fe(II) in the pyrophosphate ma-
trix decreased the soluble iron concentration from the mixed salts with respect to the
pure Fe(II)PP. The lowest dissolved iron was measured for the salt ZnMix1 with x =
0.047 which was 12 and 120 times lower at pH 5.5 and 6.5, respectively, with respect to
the iron dissolution from Fe(II)PP in this range. Furthermore, at pH < 3 iron dissolu-
tion from the mixed salts with M = Zn was enhanced up to roughly 5 mM in the case
of the salt ZnMix3 with x = 0.202 at pH ≈ 1 which was 3.5 times higher than Fe(II)PP
at this pH. It is worth noting here that this salt exhibited the highest dissolved iron
concentration among all mixed divalent Fe(II)-containing salts at gastric-relevant pH
range. According to what was discussed, the mixed Fe(II)-containing pyrophosphate
salts with x ≤ 0.202 in which Zn is included as the secondmineral seem to be promis-
ing and potential candidates for the simultaneous fortification of foods with iron and
zinc.

In the case of M =Mn in the mixed M2(1-x)Fe2xP2O7 salts, the dissolution behavior
of iron from the salts was very similar to the case in which M = Zn. Overall, the
soluble iron concentration for all the mixed salts with M = Mn was lower in com-
parison to Fe(II)PP at pH > 3 except for the salt MnMix4 with approximately 5 times
higher iron concentration at pH 5, Figure 6.2 C. This salt, similar to the salt ZnMix4,
was practically insoluble with 0.1 mM Fe concentration. At pH range 3-7, the salt
MnMix1 with x = 0.053 showed decreased iron concentration in solution which was
approximately 3-30 times lower than Fe(II)PP at pH 5-6.5, respectively.
In addition, the mixed salts with Mn as the second divalent metal showed enhanced
iron dissolution at pH < 3, compared to the pure Fe(II)PP. Results indicated that the
mixed salt MnMix3 with x = 0.220 had the maximum soluble iron concentration in
this pH range (i.e., ≈ 4.8 mM) with an approximately 3.35-fold increase with respect
to Fe(II)PP. These results suggest that the mixed M2(1-x)Fe2xP2O7 salts with M = Mn
and at least x ≤ 0.220 are potential candidates for dual-fortification of foods with
iron and manganese.

6.3.3 Dissolution behavior of the pure and the mixed divalent metal Fe(II)-
containing pyrophosphate salts in gastric-mimicked conditions

Even though poorly water-soluble or water-insoluble iron sources are beneficial for
food fortification, they have the drawback of low bio-availability of iron4,22. It is
worth noting here that bio-accessibility (i.e., the quantity of iron in solution and
available for absorption in the gastrointestinal tract) is necessary but not the only
requirement for iron bio-availability8. Therefore, it is of importance to ensure the
bio-accessibility of iron by the condition that the solubility of iron source should be
relatively high and fast at gastric and/or intestinal conditions. It has previously been

121



6 | Dissolution behavior of divalent metal pyrophosphate salts

reported that higher quantities of total soluble iron at pH 1-3 can ensure adequate bio-
accessibility of iron in the stomach20,23 and that in vitro solubility of Fe-containing
salts at pH 1 is a good indicator for in vivo Fe uptake by rats 7. Therefore, we explored
soluble iron (II) and total iron concentrations from the pure and the mixed salts at
gastric-like conditions (pH 2 and 37 °C) by UV–Vis spectroscopy using the ferrozine
assay 13. Accordingly, Fe(III) concentration can be obtained by the difference between
total Fe and Fe(II) concentrations.

Quantification of the accuracy of total iron determination by the ferrozine assay
was verified by comparison with the ICP-AES method, Figure 6.4 of Appendix 6.A.
The iron concentrations measured by both methods were found to be in good agree-
ment. The dissolution behavior of iron, second metal (M, i.e., Ca, Zn, or Mn), and
phosphorus (P) from the pure and mixed salts M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, when M
= Ca, Zn, or Mn) based on the existing protocols reported in the literature24,25 were
quantified after 75 min incubation at pH 2 and 37 °C to investigate the biological
relevance of these salts, Figure 6.3.
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Figure 6.3 Dissolution behavior of iron from the salts in gastric-mimicked condi-
tions. Quantification of the dissolved iron (II) (green, pattern) and iron (III) (orange, solid)
concentrations (top, obtained from UV-Vis spectroscopy), as well as the second metal (M =
Ca, Zn, or Mn, solid) and phosphorus concentrations (P, pattern) (bottom, obtained from ICP-
AES) from the mixed M2(1-x)Fe2xP2O7 salts where (A)M = Ca, (B)M = Zn, and (C)M =Mn in
gastric conditions. The percentage of Fe(II) with respect to the total iron in solution is written
on each column (top).
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The iron solubility from the Fe(II)PP was quantified, after incubation in gastric-
mimicked conditions, see x = 1 in Figure 6.3 (top). Furthermore, under the same con-
dition the dissolved iron from Fe(II)PP was compared to Fe(III)PP which is widely
used in fortification of foods due to its poor solubility, Figure 6.5 in Appendix 6.A.
The concentration of the dissolved iron from Fe(II)PP was measured to be approxi-
mately 1.38 mM, roughly 12 times higher than Fe(III)PP (∼ 0.11 mM, which was in line
with the soluble iron concentration from Fe(III)PP at pH 2 in our previously reported
study 15, see chapter 3). Accordingly, the results suggest that Fe(II)PP is more likely to
be biologically accessible in gastric environment due to the higher total quantity of
soluble iron from this salt, compared to Fe(III)PP. Additionally it has been previously
shown that iron uptake is significantly higher when treating Caco-2 cells with Fe(II),
compared to Fe(III)26. Quantification of concentration of Fe(II) and total Fe showed
that 85% of the total dissolved iron from Fe(II)PP remains in +2 oxidation state after
75 minutes incubation in gastric conditions, Figure 6.3. This, in combination with the
results obtained from the reactivity assessment of the Fe(II)PP in black tea solution
(see section 5.3.3 in chapter 5), indicates that the pure Fe(II)PP can be a better iron
fortificant candidate for foods with moderate pH, compared to Fe(III)PP, owing to
the fact that it has higher iron solubility in gastric conditions (with 85% Fe(II)) and
causes less iron-mediated reactivity in a catechin model solution at pH ≈ 5 (i.e., less
discoloration in the black tea solution in our study).

Incubating themixed divalent metal Fe(II)-containing pyrophosphate salts at gas-
tric relevant conditions (i.e., at pH 2 and 37 °C for 75 min) resulted in lower total
soluble iron concentration from the mixed salts (with respect to Fe(II)PP), except for
the salts in which M = Ca. This can be explained by higher final pH of the disper-
sions than the adjusted pH. The final pH of these dispersion was measured to be in
the range of 2.1-3.3. In this pH range, in line with the results obtained from the pH-
dependent dissolution behavior of iron from the mixed salts (see previous section),
the total dissolved iron concentration from the salts with M = Zn and Mn was lower
and in the case of M = Ca was higher, compared to Fe(II)PP.

The mixed salts M2(1-x)Fe2xP2O7, where M = Ca (with measured 0.060 ≤ x ≤
0.470), showed increased total soluble iron concentration for all mixed salts except
for the mixed salt with x = 0.470 (CaMix4), compared to Fe(II)PP (x = 1), Figure 6.3
A (top). The maximum soluble iron concentration was measured for the salt with
x = 0.060 (CaMix1) which was > 60% of the total iron present in the salt with an
approximately 2.1-fold increase with respect to Fe(II)PP. The enhanced dissolution of
iron from the mixed salts upon increasing calcium content in their reaction mixture
can be due to the pH-dependent dissolution behavior of CaPP, Figure 6.1 A. It has
previously been shown as well that the high solubility of CaPP (> 99%) at pH ≤ 3 12,
enhanced the soluble iron concentration up to a fourfold increase at pH ≤ 3 (com-
pared to pure Fe(III)PP) when mixing Ca with Fe(III) in a pyrophosphate matrix 15,
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see chapter 3. Furthermore, inclusion of Ca alongside Fe(II) in the pyrophosphate
matrix resulted in oxidation of Fe(II) to Fe(III) in all mixed salts at pH 2. A maximum
of 39% of the total dissolved iron remained as Fe(II) for the mixed salt with x = 0.470
(CaMix4). This can be explained to be a consequence of increased soluble iron con-
centration from these mixed salts that can undergo oxidation. Additionally, analysis
of the data obtained from ICP-AES indicated that above 65% of the calcium present in
all the salts dissolved at gastric conditions, Figure 6.3 A (bottom). The maximum sol-
uble calcium concentration was measured to be approximately 67 mM for the mixed
salt with x = 0.130 which was more than 99% of the total Ca present in the solid salt.

In the case of the mixed salts M2(1-x)Fe2xP2O7, where M = Zn (with measured
0.047 ≤ x ≤ 0.470), the total soluble iron concentration decreased up to 5.3-fold in
the case of the mixed salt with x = 0.470, compared to Fe(II)PP (x = 1), Figure 6.3
B (top). The maximum measured iron concentration in the solution was 0.58 mM
for the mixed salt with x = 0.202 (ZnMix3). Interestingly, neither the total soluble
iron nor the percentage of the Fe(II) from the mixed salts was a monotonic function
of their x-values in the case of zinc as the second divalent metal, Figure 6.3 B (top).
Overall, inclusion of Zn alongside Fe(II) in the pyrophosphate matrix caused the least
oxidation of Fe(II) among the divalent metals studied in this work, with the highest
percentage of Fe(II) for the mixed salt with x = 0.470 (86% of the total dissolved
iron) which was similar to Fe(II)PP. This can be explained by the fact that zinc has
antioxidant activity27,28 and prevents the oxidation of Fe(II) to Fe(III) up to a certain
extent at this pH range. Furthermore, quantification of the zinc concentration in the
solution showed that for all the salts at least 40% of the initial zinc present in the salts
dissolved, Figure 6.3 B (bottom). The soluble Zn concentration at gastric-mimicked
conditions was the highest for the mixed ZnMix1 salt with x = 0.047 (roughly 40mM)
which was approximately 64% of the total zinc present in the solid salt.

In the case of the mixed salts with the general formula M2(1-x)Fe2xP2O7, where
M = Mn (with measured 0.053 ≤ x ≤ 0.440), the concentration of iron in solution
decreased up to 4.2-fold in the case of the mixed salt with x = 0.053 (MnMix1, 0.33
mM), compared to Fe(II)PP (x =1), Figure 6.3 C (top). The maximum dissolved iron
concentration was measured to be approximately 0.56 mM for the mixed salt with
x = 0.220. Moreover, inclusion of Mn alongside Fe(II) in the pyrophosphate matrix
exhibited the least oxidation of iron for the mixed salt with the highest iron content
(x = 0.44) among the mixed pyrophosphate salts with 73% Fe(II) of the total dissolved
iron. In addition, quantification of the soluble manganese concentration with ICP-
AES indicated that at least 31% of the manganese present in the solid salt dissolved at
gastric-mimicked conditions, Figure 6.3 C (bottom). The maximummeasured soluble
Mn concentration was approximately 29 mM in the case of the mixed salt with x =
0.086 which was 45% of the initial Mn present in the salt.
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To summarize, the results obtained from our preliminary experiments on bio-
accessibility of the minerals in the mixed salts M2(1-x)Fe2xP2O7 suggest that the mixed
salt with x = 0.060 where M = Ca shows the highest soluble iron concentration in
gastric-mimicked conditions, with a 2.1-fold increase with respect to Fe(II)PP. Fur-
thermore, the mixed salts with x = 0.202 and 0.220, showed maximum and similar
dissolved iron concentration (≈ 0.6 mM) where M= Zn and Mn, respectively, in gas-
tric pH and temperature.

In future experiments, pH-dependent dissolution behavior of iron from these
mixed Fe(II)-containing pyrophosphate salts in the presence of the chemicals that
are plentiful in the food products such as taste enhancers and phenolic compounds
(more preferably poorly water-soluble or insoluble phenolics, based on the results
of chapter 4) that are present in the food with pH 5-7 is suggested to be further in-
vestigated. Moreover, the in vivo bio-availability of the salts, chemical stability, and
the required safety clearance of the studied mixed pyrophosphate salts, which can
be product-specific, should be addressed in future but are beyond the scope of this
work.

6.4 Conclusions

In the present study, we report the dissolution behavior of the pure as well the mixed
divalentmetal Fe(II)-containing pyrophosphate salts. We investigate for the first time
the pH-dependent dissolution of iron (II) pyrophosphate (Fe(II)PP) after 2 h at room
temperature (23 °C). Our results show that Fe(II)PP was very poorly soluble in the
pH range of 3-7 (< 0.5%), while it dissolved well in the pH < 3 up to 11 mM (≈ 40%)
at pH 1. In addition, the second divalent metal pyrophosphate salts (i.e., CaPP, ZnPP,
andMnPP) showed low solubilities at food-relevant pH (4-7), but dissolved fast in the
gastric pH range (1-3) with maximum 96% at pH ≈ 1. Furthermore, our findings on
the the iron dissolution behavior from the mixed M2(1-x)Fe2xP2O7 salts (0 < x < 1) in-
dicate that all the mixed salts (M = Ca, Zn, and Mn) had very limited iron dissolution
(< 0.5 mM) in the moderate pH range (5-7) while showing enhanced dissolved iron
concentration in the gastric- and intestine-relevant pH up to 5 and 1.3 mM, respec-
tively. Moreover, all the mixed salts with the lowest iron content showed the lowest
iron dissolution at pH 6.5. These salts are CaMix1 (x = 0.06), ZnMix1 (x = 0.047), and
MnMix1 (x = 0.053) with approximately 90-, 120-, and 30-fold decreased soluble iron
concentrations, compared to Fe(II)PP at this pH.

Mimicking the gastric conditions (incubation at pH 2 and 37 °C for 75min) showed
that the soluble iron concentration from the Fe(II)PP was first approximately 12 times
higher than Fe(III)PP, and second contained 85% Fe(II) with respect to the total iron
in solution. Our results show that Fe(II)PP is more likely to be biologically accessible,
compared to Fe(III)PP. Furthermore, quantifying the dissolved iron from the mixed
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salts M2(1-x)Fe2xP2O7 at the gastric conditions indicated that among the studied sec-
ond divalent metals (M), the soluble iron concentration increased only in the case
of M = Ca up to a 2.1-fold increase, compared to Fe(II)PP. Meanwhile the oxidation
of the dissolved iron was the fastest in this case with a maximum of 39% Fe(II) with
respect to the total dissolved iron in for the mixed salt with x = 0.47. Moreover, at
gastric-mimicked conditions the soluble iron decreased for the mixed salts where M
= Zn and Mn up to a 5.3- and 4.2-fold, respectively, compared to Fe(II)PP. However,
in both cases of M = Zn and Mn, for the mixed salts with the highest iron content
(x = 0.470 and 0.440, respectively), the oxidation of Fe(II) to Fe(III) was the lowest
resulting in 86% and 73% Fe(II) of the total iron in solution, respectively. Addition-
ally, the second metals (Ca, Zn, or Mn) were soluble and therefore are expected to
be biologically- accessible. Our results suggest that the mixed divalent metal Fe(II)-
containing pyrophosphate salts with M2(1-x)Fe2xP2O7 (0 < x < 1), are potential de-
livery systems for dual fortification of food products due to their poor solubility at
food-relevant pH range and fast dissolution at gastric conditions.
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Figure 6.4 Verification of the ferrozine assay with ICP-AES method. Dissolution of
iron from Fe(II)PP as a function of pH determined by ICP-AES (filled markers) and by the
ferrozine (open markers) methods. The inset depicts the correlation between the iron con-
centration measured using both methods (including the experiments at gastric conditions).
The iron concentrations in solution measured by the two different methods are found to be
in good agreement (R2 = 0.99).
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Chapter 7

Mixed Fe(II)-containing: Redox interactions
with vitamin C

Abstract
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Addition of vitamin C (ascorbic acid) has proven to cause a significant increase in
iron absorption from iron-fortified foods. However, it comes with the drawback of
noticeable loss of vitamin C due to its oxidation in the presence of metals. In this
work, we explore the oxidation of vitamin C in the presence of the pyrophosphate
salts with the general formula M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, where M = Ca, Zn, or Mn)
after 1 h, 2 h, and 48 h incubation at 23 °C. Results showed that although ferrous
pyrophosphate (Fe(II)PP) enhanced the oxidation of vitamin C only up to 1.5 times
(compared to the autoxidation of vitamin C) over 48 h, this was equivalent to only
approximately 4% loss of vitamin C in the presence of this salt. Furthermore, over
time the oxidation of vitamin C in the presence of the mixed Fe(II)-containing salts
was reduced down to 1.4 times, compared to Fe(II)PP. Our findings showed that the
potential dual-fortificants with x = 0.06, 0.086, and 0.053 where M = Ca, Zn, and
Mn respectively, do not enhance the oxidation of vitamin C over 48 h, compared
to the autoxidation of vitamin C in pure water. These outcomes suggest that the
pure Fe(II)PP and the mixed Fe(II)-containing pyrophosphate salts are expected to
be suitable candidates for multi-mineral fortification of vitamin C-rich foods.
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"Absence of understanding does not warrant
absence of existence."

Avicenna – Persian polymath, 980-1037 AD

7.1 Introduction

One of the risk factors that increases the chance of developing iron deficiency is
inadequate consumption of vitamin C from fresh fruits and vegetables 1. Vitamin
C (or ascorbic acid) is a water-soluble vitamin and a well-known reducing agent
for iron which enhances the amount of absorbed (non-heme ∗) iron from diet and
most iron compounds substantially2. Furthermore, recent works have reported a
high prevalence of vitamin C deficiency (approximately 7-70% of the population in
different countries) throughout the world 3. The most common severe vitamin C
deficiency is scurvy which is caused in the human body for insufficient intake of this
micronutrient for three months. Addition of vitamin C to food products such as dry
milk, infant formulas, cereal-based complementary foods, chocolate drink powders,
beverages, fruit juices, fruit-flavored drinks, and juice-added soda water has been
found to be successful in increasing intake of this nutrient 1,4. Therefore, addition
of vitamin C to foods, particularly to the iron-fortified food products, has attracted a
great deal of attention in food industry. Next to cocoa products as the suggested food
vehicles for iron and vitamin C fortification, ascorbic acid is also added to oils, fats,
soft drinks as iron absorption enhancer 1. Nevertheless, ascorbic acid is relatively
unstable in the presence of oxygen, metals, humidity and/or high temperatures4.
Thus foods that are appropriately packaged and not cooked are known to be the
preferred vehicles for vitamin C fortification 1.

