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A B S T R A C T   

Mixed pyrophosphate salts with the general formula Ca2(1-x)Fe4x(P2O7)(1+2x) potentially possess less iron- 
phenolic reactivity compared to ferric pyrophosphate (FePP), due to decreased soluble Fe in the food-relevant 
pH range 3–7. We investigated reactivity (i.e., complexation, oxidation, and surface interaction) of FePP and 
mixed salts (with x = 0.14, 0.15, 0.18, and 0.35) in presence of structurally diverse phenolics. At pH 5–7, 
increased soluble iron from all salts was observed in presence of water-soluble phenolics. XPS confirmed that 
water-soluble phenolics solubilize iron after coordination at the salt surface, resulting in increased discoloration. 
However, color changes for mixed salts with x ≤ 0.18 remained acceptable for slightly water-soluble and 
insoluble phenolics. Furthermore, phenolic oxidation in presence of mixed salts was significantly reduced 
compared to FePP at pH 6. In conclusion, these mixed Ca-Fe(III) pyrophosphate salts with x ≤ 0.18 can 
potentially be used in designing iron-fortified foods containing slightly water-soluble and/or insoluble phenolics.   

1. Introduction 

Fortification of food with iron is an effective approach to overcome 
the global iron deficiency (Allen, De Benoist