Vitamin C, which acts as scavenger of free radicals in biological systems, can ox-
idize to dehydroascorbic acid (DHA) 1,5. This oxidation reaction which is catalyzed in
the presence of transition metals specially cupric (Cu(II)) and ferric (Fe(III)) is called
Fenton reaction6 and is attributed to the loss of ascorbic acid in iron-rich food 7, see
Figure 7.1. Ascorbic acid can also accelerate formation of off-flavor and off-color in
foods through these Fenton-like reactions8. This pro-oxidant effect occurs in the
presence of the mentioned metal ions when the level of available ascorbic acid is
relatively low and not sufficient to scavenge the radicals formed by Fenton-like reac-
tions. In both food and physiological conditions, the key oxidative loss pathways for
ascorbic acid are via reactive oxygen species (ROS) and transition metals, specially
Fe(III) and Cu(II). However, to date the stoichiometric ratios, mechanisms, and rate
constants for the transition metal reactions are unclear 7.

∗The iron that is found in plant foods such as nuts, seeds, and leafy greens.
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Figure 7.1 Pathways for oxidation of ascorbic acid. In this work, the concentration of
dehydroascorbic acid (DHA) is evaluated as the oxidation product of ascorbic acid. Scheme
is obtained with permission 7.

In most studies, the addition of vitamin C and iron with 2:1 mole ratio (6:1 weight
ratio) has shown to successfully increase the iron absorption from foods up to 2- to
3-fold in adults and children 1. However the main problem with using ascorbic acid
as a food additive is that substantial amounts can be lost during food storage and
preparation. In this work, we explore the potential application of Fe(II)PP and the
mixed divalent metal Fe(II)-containing pyrophosphate salts M2(1-x)Fe2xP2O7 (0 < x <

1, where M = Ca, Zn, or Mn) for being applied in food fortification in combination
with vitamin C, intending for higher amounts of soluble iron and intact vitamin C
accessible for absorption in the human body. To this aim, we investigate the iron-
mediated oxidation of vitamin C (ascorbic acid) in water dispersions of these salts
and compare its oxidation extent of in the presence of the salts to its autoxidation
extent in pure water. Furthermore, in order to get more insight into the rate of the
oxidation of vitamin C in the presence of these salts during storage, we investigate
the effect of time on the oxidation of ascorbic acid in the presence of the salts up to
48 h.
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7.2 Materials and methods

7.2.1 Materials

hydrochloric acid (HCl, 37 wt.%), 1,2 phenylenediamine (OPDA), 3-(2-pyridyl)-5,6-
diphenyl-1,2,4-triazine-p,p’-disulfonic acid monosodium salt hydrate (i.e., ferrozine;
≥ 97 wt.%), and dehydroascorbic acid (DHA) were obtained from Sigma Aldrich (St.
Louis, MO, USA). Iron (II) sulfate heptahydrate (FeSO4.7H2O, ≥ 99wt.%) was obtained
fromAlfa Aesar (Haverhill, MA, USA). Ethanol absolute (≥ 99 wt.%) and ascorbic acid
(vitaminC, ≥ 99wt.%)were obtained fromVWR International (Radnor, PA, USA). The
Milli-Q (MQ) water used was deionized by a Millipore Synergy water purification
system (Merck Millipore, Billerica, MA, USA).

7.2.2 Autoxidation of iron from the pure Fe(II)PP andmixed divalent metal
Fe(II)-containing pyrophosphates salts

In order to evaluate the autoxidation of the iron from the Fe(II)-containing pyrophos-
phate salts, their dried powders were re-dispersed in MQ water (final concentration:
10 mg/ml). Then, the dispersions were incubated at 1000 rpm using an Eppendorf
Thermomixer® F1.5 (Eppendorf, Hamburg, Germany) at 23 °C for 1, 2, and 48 h. Af-
ter the incubation, the final pH of the samples were measured, the samples were
centrifuged at 15000 × g for 10 minutes using an Eppendorf Centrifuge 5415R, and
the supernatants were isolated to quantify the dissolved Fe(II) and Fe(III) concen-
trations by a ferrozine-based colorimetric assay9, as described in previous chapters.
The absorbance at 565 nm was measured at room temperature by a CLARIOstar Plus
Microplate Reader (BMG LABTECH, Ortenberg, Germany). All measurements were
performed in duplicate and quantification of dissolved iron was performed based on
intensity and with a calibration curve of FeSO4 (0.0078–1 mM, R2 > 0.99). Statistical
analysis was carried out to evaluate the significance of differences in iron concentra-
tion (significant at p < 0.05).

7.2.3 Oxidation of vitamin C in the presence of the pure andmixed divalent
metal Fe(II)-containing pyrophosphate salts

Re-dispersing the the dried salts were followed by addition of aqueous solution of
vitamin C (ascorbic acid) to reach a final concentration of 10 mg/ml and 200 mM
(at least 3 times in excess) for the salts and vitamin C, respectively. The dispersions
then were incubated in the same condition as described in section 7.2.2, (i.e., under
continuous stirring at 1000 rpm and 23 °C for 1, 2, and 48 h). Subsequently, the fi-
nal pH of the samples were measured, and the samples were centrifuged at 15000
× g for 10 minutes using an Eppendorf Centrifuge 5415R and the supernatants were
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isolated to quantify the dissolved iron (i.e., Fe (II) and Fe(III)) and DHA concentra-
tions, by the previously-described ferrozine-based colorimetric9 and an OPDA-based
fluorometric 5 assays, respectively.

Quantification of DHA concentration by an OPDA-based fluorometric assay

The concentration of the oxidation product of vitamin C (dehyroxy ascorbic acid,
DHA) was monitored by an OPDA-based fluorometric assay 5. Under acidic condi-
tions, DHA reactswith 1,2 phenylenediamine (OPDA) and forms 3-(1,2-dihydroxyethyl)-
fluoro[3,4-b]quinoxaline-1-one (DFQ), see Figure 7.2, which is a highly fluorescent
compound and can be quantified by fluorescence spectroscopy with excitation and
emission at approximately 365 and 430 nm, respectively 5,10,11. Since DHA and OPDA
react with a 1:1 stoichiometry ratio, the change in DFQ concentration can be related to
the change in DHA concentration and consequently the oxidation extent of vitamin
C.

+

DHA OPDA DFQ 

Figure 7.2 The reaction between DHA and OPDA. Dihydroxyascorbic acid (DHA) and
1,2 phenylenediamine (OPDA) react with 1:1 mole ratio and form 3-(1,2-dihydroxyethyl)-
fluoro[3,4-b]quinoxaline-1-one (DFQ) which can be detected by fluorescence spectroscopy
and related to the oxidation extent of ascorbic acid.

After isolation of the supernatants, a solution of OPDA in 0.1 M HCl (100 `l, 200
mM) was added to 100 `l sample. In order to ensure the complete reaction of DHA
with OPDA, a 30 min reaction time was chosen 5. The samples were then transferred
to a 384-well black plate and the fluorescence at 425-435 nm was recorded at room
temperature by a CLARIOstar Plus Microplate Reader (BMG LABTECH, Ortenberg,
Germany). All measurements were performed in duplicate and quantification of total
DHA was performed based on intensity with a calibration curve of DHA (0.001–1
mM, R2 > 0.99). The concentration of DHA after exposure of vitamin C to the salts
was normalized with respect to the concentration of DHA in the absence of the salts
(i.e., the oxidation of vitamin C in pure water). Statistical analysis was carried out to
evaluate the significance of differences in DFQ concentration which is equal to the
differences in DHA concentration (significant at p < 0.05).
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7.3 Results and discussion

7.3.1 Autoxidation of iron from the pure Fe(II)PP andmixed divalent metal
Fe(II)-containing pyrophosphates salts

Dissolved iron ions in water are in equilibrium in two oxidation states; Fe(II) and
Fe(III). Based on the autoxidation reaction: 2 Fe2+ + 1

2 O2 (g) + 2H+ −−−⇀↽−−− 2 Fe3+ +H2O
(with the standard potential difference, Δ𝐸0 = 0.46𝑉 ), the ratio of Fe(III) to Fe(II)

concentrations in equilibrium reads: [Fe3+]/[Fe2+] =
√︃
𝑝
1/2
𝑂2

10−2𝑝𝐻 exp(2𝐹Δ𝐸0/𝑅𝑇 ),
in which the 𝑝𝑂2 is the partial pressure of oxygen. Moreover, 𝐹 , 𝑅, and 𝑇 are the
Faraday’s constant, gas constant, and temperature, respectively. Although Consid-
ering 𝑝𝑂2 = 0.2 in water results in large values for [Fe3+]/[Fe2+] ratios at pH < 7, the
kinetics of this oxidation reaction can be slow depending on the pH. It has previously
been reported that the oxidation rate of Fe(II) is a function of pH and is noticeably
influenced by the counterions and complexes of the metals as well 12. For instance,
while oxidation of about 95% of Fe(II) at pH 6 takes about a week, this reaction is up
to 95% complete in a few minutes at pH 8 13. Therefore, the oxidation reaction in the
time span of the performed experiments in this work are expected to be incomplete
which explains the obtained concentration ratios of Fe(III) to Fe(II) (or the percent-
age of Fe(II) with respect to the total dissolved iron in the solution). In the current
work, in order to get more insight into the autoxidation of the dissolved iron from
the pure and mixed Fe(II)-containing pyrophosphate salts (in the absence of vitamin
C), the percentage of the dissolved Fe(II) from these salts with respect to the total
dissolved iron was quantified by a ferrozine-based assay using UV-Vis spectroscopy
after incubating them in water for 2 h at 23 °C, Figure 7.3.

Results showed that in the case of Fe(II)PP, the dissolved Fe(II) from this salt
oxidized to a certain extent, x= 1 in Figure 7.3 A. The concentration of iron (II) from
Fe(II)PP in water after 2 h was ≈ 60% of the total soluble iron. Moreover, the total
soluble iron from this salt was < 0.1 mM, x = 1 in Figure 7.3 B, which was in agreement
with the results obtained from the dissolution behavior of this salt, see section 6.3.1
in chapter 6 (final pH = 4.5).

Incubating the mixed divalent metal Fe(II)-containing pyrophosphate salts with
the general formula M2(1-x)Fe2xP2O7 (0 < x < 1, where M = Ca, Zn, or Mn) in water
at 23 °C for 2 h resulted in final pH range of 5.4-7.3. The quantification of Fe(II)%
from these mixed salts showed that the Fe(II)% was lower for all x-values, compared
to Fe(II)PP. This means that the autoxidation of the dissolved iron from all mixed
salts was faster, compared to Fe(II)PP (x = 1), Figure 7.3 A. In the case of M = Ca and
Zn, the retained Fe(II)% increased with decreasing the x-value, circles and triangles
in Figure 7.3 A. Results indicated that the slowest autoxidation of iron from the salts
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was observed in the case of M = Ca and Zn for the mixed salts with the lowest iron
content (i.e., 43.8% for x = 0.060 and 52.4% for x = 0.047, respectively).
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Figure 7.3 Autoxidation of iron from Fe(II)PP and the mixed divalent metal Fe(II)-
containing salts. (A) Percentage of the dissolved iron (II) and (B) the total dissolved iron
concentration from Fe(II)PP and the mixed salts M2(1-x)Fe2xP2O7 (0 < x < 1, where M = Ca,
Zn, or Mn) after 2 h incubation in water (i.e., absence of vitamin C) at 23 °C.

Furthermore, in the case of M = Ca and Zn, the percentage of Fe(II) decreased to
roughly 2% and 3.1% in the case of the mixed salts with the highest iron content (x =
0.470 for bothM = Ca and Zn). Comparing the opposite trends in the results obtained
from quantification of Fe(II)% and the total soluble iron concentration from themixed
salts confirms that in the case of calcium and zinc as the second divalent metal (M)
in the pyrophosphate matrix, increasing the total iron concentration from the mixed
salts in the solution results in autoxidation of iron and consequently lower Fe(II)%
with respect to the total dissolved iron, Figure 7.3 B. Interestingly, the mixed salt with
M = Zn and the highest zinc content (x = 0.047) showed the minimum autoxidation
of iron among all mixed salts with approximately 52% retained Fe(II) in the solution.

For the mixed salts in which M = Mn, the Fe(II)% remained approximately con-
stant, squares in Figure 7.3 A. Interestingly, in this case, the autoxidation of iron from
the mixed salts was independent of their x-values, and the Fe(II)% was measured to
be fluctuating around 16.4 ± 2% for all the x-values (approximately 3.8 times lower,
compared to Fe(II)PP), squares in Figure 7.3 B. However, the total dissolved iron from
the salts increased versus their x-values. Moreover, 2 h incubating the mixed salt
with the highest iron content (i.e., x = 0.440) showed the same soluble iron concen-
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tration (≈ 0.2 mM) as the mixed salt with M = Ca and x = 0.470, while the Fe(II)%
was almost 7-fold higher in the case of M = Mn.

7.3.2 Effect of time on the autoxidation of iron from the pure Fe(II)PP and
mixed divalent metal Fe(II)-containing pyrophosphates salts

In order to effectively apply the mixed divalent metal Fe(II)-containing pyrophos-
phate salts in the fortified food products, autoxidation of the dissolved iron from
them must be monitored during the storage time. Although the storage conditions
could not be reached due to the time limitations of the experiments, we investigated
the autoxidation of iron from these salts over time, i.e., after 1, 2, and 48 h incubation
to get an insight into the rate of the autoxidation of iron from these salts, Figure 7.4.
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Figure 7.4 The effect of time on the autoxidation of the dissolved iron from Fe(II)PP
and themixed salts. The results of the quantification of the percentage of the dissolved iron
(II) (dashed lines, top) and the total dissolved iron concentration (solid lines, bottom) from the
mixed M2(1-x)Fe2xP2O7 salts where (A) M = Ca, (B) M = Zn, and (C) M = Mn in pure water
(i.e., absence of vitamin C) after 1 h, 2 h, and 48 h.

Monitoring the percentage of Fe(II) in solution by time in the case of Fe(II)PP (x =
1) indicated that the Fe(II)% increased significantly (p < 0.05) to 2.5 times (61%) from
1 to 2 h incubation time. This is expected to be due to the increase in the total soluble
iron (II) concentration from this salt by time. However, over 48 h incubation of the

138



7777777777777

7.3 | Results and discussion

Fe(II)PP, the Fe(II)% decreased to 48%. This can be explained by the slow autoxidation
rate of iron from Fe(II)PP at this pH (≈ 4) which follows after its increased dissolution
up to approximately 0.1 mM over 48 h, x = 1 in Figure 7.3 (bottom row). It was
previously shown for Fe(III)PP that over 48 h incubation time, the total dissolved iron
concentration from this salt increased in the pH range 5-8 as well 14, see chapter 3.

Exploring the autoxidation of iron from the mixed M2(1-x)Fe2xP2O7 salts by time
showed that in the case of M = Ca, the Fe(II)% increased from 1 to 2 h which is ex-
plained by the slow iron dissolution from these salts, Figure 7.3 A (top). However,
the decreased percentage of Fe(II) in solution from 2 to 48 h is an indication of the
slow autoxidation of the dissolved iron to Fe(III) over time.

In the case of M = Zn, no remarkable change was observed for the Fe(II)% in the
solution between 1 h and 2 h, Figure 7.4 B (top). In this case, increasing the incubation
time to 48 h resulted in enhanced Fe(II)% in the solution for the salts with x < 0.470
up to ≈ 62% for the mixed salt with x = 0.074 which was similar to Fe(II)PP.

Furthermore for the mixed salts with M = Mn, increasing the incubation time
from one to two hours resulted in an increase in Fe(II)% (from approximately 2.5 to
14%) for the salt with the highest iron content (x = 0.440), Figure 7.3 C (top). However,
a significant decrease in Fe(II)% was observed over 48 h incubation of these salts with
a maximum 7% for the mixed salt with x = 0.053. Comparison between the results for
the mixed salts with M = Mn revealed that although the total soluble iron from these
mixed salts increased over time (48 h), the Fe(II)% reached its lowest values after 48
h for all x-values. Investigating the autoxidation behavior of the dissolved iron from
the mixed salts over time suggests that when manganese is mixed along iron in the
pyrophosphate salt matrix, the autoxidation of iron from the mixed salts is faster for
all x-values, compared to Fe(II)PP and other mixed salts (M = Ca and Zn). For future
experiments, exploring the oxidation state of the dissolved manganese from these
salts is of interest.

Our findings suggest that the dissolved iron concentration from Fe(II)PP and the
mixed Fe(II)-containing undergoes oxidation in pure water. Therefore, it is expected
that this iron (in +3 oxidation state) participates in the Fenton-like redox reaction in
the presence of vitaminC.However, it is hypothesized that due to the low and/or slow
dissolution of iron from these salts (which was explored and described previously in
chapter 6), the oxidation of vitamin C in water dispersions of the salts occurs up to
a limited extent.

7.3.3 Oxidation of vitaminC in the presence of the pure andmixed divalent
metal Fe(II)-containing pyrophosphate salts

Vitamin C (or ascorbic acid) is well-know for undergoing redox interactions with
iron (III) ions 15. Under certain conditions, vitamin C can reduce iron (III) to iron
(II) which results in formation of reactive oxygen species (ROS). It is known that
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ascorbic acid is oxidized by Fe(III) and therefore initiates a series of redox reactions
with dehydroascorbic acid (DHA) as the final oxidation product, see Figure 7.1 5,15,16.
Therefore, we explored the oxidation of vitamin C in the presence of the pure as well
as the mixed divalent metal Fe(II)-containing pyrophosphate salts. To this aim, the
pure as well as the mixed salts were incubated in the presence of excess (at least 3
times) vitamin C for 2 h at 23 °C. The concentration of oxidation product of vitamin C
(i.e., DHA) was quantified by an OPDA-based fluorometric assay, and normalized to
the concentration of the produced DHA in the absence of the salts (i.e., the product of
autoxidation of vitamin C in pure water). Furthermore, the percentage of Fe(II) with
respect to the total iron concentration in the solution was measured with UV-Vis
spectroscopy.
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Figure 7.5 Oxidation of vitaminC in the presence of Fe(II)PP and themixed divalent
metal Fe(II)-containing salts. (A) Normalized DHA (i.e., the ratio of the produced DHA
concentration in the presence of the salts to the absence of the salts), (B) percentage of the
dissolved iron (II), and (C) the total dissolved iron concentration from Fe(II)PP and the mixed
salts M2(1-x)Fe2xP2O7 (0 < x < 1, where M = Ca, Zn, or Mn) after 2 h incubation at 23 °C. The
oxidation extent of vitamin C in the presence of the salts increased up to maximum 1.5 times.

Results obtained from exposure of the pure as well as mixed pyrophosphate salts
with the general formula M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, where M = Ca, Zn, or Mn) to
vitamin C for 2 h at 23 °C are illustrated in Figure 7.5. It should be noted in this
context that the final pH of the dispersions of the salts dropped to 2.4-3.6, which is
within the pH range of vitamin C-rich foods.

Incubating Fe(II)PP in the presence of excess ascorbic acid in water for 2 h at
room temperature (23 °C) resulted in formation of 3.8 mM DHA that was measured
to be only 1.4 times higher than the DHA concentration resulting from autoxidation
of vitamin C in pure water, x = 1 in Figure 7.5 A. This was only 2% of the initial con-
centration of vitamin C in the dispersion (considering 1:1 mole ratio of ascorbic acid
to dehydroascorbic acid in the oxidation reaction) which means that a considerable
amount of vitamin C in the presence of Fe(II)PP remained intact in solution. Further-
more, the Fe(II)% and the total soluble iron from this salt increased to ≈ 93% and 2.6
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mM, respectively, Figure 7.5 B and C. The increase in Fe(II)% is due to the presence
of vitamin C which prevents the oxidation of the dissolved iron in the solution to
Fe(III). Moreover, the increased soluble iron concentration in the presence of vitamin
C, compared to its absence, is due to the lower pH of the dispersion in the presence
of ascorbic acid. Our findings suggests that applying Fe(II)PP as an iron fortificant
along vitamin C in a food vehicle (with pH ≈ 3) is expected to enhance the available
amount of iron(II) and still retain a considerable amount of vitamin C (≈ 98%) for
absorption.

Results showed that the oxidation of vitamin C in the presence of calcium py-
rophosphate (CaPP, i.e., x = 0 where M = Ca), was slightly higher (≈ 1.2 times), com-
pared to its oxidation in pure water. However, in the case of zinc pyrophosphate,
ZnPP, and manganese pyrophosphate, MnPP (i.e., x = 0 where M =Zn and Mn, re-
spectively), the values of the normalized DHA were ≈ 1, Figure 7.5 A. Therefore, it
can be concluded that the presence of zinc and manganese pyrophosphate (ZnPP and
MnPP, respectively) had no effect on the oxidation extent of vitamin C during the 2
h incubation.

In the case of the mixed M2(1-x)Fe2xP2O7 salts, the average concentration of DHA
decreased significantly for all the mixed salts, compared to Fe(II)PP, up to roughly
1.43-fold in the case of the mixed salt with M = Zn and x = 0.047 (except for the
salt in which M = Ca with x = 0.470), Figure 7.5 A. In addition, presence of the mixed
salts withM=Zn (all x-values) resulted inminimumoxidation of vitamin C among all
mixed salts (M = Ca, Zn, andMn). This minimum can be explained by the antioxidant
activity of zinc, which can result in lower oxidation level of vitamin C in the presence
of the mixed salt with the highest zinc content 17,18. Furthermore, our results showed
that the oxidation of vitamin C in the presence of the mixed salts with M = Zn was
very similar to the salts in which M = Mn.

Quantification of Fe(II)% from the mixed salts showed that in the case of M = Ca,
nearly 100% of the dissolved iron from all the salts was reduced to Fe(II). However, in
the case of M = Zn and Mn, the percentage of Fe(II) was measured to be lower, with
a minimum of 83.4% for the salt with x = 0.202 and 86.6% for the mixed salt with x =
0.220, respectively. Nevertheless, these locally lower values of Fe(II)% can be due to
the errors attributed to the ferrozine-based colorimetric assay as well.

Although the total iron concentrations from the mixed salts increased after mix-
ing with vitamin C (due to lower final pH), the dissolved iron concentration from
the mixed salts in a solution containing vitamin C was much lower than Fe(II)PP
in the same condition which is beneficial for preventing Fe-mediated reactions with
the food components that affect organoleptic properties of the food, Figure 7.5 C. Fi-
nally, the similarities in the total soluble iron from the mixed Fe(II)-containing salts
at roughly same x-values are explained by their dissolution behavior at similar final
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pH values of the dispersions when incubated in the presence of ascorbic acid, Figure
7.5 C.

7.3.4 Effect of time on the oxidation of vitaminC in the presence of the pure
and mixed divalent metal Fe(II)-containing pyrophosphates salts

As mentioned previously, one of the main problems of adding vitamin C to the food
products is that its content can decrease due to the redox reactions during storage.
Therefore, it is important to explore the retention of vitamin C over time. In order
to examine the oxidation of vitamin C in the presence of the pure and mixed diva-
lent metal pyrophosphate salts in longer times, generation of DHA was studied (and
normalized to the concentration of the generated DHA in the absence of any salts)
as a function of time (1 h, 2 h, and 48 h incubation) at room temperature (23 °C).

Monitoring the normalized DHA concentration in the case of Fe(II)PP showed no
significant difference and fluctuated in the range of 1.1 - 1.5 over time, x = 1 in Figure
7.6 (top row). Moreover, results indicated that although this value was noisy in the
case of the mixed (vs. x-values) over time, the DHA concentration was always < 2
times higher for all the mixed salts, compared to their absence, Figure 7.6 A-C (top
row). After 48 h incubation, the maximum value of DHA (among all mixed salts) was
measured for the mixed salts with x = 0.130, 0.470, and 0.440 when M = Ca, Zn, and
Mn, respectively. This means that over the 48 h incubation, approximately 96% of
the total vitamin C present in the solution remained intact.

Additionally, results indicated that presence of vitaminC in the dispersions caused
the percentage of iron (II) in the solution to increase to almost 100% after 48 h incu-
bation for Fe(II)PP and all the mixed Fe(II)-containing salts, Figure 7.6 A-C (middle
row). Quantification of total dissolved iron from these salts showed enhanced iron
concentration in solution for all the salts. Interestingly, the soluble iron concentra-
tion reached a plateau at the same value (≈ 3.2 mM) as a function of x-value for each
individual set of the mixed salts which refers to the solubility limit of iron from these
salts over the time span of the experiments.

In summary, our findings show that the mixed salts M2(1-x)Fe2xP2O7 (0 < x <

1, where M = Ca, Zn, or Mn) are potential dual-fortificants suitable for addition to
vitamin C-rich or fortified food products. Besides simultaneous delivery of two min-
erals, the main benefit of these salts is their minimal influence on the oxidation of
vitamin C present in the food vehicle. The most preferred mixed salts for this pur-
pose are x ≤ 0.240 with M = Ca, x ≤ 0.202 with M = Zn, and x ≤ 0.220 with M =
Mn. For future experiments, increasing the incubation temperature (up to 50 °C) can
be applied to predict the oxidation extent of vitamin C after longer incubation times.
Furthermore, investigating the oxidation of vitamin C in the presence of these salts in
real food products and over real storage times, and its influence on the organoleptic
properties of the food of interest.
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Figure 7.6 The effect of time on the oxidation of vitamin C in the presence of
Fe(II)PP and the mixed salts. Normalized DHA concentration (dash dotted lines, top), the
percentage of the dissolved iron (II) (dashed lines, middle) and the total dissolved iron con-
centration (solid lines, bottom) from the M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1) salts where (A) M = Ca,
(B) M = Zn, and (C) M = Mn after 1 h, 2 h, and 48 h at 23 °C. The results indicate that over
time, the DHA concentration was always < 2 times higher, compared to their absence, which
means 96% of the total vitamin C in the solution remained intact after 48 h.
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7.4 Conclusions

In this work, we investigate the autoxidation of the dissolved iron from Fe(II)PP and
the mixed divalent metal Fe(II)-containing pyrophosphate salts with the general for-
mula M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, where M = Ca, Zn, or Mn). Furthermore, the oxi-
dation of vitamin C in the presence of these are investigated in the same conditions
(after 1 h, 2 h, and 48 h incubation at 23 °C). Results show that over time ferrous py-
rophosphate (Fe(II)PP) enhanced the oxidation of vitamin C only up to 1.5 times over
48 h, which means only ≈ 4% loss of vitamin C. Furthermore, over time the oxida-
tion of vitamin C in the presence of the mixed Fe(II)-containing salts was lower up
to 1.4 times, compared to Fe(II)PP. Our findings show that the mixed divalent metal
Fe(II)-containing salts with the relatively lower iron contents, (i.e., x = 0.06, 0.086,
and 0.053 where M = Ca, Zn, and Mn respectively) are potential dual-fortificants
that do not increase the oxidation of vitamin C, compared to its autoxidation in
water at these conditions. These outcomes suggest that the pure Fe(II)PP and the
mixed Fe(II)-containing pyrophosphate salts are expected to be suitable candidates
for multi-mineral fortification of vitamin C-rich foods with the main goal of higher
amounts of soluble iron and intact vitamin C accessible for absorption in the human
body. In future works, the dissolution behavior of these salts in gastric-mimicked
conditions and/or their in vitro bio-availability after reacting with vitamin C in real
storage timescales should be further explored.
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7.A Appendix

7.A.1 Autoxidation of iron from Fe(II)PP vs. Fe(III)PP

We made a comparison between the percentage of the Fe(II) in the solution with
respect to the total dissolved iron concentration between Fe(II)PP and Fe(III)PP, see
orange (solid) filled columns in Figure 7.7 A. This comparison showed that the total
soluble iron concentrations were measured to be approximately the same for Fe(II)PP
and Fe(III)PP and equal to 0.040 mM (final pH 4.5 and 3.7, respectively), Figure 7.7 B.
Moreover, the concentration of iron (II) from Fe(II)PP inwater after 2 hwas still> 60%
of the total soluble iron which was 2.2 times higher than the Fe(II)% from Fe(III)PP,
Figure 7.7. It should be mentioned in this context that ferric ion in the solution can
form a complex with ferrozine 19. The ferric ion in this complex can further reduce to
ferrous and absorb light in 562 nm and consequently it interferes with the quantifi-
cation of Fe(II)20,21. Therefore, it is expected that the quantified Fe% from Fe(III)PP is
overestimated. In future works, colorimetric assays using other indicators that can
preferably coordinate iron only in one oxidation state are of interest.
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7.A.2 Oxidation of vitamin C in the presence of Fe(II)PP vs. Fe(III)PP

Incubation of Fe(II)PP and Fe(III)PP in the presence of excess amount of vitamin C for
2 h at 23 °C resulted in approximately the same oxidation extent of vitamin C, Figure
7.8. Furthermore, the Fe(II)% and total iron concentration in solution was same for
these two salts, Figure 7.8 B, and C, respectively.
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Figure 7.8 Oxidation of vitaminC in the presence of Fe(II)PP, compared to Fe(III)PP.
(A) Normalized DHA, (B) the percentage of the dissolved iron (II), and (B) the total dissolved
iron concentration from Fe(II)PP and Fe(III)PP after 1h, 2 h, and 48 h incubation at 23 °C.
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Chapter 8

Cooperative binding of iron ions onto
terpyridine-functionalized polymers

Abstract
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A textbook example of allostery is the cooperative binding of oxygen to hemoglobin.
This form of cooperativity occurs if a competition exists between at least two con-
formational states of the substrate: a ground state with low binding affinity for the
ligand, and an excited state with higher binding affinity. We show that this phe-
nomenon also occurs in much simpler macromolecules than hemoglobin. Cooper-
ative binding occurs on an iron/terpyridine-functionalized polymer in a two-phase
water/oil system. In the ground state, the polymer resides in the oil phase due to its
hydrophobicity. We demonstrate that upon increasing the iron concentration in the
water phase, a sharp cooperative transition occurs where the polymer moves from
the oil to the water phase and iron binds to the terpyridine groups on the polymer
backbone. This steep response to only a small change in the free iron concentration
is explained andmodeled byMWC theory which was initially introduced to describe
the allosteric binding of oxygen on hemoglobin. This behavior can be explained by
the competition between the hydrophobic energy of the polymer in oil, and binding
of iron ions onto the terpyridine functional groups on the polymer in water.

This chapter is based on N. Moslehi, N. Dramountanis, J. L. Martin Robinson, B. G.
P. van Ravensteijn, and W. K. Kegel, “Cooperative binding of iron onto terpyridine-
functionalized polymers”, To be submitted.
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"Life is a balance of holding on and letting go."

"The art of knowing is knowing what to
ignore."

Rumi – Persian poet, 1207-1273

8.1 Introduction

Cooperativity (of which allostery is a subclass), is typically introduced by the well-
known example of binding oxygen molecules to heme groups on the hemoglobin
molecule in biochemistry 1. Based on cooperative binding, under certain conditions
binding several molecules becomes more favorable than binding one or a few. In
the case of no cooperativity in the binding of oxygen to hemoglobin, the transition
from no bound oxygen to saturation of the hemoglobin with oxygen (i.e., occupancy
of all four binding sites on hemoglobin) would be expected to occur over a broad
range of oxygen pressure2. Here the hemoglobin is considered as a template with
𝑛𝑚𝑎𝑥 subunits (i.e., the number of binding sites) of which 𝑛 are occupied by oxygen
molecules. By use of statistical thermodynamics, in the simple case where each oxy-
genmolecule binds to the hemoglobinmolecule with the binding (free) energy𝑔𝑏 and
the fugacity _ = exp(`/𝑘𝐵𝑇 ) (i.e., related to partial pressure 𝑝 by chemical potential,
` = `0 + 𝑘𝐵𝑇 ln

(
𝑝/𝑝0

)
), the grand partition function reads

Ξ =

𝑛𝑚𝑎𝑥∑︁
0
_𝑛𝑍 (𝑛, 𝑛𝑚𝑎𝑥 ,𝑇 ) =

𝑛𝑚𝑎𝑥∑︁
0
_𝑛

(
𝑛𝑚𝑎𝑥

𝑛

)
exp(−𝛽𝑛𝑔𝑏) = (1 + _ exp(−𝛽𝑔𝑏))𝑛𝑚𝑎𝑥

(8.1)

where 𝛽 is the inverse thermal energy unit and equal to 1/𝑘𝐵𝑇 in which 𝑘𝐵 and 𝑇
are the Boltzman constant and temperature, respectively. 𝑛 is the number of bound
species (oxygen molecules in this case) and 𝑛𝑚𝑎𝑥 is the total number of binding sites
(for the hemoglobin molecule 𝑛𝑚𝑎𝑥 = 4). Furthermore, the canonical partition func-
tion for uncorrelated binding is 𝑍 (𝑛, 𝑛𝑚𝑎𝑥 ,𝑇 ) =

(
𝑛𝑚𝑎𝑥

𝑛

)
exp(−𝛽𝑛𝑔𝑏). Consequently

the fraction of occupied cites, \ , which is the ratio of the average number of bound
species to the total number of binding sites (𝑛𝑚𝑎𝑥 ) is given by:

\ =
⟨𝑛⟩
𝑛𝑚𝑎𝑥

=
_

𝑛𝑚𝑎𝑥

𝜕𝑙𝑛Ξ

𝜕_
=

_ exp(−𝛽𝑔𝑏)
1 + _ exp(−𝛽𝑔𝑏)

. (8.2)

Equation 8.2 is in fact the Langmuir adsorption equation. In reality the foremen-
tioned transition is observed to be much sharper than predicted by random adsorp-
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tion behavior 3. The sharp transition in the occupation of hemoglobin over a nar-
row range of oxygen pressure is explained and modeled by the well-known Monod,
Wyman, and Changeux (MWC) theory4. Based on MWC theory, the hemoglobin
molecule can be in (at least) two different conformational states with different free
energies; ground/Tense state with low affinity and excited/Relaxed state with high
affinity to oxygen. The Tense and Relaxed states are favorable and unfavorable states
for the hemoglobin molecule in the absence of oxygen molecules, respectively. How-
ever, the Relaxed state can become favorable only if the concentration (or pressure)
of oxygen is high enough. In this case the grand partition function is the summation
of partition functions in the Tense and Relaxed states, Ξ𝑇 and Ξ𝑅 , which are given,
respectively, by:

Ξ𝑇 =

4∑︁
0

(
4
𝑛

)
_𝑛 exp(−𝛽𝑔𝑇𝑛) = [1 + _ exp(−𝛽𝑔𝑇 )]4 (8.3)

Ξ𝑅 = exp(−𝛽𝑔)
4∑︁
0

(
4
𝑛

)
_𝑛 exp(−𝛽𝑔𝑅𝑛) = exp(−𝛽𝑔) [1 + _ exp(−𝛽𝑔𝑅)]4 (8.4)

where 𝑔 refers to the difference in free energy between the Relaxed and Tense states
(Because the Relaxed state is unfavorable, 𝑔 > 0). Furthermore, 𝑔𝑇 and 𝑔𝑅 are the
binding energies of oxygen to hemoglobin in the Tense and Relaxed states, respec-
tively. Accordingly, the fraction of occupied binding sites on hemoglobin will be:

\ =
⟨𝑛⟩
4

=
1
4
_

Ξ

𝜕Ξ

𝜕_
= Ξ−1{_ exp(−𝛽𝑔𝑇 ) [1 + _ exp(−𝛽𝑔𝑇 )]3

+ exp(−𝛽𝑔)_ exp(−𝛽𝑔𝑅) [1 + _ exp(−𝛽𝑔𝑅)]3
}
. (8.5)

Even though the possibility that the occupied sites of the hemoglobin molecule
somehow interact is not ruled out, this is not a necessary assumption by the original
MWC model4. The only necessary requirement is that there should be two confor-
mational states, one of which is unfavorable for the hemoglobin molecule but it can
be stabilized once its binding cites are occupied by oxygen molecules, Figure 8.1.

According to what is discussed above, it is expected that the allosteric (coopera-
tive) transitions are not limited to complex systems such as proteins like hemoglobin,
but can be mimicked in much simpler systems. It has previously been shown that
the cooperative transitions which occur in hydrophobic polyelectrolytes such as sol-
ubilization of bilayer membranes, formation of micelles, and reversible aggregation
as a function of pH can be explained by a competition between two or more confor-
mational states within the framework of MWC theory 5.
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Figure 8.1 The cooperative binding of oxygen to hemoglobin, compared to the
Langmuir behavior (random adsorption). The fraction of hemoglobin in the Relaxed (𝑓𝑅 )
and Tense (𝑓𝑇 ) states, and the fraction of bound oxygen on hemoglobin, Equation 8.5, as a
function of _. _ is proportional to the partial oxygen pressure. The Langmuir isotherm \𝐿 is
Equation 8.2. The illustrations show the hemoglobin molecule in the Relaxed (R) and Tense
(T) states.

In thisworkwe aim to demonstrate cooperative binding of iron onto a terpyridine-
functionalized polymer. Terpyridine is an extensively-used tridentate ligand, well-
known for its high affinity towards complexation with many transition metals in-
cluding iron ions6,7. Furthermore, we design a two-phase water/oil experimental set-
up in which solubilization of the terpyridine-functionalized polymer in oil or water
is analogous to the Tense or Relaxed state, respectively. The experiments are per-
formed at a fixed concentration of terpyridine functional groups and over a range of
iron concentrations. In order to evaluate the binding behavior of iron onto terpyri-
dine, we make a comparison between binding of iron onto terpyridine as monomers
(T) and as functional groups on a polymer backbone with full terpyridine cover-
age (poly(terpyridine), PT). Subsequently, the water and oil phases are isolated and
analyzed for the free iron and polymer (or terpyridine functional groups) concen-
trations with ICP-AES and UV-Vis spectroscopy, respectively. We hypothesize that
upon increasing iron concentration in the water phase, the binding energy of iron
onto terpyridine overcomes the hydrophobic energy of the polymer in the oil phase
(the Tense or favorable state). As a consequence, it is expected that the polymer
chains are stabilized in the water phase (the Relaxed or unfavorable state) and show
a sharp transition from oil to water over a small range of free iron concentration.
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8.2 Materials and methods

8.2.1 Designing terpyridine-functionalized polymers

Terpyridine-functionalized polymers with different terpyridine coverage along the
polymer backbone were designed, synthesized, and characterized as described in the
materials and methods in the Appendix 8.A. Figure 8.2 shows the chemical structures
of terpyridine (as a monomer, abbreviated as T), and the three synthesized polymers
for this work with different mole fractions of terpyridine as binding sites for iron.
The degree of polymerization for all the polymers was on average 16 with a low
polydispersity index (PDI ≈ 1.04). The polymer with 100% terpyridine coverage is
abbreviated as PT16, Figure 8.2. In addition, we designed random copolymers of
acrylic acid or n-butyl acrylate along the terpyridine-functionalized repeating unit
with 50% coverage of each, abbreviated as P(T8AA8) or P(T8nBA8), respectively, see
Figure 8.2.

Figure 8.2 The chemical structures of different forms of terpyridine used in this
study. Terpyridine (T) as monomers, polymers with 100% terpyridine coverage (PT16), 50%
terpyridine and 50% acrylic acid (PT8AA8), and 50% terpyridine and 50% n-butyl acrylate
(PT8nBA8).

8.2.2 Monitoring the binding behavior of iron onto terpyridine in a two-
phase water and oil set-up

In order to monitor the binding behavior of the iron ions onto terpyridine monomer
and the terpyridine-functionalized polymers, a two-phase water/oil set-up was de-
signed, Figure 8.3. The oil phase was chosen to be dichloromethane (DCM) due
to its immiscibility with water. Solutions of terpyridine monomer or terpyridine-
functionalized polymers in DCM with the same concentration of terpyridine group
(200 `M) were prepared. In addition, the aqueous phase contained various concen-
trations of FeCl2 ranging between 10 and 200 `M. To ensure the reduction of the iron
ions to Fe2+, an excess amount of ascorbic acid (AA) was added to the water solutions.
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The described water and oil solutions were then exposed to each other in sealed vials
and kept for 10 days after which the color of the aqueous phase in the vials turned
pink. In the case of terpyridine-functionalized polymers, gel-like polymer networks
were observed in the aqueous phase which is explained by the formation of bis (ter-
pyridine) iron (II) complexes and therefore formation of crosslinked polymer chains
with iron bridges, Figure 8.3 B. Finally, the water and oil phases were isolated and
analyzed for iron and terpyridine concentrations, respectively.

Oil

Water

Oil

Water

Increasing Fe2+ concentration 

T

PT

Fe2+

Oil

Water

Oil

Water

Fe2+

(A)

(B)

Figure 8.3 The schematics and images of the two-phase water/oil set-ups, for mon-
itoring the binding behavior of iron ions onto (A) terpyridine (T) and (B) the terpyridine-
functionalized polymer (PT). At low iron concentrations T or PT reside in the oil due to their
hydrophobicity. However, beyond a certain concentration of iron T or PT moves to the water
phase to gain the free energy of binding iron onto terpyridine. Here the oil phase is the bottom
phase due to the higher density DCM than water.

Quantification of the free iron concentration in the water phase by inductively cou-
pled plasma - atomic Emission spectroscopy (ICP-AES) and ultraviolet-visible light
spectroscopy (UV-Vis)

The free iron (i.e., not coordinated by terpyridine) concentration in the water phase
was measured by the difference between the measured iron concentration with ICP-
AES and UV-Vis spectroscopies. In other words, the free iron concentration is equal
to the total iron in the water phase (i.e., bound + free iron ions) minus the iron in co-
ordinate complexes with terpyridine groups (i.e., bound iron ions). ICP-AES was per-
formed on the solutions using an Optima 8300 instrument (PerkinElmer, Waltham,
MA, USA) to obtain the total iron concentration in the water phase. Samples were
dissolved in 10 ml of a 2% HNO3 solution to achieve optimal measurement concen-
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tration ranges. The measurements were performed in triplicate and the results were
reported by an average and a standard deviation from duplicate measurements.
UV-Vis measurements were done on the solutions at _𝑚𝑎𝑥 = 552 nm at room temper-
ature by a Lambda-35 spectrophotometer (PerkinElmer, Waltham, MA, USA), using
quartz cuvettes. All measurements were performed in separate duplicates.

Quantification of terpyridine/terpyridine-functionalized polymers in the oil phase
by ultraviolet-visible light (UV-Vis) spectroscopy

The concentration of terpyridine groups (i.e., also indicative of the concentration
of the polymers) in the oil phase was quantified by UV-Vis with _𝑚𝑎𝑥 = 279 nm at
room temperature. The oil solutions were mixed with acetonitrile (ACN) (1:1 volume
ratio) prior to measurement8,9. UV-Vis spectra of the solutions were then recorded
on a Lambda-35 spectrophotometer (PerkinElmer, Waltham, MA, USA), using quartz
cuvettes. All the measurements were done in separate duplicates.

8.2.3 Magnetic properties of the iron/terpyridine complexes

After the transition of the terpyridine-functionalized polymers from the oil to the
aqueous state, the pink-colored gels were dried and weighed in a plastic cup for
magnetic measurements. Magnetization curves were obtained via a MicroSense EZ-
9 vibrating sample magnetometer (VSM). Hysteresis measurements were performed
at room temperature (273 K, up to 1.5 Tesla) and in cryo mode (77 K, up to 2.2 Tesla)
by using liquid nitrogen. All measurements were normalized by the weight of the
samples. These measurements were done on pure terpyridine and FeCl2 as well for
comparison purposes.

8.3 Theory

8.3.1 Chemical equilibrium

Based on the experimental set-up described in section 8.2.2, we consider two coexist-
ing phases of oil and aqueous that are in contact via an interface. Initially terpyridine
molecules dissolve in oil (a hydrophobic liquid). However, in the presence of iron (II)
ions (beyond a certain concentration of iron ions) in the water phase, terpyridine
molecules partition in the aqueous (aq) phase:

T(oil) −−−⇀↽−−− T(aq)

in which the terpyridine molecule is abbreviated as T. Since the concentration of
terpyridine in the oil phase is more preferred as a variable due to its low solubility
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in water, we define the partition coefficient of terpyridine between water and oil (in
the absence of iron or any other metal ions) as:

𝐾𝑝 =
[T(𝑎𝑞) ]
[T(𝑜𝑖𝑙) ]

= exp(−𝛽𝑔𝐻 ). (8.6)

Here 𝑔𝐻 is the free energy difference between terpyridine in water and terpyridine
in oil (more specifically: the difference in standard chemical potential of terpyridine
in oil and in water based on 1 M reference concentrations). The subscript 𝐻 stands
for ’hydrophobic’. Equation 8.6 is expected to be correct up to the water-solubility of
terpyridine which is reported to be approximately 6 mM 10. Additionally, bis (terpyri-
dine) iron (II) complexes, (FeT2)2+, are formed in the aqueous phase via the following
reaction:

2 T(aq) + Fe2+ −−−⇀↽−−− (FeT2)2+

It should be noted that the formation of mono (terpyridine) iron(II) complex, (FeT)2+,
is neglected based on the equilibrium constants reported previously 11. The equilib-
rium constant for formation of a bis (terpyridine) iron(II) complex in the aqueous
phase is given by:

𝐾 =
[(FeT2)2+]

[T(𝑎𝑞) ]2 [Fe2+]
= exp(−𝛽𝑔2𝑤). (8.7)

Here 𝑔2𝑤 is the reversible work of formation of a bis (terpyridine) iron(II) complex,
(FeT2)2+, in water. Under standard conditions with 1 M reference concentrations of
the components in Equation 8.7, 𝛽𝑔2𝑤 ≈ - 48 11. Thus, we write the equilibrium con-
centration of (FeT2)2+ as

[(FeT2)2+] = 𝐾𝐾2
𝑝 [T(𝑜𝑖𝑙) ]2 [Fe2+] . (8.8)

Equation 8.8 shows that in order to form (FeT2)2+ in water, there is an unfavorable
step of transferring terpyridine from oil to water (𝐾𝑝 << 1), and a favorable step of
binding iron to terpyridine (𝐾 >> 1). We find the fraction of terpyridine in oil as a
function of (free) iron concentration in water through the mass balance [T(𝑡𝑜𝑡 ) ] =

[T(𝑜𝑖𝑙) ] (1+𝐾𝑝 ) + 2[(FeT2)2+] (based on equal volumes). Substitution of Equation 8.8
and solving for [T(𝑜𝑖𝑙) ] leads to:

𝑓𝑜 =
[T(𝑜𝑖𝑙) ]
[T(𝑡𝑜𝑡 ) ]

=

−1 +
√︃
1 + 8𝐾𝐾2

𝑝 [T(𝑡𝑜𝑡 ) ] [Fe2+]

4𝐾𝐾2
𝑝 [T(𝑡𝑜𝑡 ) ] [Fe2+]

, (8.9)

where we assumed that 𝐾𝑝 << 1.
Anticipating the experimental results (which point to a significantly steeper de-

pendence of the terpyridine fraction in the oil phase on the free iron (II) ions con-
centration), we consider the situation that terpyridine is in the form of dimers in the
oil phase. In this case the equilibrium follows:
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T2(oil) −−−⇀↽−−− T2(aq)

with the partition coefficient defined as 𝐾 ′
𝑃
= [T2(𝑎𝑞) ]/[T2(𝑜𝑖𝑙) ] = exp(−2𝛽𝑔𝐻 ) = 𝐾2

𝑃
.

The bis (terpyridine) iron (II) complex will then form based on the reaction:

T2(aq) + Fe2+ −−−⇀↽−−− ( FeT2)2+.

Thus, the equilibrium concentration of (FeT2)2+ is given by

[(FeT2)2+] = 𝐾𝐾2
𝑝 [T2(𝑜𝑖𝑙) ] [Fe2+] . (8.10)

Now the fraction of terpyridine in oil becomes

𝑓𝑜 =
[T(𝑜𝑖𝑙) ]
[T(𝑡𝑜𝑡 ) ]

=
1

1 + 𝐾𝐾2
𝑝 [Fe2+]

. (8.11)

Herewe have used themass balance [T2(𝑡𝑜𝑡 ) ] = [T2(𝑜𝑖𝑙) ]+[(FeT2)2+] where [T2(𝑡𝑜𝑡 ) ] =
[T(𝑡𝑜𝑡 ) ]/2.

It will become clear in the results and discussion section that Equation 8.11 de-
scribes the experimental data much better than Equation 8.9. Furthermore, Equation
8.11 is analogous to the Langmuir adsorption equation as can be seen by writing the
fraction of occupied sites (\ ) of terpyridine dimers (T2) by iron ions:

\ =
[(FeT2)2+]
[T2(𝑡𝑜𝑡 ) ]

=
𝐾𝐾2

𝑝 [Fe2+]
1 + 𝐾𝐾2

𝑝 [Fe2+]
= 1 − 𝑓𝑜 . (8.12)

8.3.2 Statistical thermodynamics

Terpyridine monomer

Here we apply the grand canonical ensemble to obtain the same results as discussed
in the previous section (8.3.1). The terpyridine molecule can be in two states; dis-
solved in oil (with subscript oil) which is an energetically favorable state for the ter-
pyridine molecule, and an aqueous state (with subscript aq) which is an unfavorable
state for the terpyridine molecule in the absence of iron ions. However, the aqueous
state can be stabilized due to the higher affinity of the terpyridine molecule in this
state to iron ions. It is assumed that terpyridine is in thermodynamic equilibrium
between the oil and aqueous phases (states) and that iron ions can be exchanged
between terpyridine and the reservoir. Therefore, by using the grand canonical en-
semble, the grand partition function of the terpyridine dimers is the summation over
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all states and occupancy numbers (occupancy with iron). Therefore, the grand par-
tition function reads

Ξ =
∑︁

𝑠𝑡𝑎𝑡𝑒 𝑖

Ξ𝑖 = Ξ𝑎𝑞 + Ξ𝑜𝑖𝑙 . (8.13)

Terpyridine in the aqueous state can be either occupied or unoccupied by iron ions.
Thus,

Ξ𝑎𝑞 = exp(−𝛽𝐺𝐻 )
1∑︁

𝑁=0
_𝑁𝐹 𝑧 (𝑇, 𝑁 ) = exp(−2𝛽𝑔𝐻 )

1∑︁
𝑁=0

_𝑁𝐹 exp(−𝑁𝛽𝑔2𝑤) (8.14)

= exp(−2𝛽𝑔𝐻 ) (1 + [𝐹𝑒2+] exp(−𝛽𝑔2𝑤))

in which 𝐺𝐻 (= 2𝑔𝐻 ) is the free energy difference between terpyridine dimers in
water and in oil phases (states). Here the fugacity of iron (with subscript 𝐹 ) is _𝐹 =

exp(𝛽`𝐹 ) and `𝐹 is the chemical potential of iron ions. 𝑧 (𝑇, 𝑁 ) = exp(−𝑁𝛽𝑔2𝑤) is
the relevant part of the molecular partition function of terpyridine with 𝑁 bound
iron ions (N = [0,1]). In the second step in Equation 8.14, we wrote _𝐹 as the iron
concentration, and at the same time we applied the appropriate standard states for
terpyridine and iron ions, consistent with the chemical equilibrium approach. We
assume that terpyridine in the oil state does not bind iron and thus Ξ𝑜𝑖𝑙 = 1. From
that the fraction of terpyridine in oil is given by

𝑓𝑜 =
Ξ𝑜𝑖𝑙

Ξ
=

1
1 + [𝐹𝑒2+] exp(−2𝛽𝑔𝐻 ) exp(−𝛽𝑔2𝑤)

(8.15)

and the average fraction of terpyridine occupied by iron (in the aqueous state) reads

\ = ⟨𝑁 ⟩ = _𝐹

Ξ

𝜕Ξ

𝜕_𝐹
=

[𝐹𝑒2+] exp(−2𝛽𝑔𝐻 ) exp(−𝛽𝑔2𝑤)
1 + [𝐹𝑒2+] exp(−2𝛽𝑔𝐻 ) exp(−𝛽𝑔2𝑤)

. (8.16)

Under the assumption of exp(−𝛽𝑔𝐻 ) = 𝐾𝑝 << 1, it is easily verified that Equations
8.15 and 8.16 are equal to Equations 8.11 and 8.12.

Terpyridine-functionalized polymers: Poly(terpyridine)

In this case the polymer can initially be in the form of single chains or in (small) clus-
ters in oil: analogous to terpyridinemonomer, it is expected that the poly(terpyridine)
chains may also cluster in oil. We take the statistical thermodynamics approach here,
although the results obtained can also be found by multi chemical equilibrium. In
particular for the situation with copolymers of terpyridine and a second monomer
(i.e., acrylic acid or n-butyl acrylate, see the next section for the random copoly-
mers), the statistical thermodynamic approach is more straightforward. Wewrite the
(coarse-grained) partition function of a terpyridine-functionalized polymer chain in
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the aqueous gel as

Ξ𝑎𝑞 = exp(−𝛽𝐺𝐻 )
𝑀∑︁
𝑁=0

_𝑁𝐹 𝑍 (𝑁,𝑇 ,𝑀), (8.17)

where𝐺𝐻 is the hydrophobic free energy (> 0) penalty to transfer a polymer with M
binding sites (number of terpyridine functional groups) from its hydrophobic refer-
ence state (dissolved in the oil phase) to the situation where the polymer is in contact
with water. For a polymer with𝑀 terpyridine groups we expect that𝐺𝐻 ≈ 𝑀𝑔𝐻 and
therefore in Equation 8.17, exp(−𝛽𝐺𝐻 ) ≈ 𝐾𝑀

𝑝 . However, deviations due to the in-
teractions of terpyridine functional groups with the polymer backbone may occur.
It is worth noting that the hydrophobic free energy penalty encloses other free en-
ergy changes due to the environmental change, such as differences in conformational
entropy.

The coarse-grained canonical partition function for 𝑀/2 statistically indepen-
dent binding sites of which 𝑁 are occupied by iron ions with 𝑔2𝑤 as the free en-
ergy gain in the formation of a bis (terpyridine) iron (II) complex, (FeT2)2+ reads
𝑍 (𝑁,𝑇 ,𝑀) =

(𝑀/2
𝑁

)
exp(−𝛽𝑁𝑔2𝑤). We estimate the number of ways that 𝑁 coordi-

nation bonds can be distributed over 𝑀/2 sites as
(𝑀/2
𝑁

)
= (𝑀/2)!/𝑁 !((𝑀/2) − 𝑁 )!.

This is likely a reasonable approximation in terms of the number of available con-
formations per chain in the polymer gel. The total number of terpyridine pairs will
be larger than

(𝑀/2
𝑁

)
, but it is expected that many pairs are unavailable due to topo-

logical/geometrical constraints. Using that with Equation 8.17 and making use of the
binomial theorem leads to:

Ξ𝑎𝑞 = exp(−𝛽𝐺𝐻 )
𝑀/2∑︁
𝑁=0

(
𝑀/2
𝑁

)
_𝑁𝐹 exp(−𝛽𝑁𝑔2𝑤) = exp(−𝛽𝐺𝐻 ) (1 + [𝐹𝑒2+]𝐾)𝑀/2

(8.18)

in which we took _𝐹 exp(−𝛽𝑔2𝑤) = [Fe2+]𝐾 .
Equation 8.18 is revealing that for a terpyridine-functionalized polymer chain to be
occupied by iron ions, there needs to be a competition between the two energy states
it can be in; the favorable state of residing in the oil phase and the unfavorable
aqueous state. In fact based on MWC theory, the transition of the poly(terpyridine)
from the oil to the water phase comes with the hydrophobic free energy penalty of
exp(−𝛽𝐺𝐻 ) and the gain of binding free energy (of formation of (FeT2)2+ complex)
which is exp(−𝛽𝑔2𝑤) and included in the term [Fe2+]𝐾 .

As in the situation with terpyridine monomers, we assume that terpyridine in
the oil state does not bind iron and thus, Ξ𝑜𝑖𝑙 = 1. Taking Ξ = Ξ𝑎𝑞 + Ξ𝑜𝑖𝑙 , we find for
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the occupied fraction of terpyridine pairs:

\ =
⟨𝑁 ⟩
𝑀/2 =

1
𝑀/2

_𝐹

Ξ

𝜕Ξ

𝜕_𝐹
=
𝐾 [Fe2+]𝐾𝑀

𝑝

(
1 + 𝐾 [Fe2+]

) (𝑀/2)−1

1 + 𝐾𝑀
𝑝

(
1 + 𝐾 [Fe2+]

)𝑀/2 . (8.19)

Similarly, we find the fraction of poly (terpyridine) in the oil phase as 𝑓𝑜 = Ξ𝑜𝑖𝑙/Ξ:

𝑓𝑜 =
1

1 + exp(−𝛽𝐺𝐻 ) (1 + [Fe2+]𝐾)𝑀/2 , (8.20)

Combining Equations 8.19 and 8.20 leads to

\ =
𝐾 [Fe2+]

1 + 𝐾 [Fe2+]
(1 − 𝑓𝑜 ). (8.21)

So, as long as [Fe2+] >> 𝐾−1 (in our case 𝐾−1 ≈ exp(−48), with concentrations
in M) we have \ = 1 − 𝑓𝑜 , even at very low iron concentrations. In the language of
MWC, the partitioning of the terpyridine-functionalized polymer molecules between
the aqueous and oil phases is coupled to the conformational switch. Furthermore,
based on MWC model 𝑓0 is the fraction of poly(terpyridine) in its ’hydrophobic’ (i.e.,
ground) state or conformation.

Terpyridine-functionalized polymers: Random copolymers

The cooperative binding behavior of iron ions onto the terpyridine-functionalized
polymers can be controlled by tuning the hydrophobicity of the polymer chains. To
do so, one way is to randomly copolymerize a second (or substitute) monomer along
the terpyridine-functionalized repeating unit in the polymer backbone. In general we
expect that the compositional heterogeneity in the polymer chains does not affect the
binding strength (and therefore the value of the equilibrium constant,𝐾 for formation
of a (FeT2)2+ complex), and only influences the hydrophobic free energy difference for
the polymers for moving from the oil to aqueous state. In this case, the hydrophobic
free energy of the polymer can be written as the linear combination of hydrophobic
contributions of the monomers. For a random copolymer with a mole fraction 𝑥
of terpyridine-functionalized repeating unit (or monomer) and (1 − 𝑥) of substitute
monomer we expect:

𝑔𝐻 ≈ 𝑥𝑔𝑇 + (1 − 𝑥)𝑔𝑆 , (8.22)

where 𝑔𝑆 and 𝑔𝑇 are the hydrophobic contribution for substitute and the terpyridine-
functionalized repeating units, respectively. The total hydrophobic free energy of the
polymer chain then reads as𝐺𝐻 = 𝑀𝑡𝑔𝐻 with𝑀𝑡 the total number of (both) repeating
units per chain.

In the current work, we chose acrylic acid or n-butyl acrylate as the substitute
monomers. Copolymers of 1:1 terpyridine and acrylic acid or n-butyl acrylate were
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synthesized by random radical copolymerization with a fairly low polydispersity in-
dex of 1.04, see PT8AA8 and PT8nBA8, respectively, in Figure 8.2 and Appendix 8.A.
As a result of random copolymerization, the copolymers are assumed to have nor-
mal distributions of the size (length) and chemical composition. We average over the
compositions by taking the (Gaussian) weight𝑊 (𝑥, 𝑁 ,𝑀𝑡 ) = 1√

2𝜋𝜎2
𝑐

exp
(
−(𝑁−𝑥𝑀𝑡 )2

2𝜎2
𝑐

)
for 𝑁 terpyridine functional groups with different fractions in the oil state. Here
𝜎2𝑐 = 𝑀𝑡𝑥 (1−𝑥) in which is the mole fraction of terpyridine-functionalized monomer
units in the random copolymer. Moreover, we average over the size (or length) by as-
signingGaussionweights of the lengths𝑀𝑡 :𝑊 (𝑀𝑡 , ⟨𝑀𝑡 ⟩) = 1√

2𝜋𝜎2
𝐿

exp
(
−(𝑀𝑡−⟨𝑀𝑡 ⟩)2

2𝜎2
𝐿

)
.

Here ⟨𝑀𝑡 ⟩ is the average total number of monomers per chain and 𝜎𝐿 is the size poly-
dispersity which is related to the polydispersity index (PDI) via 𝜎2

𝐿
= ⟨𝑀𝑡 ⟩2 (𝑃𝐷𝐼 −1).

8.4 Results and discussion

The binding behavior of iron ions onto terpyridine monomer and the terpyridine-
functionalized polymers was investigated using the quantification of free iron and
terpyridine concentrations in the water and oil phases, respectively. The quantifi-
cation of the fraction of terpyridine/terpyridine functional groups on the polymer
chains (remained) in the oil phase vs. the free iron concentration are shown in Fig-
ure 8.4 (markers). Furthermore, the description of the data by the theoretical model
is shown with the lines in Figure 8.4. Here, we first make a comparison between
binding of iron onto terpyridine and poly(terpyridine) to show the cooperativity in
this system. Next, we discuss the effect of a substitute monomer along terpyridine-
functionalized repeating unit and the hydrophobicity of the second monomer on the
cooperative behavior of binding onto the copolymers.

8.4.1 Terpyridine monomer vs. poly(terpyridine)

The experimental results showed a gradual decrease in fraction of terpyridine in the
oil phase (𝑓𝑜 ) from 1 to 0 upon increasing and over a broad range of iron concen-
tration, see the blue circles in Figure 8.4 A. As it was mentioned in the section 8.3.1,
the obtained fraction of terpyridine in the oil phase experimentally showed clear
deviation from Equation 8.9. The blue dashed line in Figure 8.4 A is Equation 8.9
with [𝑇𝑡𝑜𝑡 ] = 2 × 10−4𝑀 (based on the experiments). The best fit based on Equation
8.9 results in linear combination of binding and hydrophobic energies for each bis
(terpyridine) iron (II) complex, 𝛼 = −𝛽 (𝑔2𝑤 + 2𝑔𝐻 ) = 21.8. However, our results of
binding iron ions onto terpyridine pointed to a significantly steeper dependence of
the terpyridine fraction in the oil phase on the free iron (II) concentration. To re-
solve the mentioned discrepancy, we assumed that terpyridine in the oil state is not
in monomeric form, but in the form of pairs. The blue solid line in Figure 8.4 A is
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the best fit of Equation 8.11 to the experimental data of terpyridine (blue circles) with
𝛼 = 12.8 and gives a better match for the experiment results, compared to Equation
8.9.

There is evidence in the literature that shows the 𝜋 − 𝜋 interactions between
terpyridine molecules can cause the stacking of the pyridine rings in the solid state
crystals 12–14. However, it is not clear to us why the experimental data are best de-
scribed by taking the assumption of formation of terpyridine dimers in the solution in
the presented model. Furthermore, it should be noted as well that the partitioning of
terpyridine monomer in water in the presence of the oil (DCM) was not measurable
due to the detection limit of the UV-Vis spectroscopy.

Poly(terpyridine) (or ’oligomers’ which is a better qualification for chains with
approximately 16 repeating units, abbreviated as PT16) undergo a remarkably sharp
transition from being dissolved in oil to the aqueous state (phase) upon a very small
change in the free iron concentration in water, see red squares in Figure 8.4 A. Addi-
tionally, the formation of the more energetically favorable (FeT2)2+ complexes (com-
pared to (FeT)2+) leads to the formation of a polymer gel phase. The mentioned gel
is a network of polymer chains which are crosslinked by iron ions that are in coor-
dination bonds with terpyridine functional groups on the polymer backbone.

Monitoring the fraction of poly(terpyridine) in the oil phase shows that in the
case that terpyridine is a functional group on a polymer backbone, the transition of
the polymer from "dissolved in oil" state to "aqueous" state was much sharper and
initiated at a higher free iron concentration, compared to the transition observed
for the terpyridine monomer, Figure 8.4 A (red squares compared to blue circles, re-
spectively). Equation 8.20 gives the best description of the effective cooperativity
of the poly(terpyridine) with 𝑀𝑒 𝑓 𝑓 = 32 ± Δ𝑀 , with (Δ𝑀 ≈ 10), which leads to
𝛼 = 10.8, red dash dotted line in Figure 8.4 A. It should be noted that the uncertainty
in the value of𝑀𝑒 𝑓 𝑓 is due to the combinatorial factor in the model. In fact Equation
8.20 with 𝑀 = 16 is also in good agreement with the experimental data. However,
it seems that the transition is slightly sharper with a better fit with the estimation
𝑀 ≈ 32. This could be explained by the formation of crosslinks between polymer
chains by iron ion bridges. Consequently, clustering of the polymer chains which
was also visually observed in the experiments, (see the sample picture in Figure 8.3
B) results in an effective sharper cooperativity. In the situation of pre-existing clus-
ters in oil of 𝑛 polymers we will take an effective polymer length of𝑀𝑒 𝑓 𝑓 /2 = 𝑛𝑀/2
in Equations 8.18 and 8.20. However, it can be proven that the statistical weight of
𝑛 polymer chains that form aggregates of size 𝑛 in the aqueous phase, that is via
𝑛P(𝑜𝑖𝑙) + 𝑁Fe2+ → P𝑛 (Fe)𝑁 averaged over all possible 𝑁 is overwhelmingly domi-
nated by 𝑛 = 1. Therefore, the𝑀𝑒 𝑓 𝑓 is not significantly higher that the real𝑀 .
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Figure 8.4 Comparison between experiments and theory for terpyridine monomer
and the terpyridine-functionalized polymers. (A) Fraction of terpyridine (blue circles,
T data) and poly(terpyridine) (red squares, PT16 data) in the oil phase (𝑓𝑜 ) as a function of
the free iron (II) concentration in the aqueous phase. Blue dashed line is Equation 8.9 which
gives the best fit with 𝛼 = 21.8. The blue solid line which gives a better description of the
data on terpyridine is Equation 8.11 with 𝛼 = 12.8. The red dash dotted line is Equation
8.20, which gives the best description of the experimental data on poly(terpyridine) with
𝛼 = 10.8 and 𝑀𝑒 𝑓 𝑓 ≈ 32. (B) The corresponding Hill plots for terpyridine monomer (T)
and poly(terpyridine) (PT16) with Hill coefficients 𝑀𝑒 𝑓 𝑓 /2 equal to 1 and 16, respectively. (C)
Average fraction of 1:1 random copolymers of terpyridine and acrylic acid (yellow triangles,
PT8AA8), and terpyridine and n-butyl acrylate (purple diamonds, PT8nBAA8) with ⟨𝑀𝑡 ⟩ = 16
in the oil (state) as a function of the free iron ion concentration in the aqueous phase. The
yellow dash dotted line is the best fit based on the Equations 8.20 and 8.22 with 𝛼 = 11.2 and
⟨𝑀⟩𝑒 𝑓 𝑓 = 32. Purple solid line is the best fit based on the Equations 8.20 and 8.22 averaged
over the composition and size with 𝛼 = 10.7 and ⟨𝑀⟩𝑒 𝑓 𝑓 = 32. (D) The corresponding Hill
plots for the copolymers PT8AA8 and PT8nBA8 with Hill coefficients (i.e.,𝑀𝑒 𝑓 𝑓 /2) equal to 16
and 1.3, respectively. In the case of PT8nBA8, the smaller slope of the Hill plot is the indication
of negative influence of the compositional polydispersity of the copolymers on the coopera-
tivity and therefore broadening of the transition with respect to the free iron concentration.

Additionally, in the situation that exp(−2𝛽𝑔𝐻 ) << 1, the Equations 8.19 and 8.20
can be rewritten in the following forms, respectively,:
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\ =

(
𝐾 ′[Fe2+]

)𝑀/2

1 +
(
𝐾 ′[Fe2+]

)𝑀/2 (8.23)

𝑓𝑜 =
1

1 + (𝐾 ′[Fe2+])𝑀/2 (8.24)

where 𝐾 ′ = exp(−2𝛽𝑔𝐻 )𝐾 = exp(−𝛽 (𝑔2𝑤 + 2𝑔𝐻 )) and therefore ln𝐾 ′ = 𝛼 . The ex-
pression for \ in Equation 8.23 is in fact the Hill equation 15 withHill coefficient =𝑀/2
which is consistent with the idea that to a good approximation, only two states of
the polymer contribute: (i) polymers without occupied terpyridine groups in the oil
state, and (ii) all the𝑀/2 groups occupied in the aqueous state. The Hill plots for ter-
pyridine and poly(terpyridine) in the form of ln((1 − 𝑓𝑜 )/𝑓𝑜 ) vs. ln[Fe2+] with slope
and intercept equal to𝑀/2 and (𝑀/2) ln𝐾 ′, respectively, are shown in Figure 8.4 B.
The experimental data clearly shows a hill coefficient close to 1 (i.e., 𝑀/2 ≈ 1.3) for
terpyridine monomer, which is in good agreement with the assumption of formation
of bis (terpyridine) iron(II) complexes, see blue circles in Figure 8.4 B. Furthermore,
from the intercept of the line with𝑀𝑒 𝑓 𝑓 ≈ 2 it can be obtained that ln𝐾 ′ = 13, which
is similar to the value that was obtained for 𝛼 from the fits (i.e., 12.8). Nevertheless,
the same plot for the polymer (PT16) clearly shows a larger slope pointing to the
formation of polymer networks and cooperativity of the system with𝑀𝑒 𝑓 𝑓 ≈ 32 and
ln𝐾 ′ = 10.8, see red squares in Figure 8.4 B.

Our findings show that exposing the same concentration of terpyridine in the
form of monomers or functional groups on polymer chains to aqueous solutions
of iron ions (a concentration series) results in different behavior of binding iron.
In the case of terpyridine monomer, the aforementioned transition happens over
a broad range of free iron concentration (i.e., 0.1 to 1000 `M) being indicative of
random binding of iron onto terpyridine monomers. However, when the same ex-
periment was performed with poly(terpyridine), the transition from oil to the water
phase first initiated at a higher free iron concentration (∼10 `M) and second was
observed to be much sharper than predicted by MWC model, compared to terpyri-
dine monomer. Therefore, we have successfully mimicked the cooperative binding
of iron ions onto terpyridine by following the transition of terpyridine from oil to the
aqueous phase for a relatively simple system of terpyridine-functionalized polymers.
Our results based on a model system suggest that the aforementioned cooperativity
is not limited to complex biological systems such as proteins. In the next section
we investigate the effect of hydrophobicity and compositional polydispersity of the
terpyridine-functionalized polymers on the cooperative binding of iron.
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8.4.2 Randomcopolymers of terpyridine-functionalized repeatingunits and
a substitute monomer

The fractions of copolymers of terpyridine and acrylic acid (PT8AA8) and of ter-
pyridine and n-butyl acrylate (PT8nBA8) as a function of free iron concentration are
shown in Figure 8.4 C. PT8AA8 copolymer shows a sharp transition from the oil to
the aqueous state over a narrow range of free iron concentration, see yellow trian-
gles in Figure 8.4 C. Combining Equations 8.20 and 8.22 gives the best fit for the
data of PT8AA8 with 𝑥 = 0.5 leading to 𝛼 = 11.2 and ⟨𝑀𝑡 ⟩𝑒 𝑓 𝑓 ≈ 32, see the yellow
dash dotted line in Figure 8.4 C. It was expected that the random copolymerization
would lead to broadening of the transition with respect to the free iron concentra-
tion. However, in the case of PT8AA8 this is not the case. The sharp decrease in
the fraction of PT8AA8 copolymer in the oil phase can be explained by first the rel-
atively narrow molecular weight (or size) distribution and second low contribution
of the repeating units containing acrylic acid groups in the hydrophobic free energy
difference of the polymer chains. Moreover, similar to the PT16 the effective coop-
erativity for PT8AA8 is described by a slightly higher value of average number of
monomer units on polymer chains, ⟨𝑀𝑡 ⟩𝑒 𝑓 𝑓 = 32, which once again points to the
formation of polymer networks by iron bridges between the copolymer chains.

In the case of PT8nBA8, the transition of the copolymer from the oil to the aque-
ous state is much broader than that of PT8AA8, see purple diamonds in Figure 8.4
C. In this case, the data are not well explained by random adsorption behavior either
(the fit not shown), whereas the binding behavior of the iron ions onto terpyridine
sites of the copolymer over a broad range of free iron ions concentration is well ac-
counted for by the theory. The purple solid line in Figure 8.4 C is the best fit for
PT8nBA8 with 𝛼 = 10.7 and ⟨𝑀𝑡 ⟩𝑒 𝑓 𝑓 = 32 (from the fit). The drop in the fraction
of PT8nBA8 in the oil phase over a broad range of free iron concentration can be
explained by first the hydrophobic contribution of the second monomer and second
by the large compositional polydispersity of the copolymer chains. As a result, each
composition of the copolymer will have a separate sharp transition and therefore, it
broadens the overall transition of the copolymer from the oil to the water phase vs.
free iron concentration in the water phase.

In addition, the Hill plots for the studied copolymers clearly point to their differ-
ent behavior, Figure 8.4 D. The smaller slope of the line ln((1 − 𝑓𝑜 )/𝑓𝑜 ) vs. ln[Fe2+]
in the case of PT8nBA8 shows the broadening of the transition in the this case (com-
pared to PT8AA8). Results suggest that in the case of PT8nBA8, the effective coop-
erativity of binding iron ions to the terpyridine functional groups on the copolymer
decreases with ⟨𝑀𝑡 ⟩𝑒 𝑓 𝑓 = 2.6 (from the Hill plot). In other words, the composi-
tional polydispersity in the copolymers of the terpyridine-functionalized repeating
unit and a substitute monomer with a hydrophobic contribution can effectively lead
to a negative influence on the cooperativity.
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Comparison between the results obtained for the PT8AA8 and PT8nBA8 copoly-
mers clearly suggests that when the substitute monomer (in this case n-butyl acrylate
in the PT8nBA8 copolymer) actively contributes to the hydrophobic free energy of
the copolymer (to switch from the oil to the aqueous phase), the compositional poly-
dispersity can influence the sharpness of the transition of the copolymer. Therefore,
it can be concluded that the compositional polydispersity influences the range of the
free iron concentration over which the transition occurs only on the condition that
the substitute monomer is hydrophobic.

8.4.3 Verification of occupancy of the terpyridinemonomer or terpyridine-
functionalized polymers

The quantification of the occupancy i.e., the fraction of occupied terpyridine func-
tional groups per chain in the water phase or (1− 𝑓𝑜 ) was verified using an indepen-
dent calculation of the occupied fraction of terpyridine groups (i.e., \ ). By using the
mass balance of iron ions: [Fe2+(𝑡𝑜𝑡 ) ] = [Fe2+(𝑓 𝑟𝑒𝑒) ] + [Fe2+(𝑏𝑜𝑢𝑛𝑑) ], we define the fraction
of occupied sites in the water phase, \ , as

\ =
[Fe2+(𝑏𝑜𝑢𝑛𝑑) ]
[T(𝑡𝑜𝑡 ) ]/2

(8.25)

in which [Fe2+(𝑏𝑜𝑢𝑛𝑑) ] and [T(𝑡𝑜𝑡 ) ] are the bound iron and initial terpyridine (func-
tional group) concentrations, respectively. It is important to note that \ is calcu-
lated based on the assumption that the bis (terpyridine) iron (II) complex, (FeT2)2+,
is the most favored complex 11. The comparison between 1 − 𝑓𝑜 and \ for terpyridine
monomer and terpyridine-functionalized polymers studied in this work is shown
with filled and patterned markers, respectively, in Figure 8.5.

The results suggest that overall the two sets of data regarding the occupancy of
terpyridine (1 − 𝑓𝑜 and \ ) are in good agreement in all cases, particularly around the
transition regions. Interestingly, the independent calculation of \ , based on Equa-
tion 8.25, leads to \ < 1 for all cases at high free iron concentrations. Considering
formation of polymer gels, this can be explained by the formation of topological de-
fects such as dangling ends (or binding sites i.e., terpyridine functional groups) in the
polymer network 16, see the schematic in Figure 8.5 E. It is expected that a fraction
of terpyridine groups remains unoccupied due to internal constraints such as spacial
hindrance and electrostatic repulsion between the bound iron ions. In the case of
PT16, the fraction of occupied terpyridine groups in the water phase remained no-
ticeably low (≈ 0.8) due to the disordered nature of a dense (and most probably im-
penetrable at high iron concentrations) gel 17. In the case of PT8AA8 and PT8nBA88
(see Figure 8.5 C and D), this effect is less significantly observed due to the less num-
ber of terpyridine functional groups per polymer chain which leads to the formation
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of a gel with a lower crosslink density 18. Other inconsistencies, particularly in low
iron concentrations, are expected to be due to the low quantities of iron leading to
noticeable errors in further calculations.
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Figure 8.5 Verification of occupancy of the terpyridine groups (1− 𝑓𝑜 ) with indepen-
dent calculation of fraction of occupied sites in the water phase (\ ). The comparison
shows that in the case of (A) terpyridine monomer, the terpyridine-functionalized polymers
with (B) full coverage of terpyridine (PT16), and copolymers of 1:1 terpyridine-functionalized
repeating unit and (C) acrylic acid (PT8AA8), and (D) n-butyl acrylate (PT8nBA8), 1− 𝑓𝑜 : open
and \ : filled markers are in good agreement. (E) Schematic illustration of dangling binding
sites and crosslinks in the polymer gel.

8.4.4 Interpretation of binding and hydrophobic free energies

The values for the linear combination of binding and hydrophobic free energies (i.e.,
𝛼 = −𝛽 (𝑔2𝑤 + 2𝑔𝐻 )) for terpyridine and terpyridine-functionalized polymers are re-
ported in Table 8.1. As expected from the discrepancy in the case of incorporating
terpyridine as a monomer in the model (𝑀 = 1 and based on Equation 8.9), the value
of 𝛼 in this case is not close to the other cases. Among other cases (i.e., terpyridine
dimers and terpyridine-functionalized polymers), the maximum difference of ≈ 2𝑘𝐵𝑇
seems reasonable. Considering the previously reported value for binding free energy,
𝛽𝑔2𝑤 = −48 11, the best fits for terpyridine monomer and dimer based on Equations
8.9 and 8.11, lead to 𝛼 = 21.8 and 12.8, which result in hydrophobic free energies
𝛽𝑔𝐻 = 13.6 and 17.6, respectively.

Comparison between𝛼 for poly(terpyridine) and for terpyridine dimer indicates a
decrease in the absolute value from 12.8 for the monomer (T2) to 10.8 for the polymer
(PT16), see Table 8.1. In general, the lower value for 𝛼 can be interpreted in two ways;
lower binding and/or higher hydrophobic free energies of the system. In the case of
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Table 8.1 The values obtained from fitting the data on binding iron onto terpyridine
in different forms. Terpyridine monomer (T), dimer (T2), and terpyridine-functionalized
polymers PT16, PT8AA8, and PT8nBA8. 𝛼 and ln𝐾 ′ are the linear combination of the bind-
ing and hydrophobic free energies obtained from the 𝑓𝑜 and the Hill plots, respectively.
𝑀𝑒 𝑓 𝑓 𝑜𝑟 ⟨𝑀𝑡 ⟩𝑒 𝑓 𝑓 are the effect number of (average) monomer units indicative for the effec-
tive cooperativity of binding.

Parameter T T2 PT16 PT8AA8 PT8nBA8

𝛼 = ln𝐾 ′ 21.8 12.8 10.8 11.2 10.7
𝑀𝑒 𝑓 𝑓 or ⟨𝑀𝑡 ⟩𝑒 𝑓 𝑓 1 2 ≈ 32 ≈ 32 ≈ 2.6

the polymer PT16, this behavior can be explained by the possible lower absolute value
of binding free energy in the case of poly(terpyridine) (≈ 5𝑘𝐵𝑇 ) than for terpyridine
to be due to the electrostatic repulsion between iron ions present in the (FeT2)2+
complexes in the polymer gel. Here, we chose the value of 𝛽𝑔2𝑤 = −43 which leads
to slightly less hydrophobicity of PT16 (i.e., 𝛽𝑔𝐻 = 16.1), compared to terpyridine
(dimer). This slightly lower obtained value of the hydrophobic free energy for PT16
can be explained by the presence of the ester group in the polymer backbone or
the secondary amide in the side branches which result in slightly more hydrophilic
nature of the polymer chains. Furthermore, formation of mono (terpyridine) iron
(II) complexes (FeT)2+, which are inevitable in reality, can lower the average binding
free energy of the system as a whole. Therefore, the combination of these reasons
can result in a lower 𝛼 value for PT16.

In the case of the random copolymers, PT8AA8 and PT8nBA8, the best fits result
in 𝛼 = 11.2 and 10.7, respectively (see Table 8.1). For PT8AA8, the slightly higher
value of 𝛼 , compared to PT16, shows that the transition for this copolymer occurs
at slightly lower free iron concentration (the transition point, yellow triangles com-
pared to red squares in Figure 8.4 C andA, respectively). However, this effect is minor
due to the high binding affinity of terpyridine functional groups to iron ions. In this
case, the best fit for the data was based on the linear contribution of hydrophobic
energies for terpyridine and acrylic acid groups (i.e., 𝛽𝑔𝑇 = 18.8 and 𝛽𝑔𝑆 = 1) and
𝛽𝑔2𝑤 = −31. It should also be noted that the pH of the aqueous phase was below 4
in all samples due to the addition of reducing agent (i.e., ascorbic acid). Therefore,
it is expected that the acrylic acid groups are still protonated (pKa for acrylic acid ≈
4.2) and thus the value of hydrophobic contribution 𝛽𝑔𝑆 = 1.0 for acrylic acid groups
seems reasonable. On the other hand, 𝛽𝑔𝑇 = 18.8 is higher than expected because
the presence of acrylic acid groups results in slightly more hydrophilic nature of the
polymer chains in general.

For the copolymer PT8nBA8, the chosen values for the best fits were 𝛽𝑔𝑇 = 18,
𝛽𝑔𝑆 = 8.3, and 𝛽𝑔2𝑤 = −37. In this case the best fit results in 𝛼 = 10.7 meaning a
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transition point close to PT16 (10.8). However the hydrophobic contribution of the
substitute monomer (i.e., n-butyl acrylate) and the compositional (or chemical) poly-
dispersity of the random copolymer leads to a much broader transition, compared to
PT16.

It should bementioned in this context that lower values of binding free energy for
both random copolymers does not seem justified due to the more distant terpyridine
functional groups along the copolymer chains and therefore negligible influence of
the electrostatic repulsion potential energy on the binding strength. However, the
value of free energy of formation of bis (terpyridine) iron (II) complexes that are re-
ported in the literature 11 are not able to describe the data of the random copolymers.
Moreover, the values for hydrophobic free energies of these model compounds from
the oil to the aqueous states seem higher than physical. In future works, indepen-
dent determination of binding free energy and hydrophobic free energy penalty (by
measuring the partitioning of terpyridine in a two-phase system of water and DCM
and/or the solubility limit of terpyridine in DCM) is necessary.

In summary, we have successfully predicted and proven the cooperative binding
behavior of a ligand (iron ions) onto a substrate (terpyridine functional groups) on
a polymeric backbone using a two phase water/oil system. Our results suggest that
this behavior is not limited to the system’s components. In fact, the main condition
for cooperative binding is having a substrate in at least two different energy states
with different binding affinities towards a ligand. Furthermore, we have shown that
the cooperativity in such systems can be manipulated by the competition between
binding and self (in this case hydrophobic) free energies of the system at the different
energy states. The prediction model that we present in this work is applicable in
similar systems and promissing for designing stimuli-responsive materials for which
a narrow and/or adaptive range of conditions is required.

8.4.5 Magnetic properties of the iron/terpyridine complexes

Organometallic complexes which contain transition metals such as iron, have been
widely studied for their various properties including magnetic properties 19. In this
work, we explored the magnetic properties of the obtained gels from the terpyridine-
functionalized polymers (PT16, PT8AA8, and PT8nBA8) after their transition from
the oil to the aqueous state. The results of the magnetization of the polymers up to
1.5 T at room temperature (273 K) and up to 2.2 T in cryo mode (77 K) are shown in
Figure 8.6 A and B, respectively.

Comparison between the magnetization curves at room temperature shows that
the slope of the magnetization vs. applied magnetic field was negative in all cases,
except for FeCl2 which is an indication of the latter being very weekly paramagnetic,
Figure 8.6 A. All other compounds (with and without iron) were diamagnetic and the
(absolute value) of the slope of magnetization vs. magnetic field increased for terpyri-
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dine (T) and all terpyridine-functionalized polymers when in complexationwith iron,
filled markers compared to open markers in Figure 8.6 A. These results indicate that
binding iron onto the terpyridine or terpyridine-functionalized polymers (in other
words formation of FeT2

2+ complexes) induces a stronger diamagnetic response to
the external field in the system at room temperature.

Furthermore, the magnetization of the compounds was investigated at low tem-
perature which makes their thermal energy less influential. The results showed that
at low temperature all compounds had a paramagnetic response to the external field,
Figure 8.6 B. Additionally, the slope of the magnetization curves (i.e., indicative of the
magnetic susceptibility) increased with decreasing temperature. Finally, the mag-
netization of the copolymer PT8nBA8 had an S-shape with respect to the applied
magnetic field, filled purple diamonds in Figure 8.6 B.
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Figure 8.6 Magnetic properties of the iron/terpyridine complexes in different
forms. Magnetization vs. the applied magnetic field for iron (II) ions (FeCl2), terpyridine
(T), iron/terpyridine complex (Fe-T), the terpyridine-functionalized polymers (PT16, PT8AA8,
PT8nBA8), and their gel after complexation with iron (Fe-PT16, Fe-PT8AA8, Fe-PT8nBA8) at
(A) Room Temperature (273 K, up to 1.5 T) and (B) in cryo mode (77 K, up to 2.2 T).

8.5 Conclusions

In the present study, we show that cooperative adsorption can be mimicked in a
simpler model system, compared to proteins. For our model system, we designed
terpyridine-functionalized polymers with tunable hydrophobicities, and then moni-
tored the binding behavior of iron ions onto the terpyridine functional groups in a
two-phase water/oil system. To this end, the solutions of the terpyridine monomer
or terpyridine-functionalized polymers in oil were exposed to a series of solutions
of iron in water with different concentrations. In the ground state, the terpyri-
dine and terpyridine-functionalized polymers dissolve in oil due to their hydropho-
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bicity. Upon increasing iron concentration in the water phase, the terpyridine or
terpyridine-functionalized polymers move to the water phase which is followed by
binding iron onto the terpyridine groups. In the case of terpyridine monomer, bind-
ing iron onto it follows random adsorption. However, in the case of the terpyridine-
functionalized polymers a sharp decrease in the concentration of the polymer in
the oil phase over a small range of free iron concentration is observed. Addition-
ally, in the case of poly(terpyridine) (i.e., 100% terpyridine coverage of the polymer
backbone), the effective cooperativity of binding iron onto terpyridine functional
groups was slightly higher due to the formation of crosslinks by iron bridges be-
tween the polymer chains. Furthermore, binding behavior of iron onto copolymers
of terpyridine-functionalized repeating units and a second (or substitute) monomer
was investigated. Our observations suggest that in the case that the secondmonomer
does not contribute to the hydrophobicity of the polymer chain, the transition re-
mains sharp regardless of the length and compositional polydispersity of the copoly-
mers. In other words, compositional polydispersity of the copolymers can broaden
the transition only if the substitute monomer actively contributes to the hydropho-
bicity of the copolymer. In future works, the effect of pH on the transition of the
copolymers (containing acrylic acid) and the influence of addition of a competing
metal ion will be of interest for further investigation.
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8.A Appendix

8.A.1 Materials

Copper (II) bromide (CuBr2, 99%), tris[2-(dimethylamino)ethyl] amine (Me6TREN,
97%), ethyl 𝛼-bromoisobutyrate (EBiB, 98%), silica gel (high-purity grade (Davisil
grade 633), pore size 60Å, 200-425 mesh particle size), 2,2’:6’,2"-terpyridine (T, 98%),
4’-chloro-2,2’:6’,2"-terpyridine (Cl-T, 99%), methanol-d4 (99.8%), dimethyl sulfoxide
(DMSO, anhydrous 99.9%), iron (II) chloride tetrahydrate (FeCl2, 99%), L-ascorbic
acid (L-AA), dimethyl sulfoxide-d6 (DMSO-d6, 99.9%), ethanolamine (99.5%), N-(3-
dimethylaminopropyl)-N’-ethylcarbodi-imide hydrochloride (EDC-HCl, 98%), N,N-
dimethyl- formamide (DMF, 99.8%), andN-hydroxysuccinimide (NHS, 98%)were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). 2,2,2-trifluoroethanol (TFE, 99%),
potassium hydroxide powder (KOH, ∼ 85%), sodium chloride (NaCl) and sodium hy-
droxide pellets (99%) were purchased from Merck (Burlington, MA, USA).
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Dichloromethane (DCM, 99%), methanol absolute HPLC (MeOH, 99.9%), tetrahydro-
furan (THF, 99.8%), diethyl ether (Et2O, anhydrous 99.5%), chloroform HPLC (99.9%)
and acetonitrile (ACN, HPLC-R) were purchased from Biosolve B.V. (Valkenswaard,
The Netherlands). Copper wire (Cu(0), d = 0.25mm, 99.99%) was purchased from
Alfa Aesar (Haverhill, MA, USA). Hydrochloric acid (HCl, 37%) was purchased from
Acros Organics (Geel, Belgium). Ethanol absolute (100%), acetone (100%), n-hexane
(99%) and triethylamine (TEA, high purity grade) were purchased from VWR In-
ternational (Radnor, PA, USA). tert-butyl acrylate (tBA) and n-butyl acrylate (nBA)
were purified (using a 1:1 Al2O3:Silica column) and stored at 4 °C. Trifluoroacetic acid
(TFA, 99%), aluminum oxide (98%) and sodium sulfate (Na2SO4, 99%) were purchased
fromHoneywell (Charlotte, NC, USA). Chloroform-d1 (99%) was purchased fromCarl
Roth (Karlsruhe, Germany). Dimethyl sulfoxide (DMSO, 99.7%) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). The Milli-Q (MQ) water used was
deionized by a Millipore Synergy water purification system (Merck Millipore, Biller-
ica, MA, USA).

8.A.2 Synthesis of the terpyridine-functionalized polymers

The synthesis of the terpyridine-functionalized polymers was done in multiple steps.
As an overview, illustrated in Figure 8.7, the synthesis starts with synthesizing poly
(tert - butyl acrylate) and deprotecting it into poly(acrylic acid) (PAA).
Subsequently, EDC/NHS activation was done on the carboxylic acid groups of PAA
in order to synthesize poly (N-hydroxysuccinimide) (PNHS). To functionalize (PNHS)
with terpyridine, Cl-T was synthesized with ethanolamine to yield an amine func-
tionalized terpyridine, 2-(2,2’:6’,2"-terpyridine-4’-yloxy) ethylamine (ET), which was
necessary in order to substitute the NHS groups on the polymer via nucleophilic sub-
stitution. Eventually, three terpyridine-functionalized polymers were synthesized
and coded as: PT16, PT88AA8, and PT8nBA8 with structures (5), (7) and (11) in Fig-
ure 8.7, respectively. Numbers in the subscripts show the number of monomer units
in each copolymer. After each synthesis step, the product was characterized with
Infrared (IR) and nuclear magnetic resonance (1H-NMR) spectroscopies.

Synthesis of 2-(2,2’:6’,2"-terpyridine-4’-yloxy) ethylamine (ET) (1)

Cl-T (267.71 mg, 1 mmol) and ethanolamine (67.17 `l, 1.1 mmol) were added to a sus-
pension of powdered KOH (280.55 mg, 5 mmol) in DMSO (5 ml) and stirred at 40 °C
for 2 h. The reaction mixture was then added to 40 ml of DCM and washed with MQ
water (3 40ml) by liquid-liquid extraction. TheDCM solutionwas dried over Na2SO4

and the solvent was removed. 2-(2,2’:6’,2"- terpyridine-4’-yloxy) ethylamine (ET) was
obtained as a light yellow solid and used subsequently without further purification
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Figure 8.7 Overview of the steps of synthesizing the terpyridine-functionalized
polymers. PT16: the polymer with 100% terpyridine coverage (compound 5), PT8AA8:
the polymer with 50% terpyridine-functionalized and 50% acrylic acid (compound 7), and
PT8nBA8: 50% terpyridine-functionalized and 50% n-butyl acrylate (compound 11).

(252.60 mg, 86.5% yield). 1H-NMR: 400 MHz (Chloroform-d1) 𝛿 : 8.75-7 aromatic rings
region (10H, m); 4.2 (2H, t); 3.1 (4H, t). IR: amax cm-1: 1204s, 1027s.

Synthesis of poly(tert-butyl acrylate) (PtBA) (2)

CuBr2 (7.59mg, 0.034mmol, 0.05 equiv. per initiating sites), TFE (1 ml) andMe6TREN
(33 `l, 0.123 mmol, 0.18 equiv. per initiating sites) were added in a 4-ml vial and the
resulting solutionwas treatedwith ultrasonication for 30minutes using a CPX8800H
ultrasonic cleaning bath (Branson UltrasonicsTM, Brookfield, CT, USA). For Cu(0)
source, 5cm of 0.25 mm thick Cu copper wire was cut and etched in HCl for 30-45
minutes. Afterwards, the wire was washed with acetone and dried with dust-free
paper (three times). tBA (2ml, 13.7mmol, 20 equiv.) was added, together with the
initiator, EBiB (101 `l, 0.685 mmol, 1 equiv.) to the mixture and the reaction was
activated by adding amagnetic stir bar wrapped by the copperwire. The reactionwas
degassed under N2 flow for the first 20min was left for 4 hours (in total). The product
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was then dilutedwith Et2O, and purified by passing through a 1:1 Al2O3:Silica column.
Consequently, the product was dissolved in minimal amount of DCM and washed 4
times by a 4:1 MeOH:water solution by centrifugation at 3273× g for 15 minutes using
an Allegra X-12R Centrifuge (Beckman Coulter, Brea, CA, USA). Finally, the product
was dried under N2 flow and vacuum. The resulting material was a sticky viscous
gel (DPn ≈ 16). 1H-NMR: 400 MHz (Chloroform-d1) 𝛿 : 4.1 (2H, m); 2.2 (1H, s); 2-1.5
(2H, m); 1.4 (9H, s); 1.2 (3H, m); 1.1 (6H, m). IR: amax cm-1: 2978m, 2934m, 1723s, 1141s.

Deprotection of (2) into poly(acrylic acid) (PAA) (3)

In a 4-ml vial, compound (2) (256.64 mg), TFA (2.6 ml) and a magnetic stir bar were
added and left under stirring for 24 hours. Next, the mixture was diluted with mini-
mal amount of DCM, added to an excess amount of Et2O and centrifuged at 3273 × g
for 15 minutes. This was repeated three times. After centrifugation, the product was
dried overnight and a white powder was obtained (≈ 80% yield). 1H-NMR: 400 MHz
(methanol-d4) 𝛿 : 9.24 (2H, m); 8.43 (4H, m); 7.90 (2H, t); 7.70 (1H, t); 7.56 (2H, m); 6.78
(2H, t); 5.74 (4H, m); 5.50(2H, m). IR: amax cm-1: 1604s, 1539s, 1470s, 1443s, 1375s, 1274s,
1009s, 965w, 845m, 762m, 738m.

EDC/NHS Activation of (3) into PNHS (4)

Compound (3) (47.55 mg, 0.057 mmol) was added together with EDC-HCl (164.24 mg,
0.857 mmol, 1.5 equiv. per carboxylic acid groups) and NHS (98.60 mg, 0.857 mmol,
1.5 equiv. per carboxylic acid groups) in a 20-ml vial. Afterwards, 8.57 ml MQ water
was added to have 0.1 M EDC-HCl / NHS in water. The mixture was stirred at room
temperature for 45 minutes. Consequently, the mixture was added to 35mlMQwater,
vortexed vigorously and centrifuged at 3273 × g for 20 minutes. This was repeated
3 times. The precipitate was dried overnight under a flow of N2. The outcome was a
white powder (51.73 mg, 49.5% yield). 1H-NMR: 400MHz (acetone-d6) 𝛿 : 9.24 (2H, m);
8.43 (4H, m); 7.90 (2H, t); 7.70 (1H, t); 7.56 (2H, m); 6.78 (2H, t); 5.74 (4H, m); 5.50 (2H,
m). IR: amax cm-1: 1604s, 1539s, 1470s, 1443s, 1375s, 1274s, 1009s, 965w, 845m, 762m,
738m.

Functionalization of PNHS (4) with ET (1) to get PT16 (5)

In a 4-ml vial, compound (4) (30 mg, 0.010 mmol) and compound (1) (72.51 mg, 0.25
mmol, 1.5 equiv. per NHS group) were added, following by addition of a magnetic stir
bar. The vial was sealed and degassed under N2 flow. Next, anhydrous DMSO (0.3 ml)
was added, and the mixture was stirred until it became homogeneous. Afterwards, 1
drop of TEAwas added and the vial was kept in an oil bath for 3 hours at 60 °C. During
the reaction the solution became red. Consequently, the product was precipitated
in 20 ml ice cold acetone, and then centrifuged at 3273 × g for 30 minutes. The
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precipitate red gel was left overnight under N2. The final product was a red gel-like
solid (17.3 mg, ≈ 30% yield). 1H-NMR: 400MHz (acetone-d6) 𝛿 : 9.24 (2H, m); 8.43 (4H,
m); 7.90 (2H, t); 7.70 (1H, t); 7.56 (2H, m); 6.78 (2H, t); 5.74 (4H, m); 5.50 (2H, m). IR:
amax cm-1: 1604s, 1539s, 1470s, 1443s, 1375s, 1274s, 1009s, 965w, 845m, 762m, 738m.

EDC/NHS Activation of PAA (3) into PNHSAA copolymer (6)

The method was similar to the method described in section 8.A.2. Compound (3)
(43.70 mg, 0.033 mmol) was added together with EDC-HCl (75.47 mg, 0.39 mmol,
0.75 equiv. per carboxylic acid groups) and NHS (45.31 mg, 0.39 mmol, 0.75 equiv. per
carboxylic acid groups) in a 20-ml vial. Afterwards, 3.94 ml MQ water was added to
result in 0.1MEDC-HCl / NHS inwater. Themixturewas stirred at room temperature
for 45 minutes. Consequently, the reaction mixture was added to 35 ml MQ water,
vortexed vigorously and centrifuged at 3273 × g for 20 minutes. This procedure
was repeated 3 times. The precipitate was dried overnight under a flow of N2. The
outcome was a white powder (44.97 mg, 50.8% yield). 1H-NMR: 400 MHz (acetone-
d6) 𝛿 : 9.24 (2H, m); 8.43 (4H, m); 7.90 (2H, t); 7.70 (1H, t); 7.56 (2H, m); 6.78 (2H, t);
5.74 (4H, m); 5.50 (2H, m). IR: amax cm-1: 1604s, 1539s, 1470s, 1443s, 1375s, 1274s, 1009s,
965w, 845m, 762m, 738m.

Functionalization of PNHSAA (6) with Cl-T (1) to get PT8AA8 (7)

In a 4-ml vial, compound (6) (30 mg, 0.019 mmol) and compound (1) (67.99 mg, 0.228
mmol, 0.75 equiv. per NHS group) were added, following by addition of a magnetic
stir bar. The vial was sealed and degassed under N2 flow. Next, anhydrous DMSO
(0.3 ml) was added, and the mixture was stirred until it became homogeneous. Af-
terwards, 1 drop of TEA was added and the vial was kept in an oil bath for 3 hours at
60 °C. During the reaction the solution became red. Consequently, the product was
precipitated in 20 ml ice cold acetone, and then centrifuged at 3273 g for 30 minutes.
The precipitated red gel was left overnight under N2 flow. The final product was a
red gel-like solid (45.3 mg, 80% yield). 1H-NMR: 400 MHz (acetone-d6) 𝛿 : 9.24 (2H,
m); 8.43 (4H, m); 7.90 (2H, t); 7.70 (1H, t); 7.56 (2H, m); 6.78 (2H, t); 5.74 (4H, m); 5.50
(2H, m). IR: amax cm-1: 1604s, 1539s, 1470s, 1443s, 1375s, 1274s, 1009s, 965w, 845m,
762m, 738m.

Synthesis of copolymer of tertbutyl acrylate and n-butyl acrylate (8)

The same procedure for synthesizing and purifying compound (1) was repeated. The
only difference was that tBA (1 ml, 6.85 mmol, 10 equiv. per initiating sites) and
nBA (1ml, 6.85 mmol, 10 equiv. per initiating sites) were added in the reaction vial as
monomers. The resulting material was a sticky viscous gel (≈ 80% yield). 1H-NMR:
400 MHz (Chloroform-d1) 𝛿 : 4.1 (2H, m); 2.3 (1H, m); 1.3 (3H, t); 1.1 (6H, m); 0.9 (3H, t);
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6.78 (2H, t); 5.74 (4H, m); 5.50 (2H, m). IR: amax cm-1: 1604s, 1539s, 1470s, 1443s, 1375s,
1274s, 1009s, 965w, 845m, 762m, 738m.

Deprotection of (8) to get (9)

The method was similar to the deprotonation of (2) into (3), see section 8.A.2. In a 4-
ml vial, compound (8) (493.2 mg), TFA (6 ml) and a magnetic stir bar were added and
left under stirring for 24 hours. Next, the mixture was diluted with large amount of
DCM and the solvent was completely removed under N2 flow/vacuum (twice). Next,
the product was diluted in minimal amount of THF, added to an excess amount of
cold n-hexane and centrifuged at 3273 g for 15 minutes. This was repeated three
times. After centrifugation, the product was dried overnight and a viscous gel was
obtained (≈ 70% yield). 1H-NMR: 400 MHz (acetone-d6) 𝛿 : 9.24 (2H, m); 8.43 (4H, m);
7.90 (2H, t); 7.70 (1H, t); 7.56 (2H, m); 6.78 (2H, t); 5.74 (4H, m); 5.50(2H, m). IR: amax

cm-1: 1604s, 1539s, 1470s, 1443s, 1375s, 1274s, 1009s, 965w, 845m, 762m, 738m.

EDC/NHS Activation of (9) into (10)

Compound (9) (80 mg, 0.04 mmol) was dissolved in 3 ml DMF until mixture was
homogeneous. Simultaneously, EDC-HCl (92.016 mg, 0.48 mmol, 1.5 equiv. per car-
boxylic acid groups) and NHS (55.243 mg, 0.48 mmol, 1.5 equiv. per carboxylic acid
groups) were dissolved in 2mlDMF to get a homogeneousmixture. Subsequently, the
mixtures were added together and were stirred for 90 minutes. Finally, the mixture
was precipitated in 50% aqueous MeOH and centrifuged at 3273 g for 30 minutes.
The resulting product was a viscous gel (71.32 mg, 65% yield). 1H-NMR: 400 MHz
(acetone-d6) 𝛿 : 9.24 (2H, m); 8.43 (4H, m); 7.90 (2H, t); 7.70 (1H, t); 7.56 (2H, m); 6.78
(2H, t); 5.74 (4H, m); 5.50 (2H, m). IR: amax cm-1: 1604s, 1539s, 1470s, 1443s, 1375s, 1274s,
1009s, 965w, 845m, 762m, 738m.

Functionalization of (10) with (1) to get PT8nBA8 (11)

In a 4-ml vial, compound (10) (71.32 mg, 0.026 mmol) and compound (1) (91.16 mg,
0.312 mmol, 1.5 equiv. per NHS group) were added, following by addition of a mag-
netic stir bar. The vial was sealed and degassed under N2 flow. Next, anhydrous
DMSO (0.3 ml) was added, and the mixture was stirred until it became homogeneous.
Afterwards, 1 drop of TEA was added and the vial was kept in an oil bath for 3 hours
at 60 °C. During the reaction the solution became red. Consequently, the product
was precipitated in 20 ml ice cold acetone, and then centrifuged at 3273 g for 30
minutes. The white precipitate was a by-product. The supernatant was evaporated
and a red gel was left. The gel was re-dissolved in DCM and precipitated in water
two times. The resulting gel was left overnight under N2 flow. The final product was
a red gel-like solid (65.2 mg, 58.9% yield). 1H-NMR: 400 MHz (acetone-d6) 𝛿 : 9.24
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(2H, m); 8.43 (4H, m); 7.90 (2H, t); 7.70 (1H, t); 7.56 (2H, m); 6.78 (2H, t); 5.74 (4H, m);
5.50 (2H, m). IR: amax cm-1: 1604s, 1539s, 1470s, 1443s, 1375s, 1274s, 1009s, 965w, 845m,
762m, 738m.

8.A.3 Characterization of the terpyridine-functionalized polymers

Infrared (IR) Spectroscopy

IRmeasurementswere performed in attenuated total reflectance (ATR)mode on dried
powders of the samples by an IR spectrometer (PerkinElmer, Waltham, MA, USA).
The interferograms were accumulated over the spectral range of 1600 – 400 cm-1

using a resolution of 4 cm-1, with a background spectrum recorded before each mea-
surement. The measurements were done from independent duplicates.

Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded on an MRF 400 spectrometer (Agilent Scientific Instru-
ments, Santa Clara, CA, USA). Deuterated chloroform-d1, DMSO-d6 or methanol-d4
were used as solvents, depending on the products.

Gel Permeation Chromatography (GPC)

The molecular weights and polydispersity index of the polymers were determined
via GPC analysis. The instrument comprised an Alliance HPLC e2695 separation
module (Waters, Milford, MA, USA) in combination with a PL-gel 5 `m mixed-D
column fitted with a guard column (Mw range of 0.2-400kDa) coupled to a Waters
2414 refractive index detector. Polystyrene standards of known molecular weights
were used as standards using HPLC grade THF, eluting at 1 ml.min-1 flow rate at 30
°C.
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Summary

"When I want to understand what is
happening today or try to decide what will
happen tomorrow, I look back."

Omar Khayyam – Persian polymath, 1048-1131

I
ron deficiency is one of the most prevalent nutritional problems in the world.
However, iron is a challenging mineral to add to food products. Iron-containing

compounds can react with the (phyto)chemicals present in foods and as a result cause
severe changes in the organoleptic properties, for instance off-flavor and off-color.
To date, iron fortification of foods has proven to be an efficient and cost-effective ap-
proach to overcome iron deficiency. Iron-containing compounds that are applied as
iron fortificants are divided into three main categories; water-soluble, poorly water-
soluble (but soluble in dilute acid), and water-insoluble (and poorly soluble in di-
lute acid). Although water-soluble compounds have the advantage of high iron bio-
availability, the other categories are more in the center of attention because of their
minimum influence on the organoleptic properties of the foods which is a conse-
quence of their limited solubilities.

Among the poorly water-soluble or water-insoluble iron compounds, ferric py-
rophosphate (Fe(III)PP) has attracted a great deal of attention. Fe(III)PP is a white/off-
white solid that prevents addition of unwanted colors to foods. It has previously been
shown that Fe(III)PP is very poorly soluble in the food relevant pH (3-7) which is the
reason for the limited reactivity of this salt with the fortified food vehicle. Further-
more, Fe(III)PP has low solubility at low pH (<5% at pH 3) and enhanced dissolution
at high pH (up to >99% at pH 7–8) which is advantageous for ensuring the sufficient
iron bio-accessibility. However, it has previously been shown that addition of iron
in the form of Fe(III)PP cannot fully prevent the discoloration of the phenolic-rich
foods. Therefore, improving the function of Fe(III)PP as an iron fortificant (i.e., de-
creasing the iron-mediated reactivity while ensuring the iron bio-accessibility) still
remains of interest. On the other hand, it has been shown before that the pyrophos-
phate salts of divalent metals have the opposite (reverse) dissolution behavior. For
instance, calcium pyrophosphate (CaPP) dissolves well (>99%) at pH 3 but is poorly
soluble (<5%) at pH 7–8.

In this work, we seek the strategies by which we can design iron-containing
compounds with minimum solubility in the food-relevant pH (3-7), and high and/or
fast dissolution in gastric and intestinal pH (1-3 and 6-8, respectively). Interestingly,
mother nature can help us find the answer. Inspired by naturally-occurring miner-
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als such as anapaite (i.e., a mixed calcium–iron phosphate mineral with the formula
Ca2FeII(PO4)2·4H2O), we intend to embed iron in the matrix of a second (divalent)
metal (or mineral) salt, which is less chemically reactive, aiming for: (i) decreasing
the iron-mediated reactivity to preserve the organoleptic properties of the food ve-
hicle, and (ii) increasing iron dissolution from the designed multi-mineral salt in the
gastric conditions to ensure bio-accessibility of iron (and the other mineral). Another
benefit of using these multi-mineral salts is the possibility of simultaneous delivery
of at least two minerals by the fortified food vehicle.

In Part I of this thesis, we explore the possibilities of improving the function of
Fe(III)PP as an iron fortificant by mixing Ca along Fe in one salt matrix. In chapter

2 we use a cheap, fast, and facile co-precipitation method to prepare the mixed Ca-
Fe(III) pyrophosphate salts with the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) (0 ≤ x ≤
1). After characterization of these salts, we find out that the mixed salts with 0.14 ≤
x ≤ 0.35 which are atomically homogeneous and amorphous, can be potential dual-
fortificants with tunable iron composition.

In chapter 3, we investigate the dissolution behavior of iron from these mixed
salts as a function of pH. In this chapter we show that besides having an off-white
color and the possibility to simultaneously deliver two minerals, the main benefit of
these salts is the decreased solubility of iron from them in food pH range (3-7) up
to 8 times, with respect to Fe(III)PP. Moreover, these mixed salts with x ≤ 0.18 show
enhanced dissolution in gastric pH range up to a 4-fold increase, compared to pure
Fe(III)PP.

In order to explore iron-mediated reactivity of the mixed Ca2(1-x)Fe4x(P2O7)(1+2x)
salts next to their solubility, in chapter 4 we focus on discoloration of these salts in
the presence of a set of selected phenolic compounds (which are plentiful in fruits and
vegetables) with different water-solubilities. Our findings show that the mixed Ca-
Fe(III) pyrophosphate salts with x ≤ 0.18 can potentially be used as dual-fortificants
with limited iron-mediated discoloration and oxidation in foods containing slightly
water-soluble or water-insoluble phenolics.

Part II of the present thesis is dedicated to iron (II)-containing pyrophosphate
salts that are potential iron fortificants. In this part we explore the possibility of ap-
plying ferrous pyrophosphate (Fe(II)PP) in food fortification. Similar to the first part
of the current book, the focus of chapter 5, is on the synthesis and characterization
of the pure as well as mixed Fe(II)-containing pyrophosphate salts with the general
formula M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, where M = Ca, Zn, or Mn). Furthermore, we
use black tea as a model solution representative for catechins and explore the discol-
oration of the black tea solution in the presence of these salts. We show that Fe(II)PP
has the potential to be applied in iron fortification of foods as it readily causes ac-
ceptable discoloration in a black tea solution (this discolorationwas to a lower extent,
compared to Fe(III)PP). Moreover, our results suggest that in the case of M = Zn and
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Mn, the salt with x = 0.470 and x ≤ 0.220, respectively, are the preferred salts for
foods containing catechins.

In chapter 6, we demonstrate the pH-dependent dissolution profile of the pure
and mixed divalent metal Fe(II)-containing pyrophosphate salts with the general for-
mula M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, where M = Ca, Zn, or Mn) for the first time. We find
that the pure pyrophosphate salts: Fe(II)PP, CaPP, ZnPP, and MnPP are very poorly
soluble in the pH 4-7, while they dissolve well in pH 1-3. Additionally, the iron disso-
lution behavior from themixed Fe(II)-containing pyrophosphate salts showed that all
the mixed salts (M = Ca, Zn, and Mn) had very limited iron dissolution (< 0.5 mM) in
the moderate pH range (5-7) while showing enhanced dissolved iron concentration
in the gastric-relevant pH. Furthermore, our findings suggest that the pure Fe(II)PP
and the mixed Fe(II)-containing pyrophosphate salts are expected to be biologically
accessible.

Chapter 7 shows the possibility of applying Fe(II)PP and themixedM2(1-x)Fe2xP2O7

(0 < x < 1, where M = Ca, Zn, or Mn) salts for fortification of foods that contain vi-
tamin C. In this chapter, we investigate the oxidation of vitamin C in the presence
of these salts and compare it to the autoxidation of this vitamin in pure water. Our
findings indicate that the oxidation of vitamin C in the presence of these salts occurs
up to a limited extent (with ≈ 96% intact vitamin C) due to the oxidation state of
iron (+2) and its low/slow dissolution. We find that the mixed divalent metal Fe(II)-
containing salts with relatively lower iron contents (i.e., x = 0.06, 0.086, and 0.053
where M = Ca, Zn, and Mn respectively) are potential dual-fortificants that do not
increase the oxidation of vitamin C over 48 h, compared to its autoxidation in water.

In Part III of this thesis, we challenge the notion that cooperative binding only
happens in complicated biological systems like hemoglobin. In chapter 8, we address
cooperative binding in a model system of iron/terpyridine-functionalized polymers
by coupling with conformational states. To do so, the cooperative binding behavior
of iron onto terpyridine functional groups on the polymer backbone is investigated
and compared to terpyridine in its monomer form. We show for the first time that
cooperativity occurs in such systems in a two-phase set-up of water and oil. At low
iron concentrations, the polymer dissolves in the oil phase (its ground state) due to its
hydrophobicity. However, by increasing the iron concentration in the water phase, a
sharp transition of the polymer occurs from the oil to the water phase with a sudden
full occupancy of the binding sites (terpyridine groups) with iron. We find that this
considerable steep response, compared to terpyridine as an individual molecule, is
resulted by a competition between the hydrophobic free energy of the polymer and
binding of iron ions onto the terpyridine functional groups on the polymer in the
water phase. Furthermore, we explain and model this type of cooperative binding by
a modified formulation of MWC theory by which the allosteric binding of oxygen on
hemoglobin molecule was originally described.
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Samenvatting in het Nederlands

IJ
zer tekort is een van de meest voorkomende voedingsproblemen ter wereld.
IJzer is echter een lastig mineraal om toe te voegen aan voedingsproducten.

IJzerhoudende verbindingen kunnen reageren met (plantaardige) stoffen in voedsel,
waarbij organo-leptische eigenschappen, zoals smaak of kleur, kunnen veranderen.
Verrijking van voedsel met ijzer heeft zich bewezen als efficiënte en kosteneffec-
tieve methode voor het voorkomen van ijzertekort. IJzer bevattende verbindingen
die gebruikt worden voor verrijking van voedsel kunnen worden onderverdeeld in
drie categorieën; wateroplosbaar, slecht wateroplosbaar (maar oplosbaar in verdund
zuur), en niet wateroplosbaar (en slecht oplosbaar in verdund zuur). Hoewel water-
oplosbare verbindingen het voordeel hebben van hoge biologische beschikbaarheid,
worden de andere categorieën meer bestudeerd vanwege de minimale invloed die
deze verbindingen, door hun beperkte oplosbaarheid, hebben op de organoleptische
eigenschappen van voedsel.

Onder de slecht wateroplosbare of niet wateroplosbare verbindingen, is ijzerpy-
rofosfaat (Fe(III)PP) een veel bestudeerde verbinding. Fe(III)PP is een witte/gebroken
witte stof, waardoor de toevoeging ervan geen ongewenste kleuren aan het voedsel
geeft. Het is aangetoond dat Fe(III)PP erg slecht wateroplosbaar is in het pH gebied
dat voor voedsel relevant is (3-7), wat ook de reden is van de beperkte reactiviteit van
het zout met het verrijkte voedsel. Bovendien heeft Fe(III)PP een lage oplosbaarheid
bij lage pH (< 5% bij pH 3) en een verhoogde oplosbaarheid bij hogere pH (tot>99% bij
pH 7-8), wat de biologische beschikbaarheid ten goede komt. Het is echter ook aange-
toond dat bij toevoeging van ijzer in de vorm van Fe(III)PP de verkleuring van fenol-
rijk voedsel niet volledig voorkomen kan worden. Daarom blijft het verbeteren van
de functie van Fe(III)PP als voedselverrijking (dat wil zeggen: het verminderen van
de ijzer-gefaciliteerde reactiviteit zonder vermindering van de biologische beschik-
baarheid) een interessant onderwerp. Aan de andere kant is het ook aangetoond dat
pyrofosfaatzouten van divalente metalen een omgekeerd oplosbaarheidsgedrag ver-
tonen. Zo is bijvoorbeeld calcium pyrofosfaat (CaPP) goed oplosbaar (> 99%) bij pH
3, maar is het slecht oplosbaar (< 5%) bij pH 7-8.

In dit werk onderzoekenwemanierenwaarop ijzer bevattende verbindingen kun-
nen ontwerpen met minimale oplosbaarheid in het pH gebied dat voor voedsel rele-
vant is (3-7), en goede en snelle oplosbaarheid in het pH gebied van de maag en
darmen (1-3 en 6-8, respectievelijk). Geïnspireerd door natuurlijke mineralen zoals
anapaite (d.w.z. een calcium-ijzer fosfaat mineraal: Ca2FeII(PO4)2·4H2O), zijn wij
van plan om ijzer te integreren in een matrix van een tweede (divalent) metaal (of
mineraal) zout dat minder chemisch reactief is, waarbij we mikken op (i) het ver-
minderen van de ijzer-gefaciliteerde reactiviteit voor het bewaren van de organolep-
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tische eigenschappen van het voedsel, en (ii) het verhogen van de oplosbaarheid van
het ijzer uit het multi-mineraal zout in maagomgeving om de biologische beschik-
baarheid te verzekeren. Een bijkomend voordeel van het gebruik van deze multi-
minerale zouten is de mogelijkheid om meerdere mineralen gelijktijdig aan voedsel
toe te voegen.

In deel I van dit proefschrift verkennen we de mogelijkheden om de functie van
Fe(III)PP als ijzertoevoeging te verbeteren door naast Fe ook Ca toe te voegen in
een zoutmatrix. In hoofdstuk 2 gebruiken we een goedkope, snelle, en gemakkelijke
co-precipitatiemethode om gemengde Ca-Fe(III) pyrofosfaatzouten met de algemene
formule Ca2(1-x)Fe4x(P2O7)(1+2x) (0 ≤ x ≤ 1) te maken. Na karakterisatie van deze
zouten, vinden we dat gemengde zouten met 0.14 ≤ x ≤ 0.35, die atomair homogeen
en amorf zijn, gebruikt kunnen worden als duale toevoegingen met een aanpasbaar
ijzergehalte.

In hoofdstuk 3 onderzoeken we pH-afhankelijkheid van de oplosbaarheid van
ijzer uit deze gemengde zouten. In dit hoofdstuk laten we zien dat, naast de gebroken
witte kleur en de mogelijkheid om twee mineralen gelijktijdig toe te voegen, het
grootste voordeel van deze gemengde zouten het tot wel 8 maal verminderen van
de oplosbaarheid van ijzer in het pH gebied van voedsel (3-7) is, vergeleken met
Fe(III)PP. Bovendien vertonen deze gemengde zouten met x ≤ 0.18 een tot 4-voudig
verhoogde oplosbaarheid in maagomstandigheden, vergeleken met Fe(III)PP.

Omnaast de oplosbaarheid ook de ijzergefaciliteerde reactiviteit van de gemengde
Ca2(1-x)Fe4x(P2O7)(1+2x) zouten te verkennen, richten we ons in hoofdstuk 4 op de
verkleuring van deze zouten in de aanwezigheid van een set fenolische verbindingen
met verschillende wateroplosbaarheden, die veel voorkomen in groente en fruit. Uit
onze bevindingen blijkt dat deze gemengde zouten met x ≤ 0.18 potentieel gebruikt
kunnen worden als dubbele toevoegingen met beperkte verkleuring in voedsel dat
slecht wateroplosbare of niet wateroplosbare fenolen bevat.

Deel II van dit proefschrift is gewijd aan ijzer(II)houdende pyrofosfaatzouten als
potentiële ijzertoevoeging. In dit deel verkennen we de mogelijkheid om ijzerpy-
rofosfaat (Fe(II)PP) als voedseltoevoeging te gebruiken. Zoals het eerste deel van
dit proefschrift, ligt de focus van hoofdstuk 5 op de synthese en karakterisatie van
zowel de pure als de gemengde Fe(II)houdende pyrofosfaat zouten met de algemene
formule M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, waar M = Ca, Zn, of Mn). Verder gebruiken we
zwarte thee als modeloplossing voor catechines om de verkleuring van de oploss-
ing door deze zouten te bestuderen. We tonen aan dat Fe(II)PP de potentie heeft om
toegepast te worden als ijzertoevoeging in voedsel omdat het een acceptabele veran-
dering in kleur veroorzaakt in zwarte thee (deze verkleuring was in mindere mate
dan Fe(III)PP). Bovendien suggereren onze resultaten dat in het geval van M = Zn
en M = Mn, het zout met x=0.470 en x ≤ 0.220, respectievelijk, de voorkeur hebben
voor voedsel dat catechines bevat.
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In hoofdstuk 6 demonstreren we voor het eerst het pH-afhankelijke oplosbaar-
heidsprofiel van het pure en gemengde divalent metaal Fe(II)-bevattende pyrofos-
faatzouten met de algemene formule M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1, waar M = Ca, Zn,
of Mn). We vinden dat de pure pyrofosfaatzouten Fe(II)PP, CaPP, ZnPP, en MnPP
erg slecht oplosbaar zijn in pH 4-7, terwijl ze goed oplosbaar zijn bij pH 1-3. Ook
bleek uit de oplosbaarheid van ijzer uit de gemengde Fe(II)bevattende pyrofosfaat-
zouten dat alle gemengde zouten (M=Ca, Zn, ofMn) een beperkte oplosbaarheid van
ijzer (< 0.5 mM) hebben bij gematigde pH (5-7), terwijl ze een verhoogde ijzeroplos-
baarheid hebben in maagomstandigheden. Bovendien suggereren onze bevindingen
dat de pure Fe(II)PP en de gemengde Fe(II)bevattende pyrofosfaat zouten een hoge
biologische beschikbaarheid hebben.

Hoofdstuk 7 beschrijft de mogelijkheid de gemengde M2(1-x)Fe2xP2O7 (0 ≤ x ≤ 1,
waar M = Ca, Zn, of Mn) zouten en Fe(II)PP te gebruiken voor het toevoegen van
ijzer aan voedsel dat vitamine C bevat. In dit hoofdstuk onderzoeken we de oxidatie
van vitamine C in de aanwezigheid van deze zouten en vergelijken het met de auto
oxidatie van de vitamine in puur water. Onze bevindingen geven aan dat de oxidatie
van vitamine C in aanwezigheid van deze zouten in beperkte mate (met ≈ 96% in-
tact vitamine C) plaatsvindt door de oxidatietoestand van ijzer (+2) en diens lage en
langzame oplosbaarheid. We vinden dat gemengde divalent metaal Fe(II)-bevattende
zouten met relatief laag ijzergehalte (d.w.z. x = 0.06, 0.086, en 0.053 waar M = Ca,
Zn, en Mn respectievelijk) potentiële voedseltoevoegingen zijn die de oxidatie van
vitamine C niet versnellen voor 48 uur, vergeleken met de auto oxidatie van vitamine
C in puur water.

In deel III van dit proefschrift dagen we het idee uit dat coöperatieve binding
alleen gebeurt in complexe biologische systemen zoals hemoglobine. In hoofdstuk

8 behandelen we coöperatieve binding in een modelsysteem van ijzer/terpyridine-
gefunctionaliseerde polymeren door koppeling met staten van conformatie. Om dit
te doen, onderzoeken we het coöperatieve bindingsgedrag van ijzer aan terpyridine
functionele groepen op een polymeer en vergelijken we het met het bindingsge-
drag met terpyridine in monomeervorm. We tonen voor het eerst aan dat coöpera-
tiviteit voorkomt in zulke systemen in een tweefasen-opstellingmetwater en olie. Bij
lage ijzerconcentraties lost het polymeer op in de oliefase (zijn grondtoestand) van-
wege zijn hydrofobiciteit. Daarentegen vindt een scherpe transitie plaats bij het ver-
hogen van het ijzergehalte in de waterfase, waarbij het polymeer verplaatst naar de
waterfase met een volledige bezetting van de bindingsplaatsen (terpyridine groepen)
door ijzer. We vinden dat deze scherpe respons, vergeleken met terpyridine als los
molecuul, het resultaat is van een competitie tussen de hydrofobe vrije energie van
het polymeer en de binding van ijzerionen aan de terpyridinegroepen op het poly-
meer in de waterfase. Bovendien modelleren en leggen we dit soort coöperatieve
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binding uit met behulp van een aangepaste formulering van MWC theorie, waarmee
de allosterische binding van zuurstof met hemoglobine origineel werd omschreven.
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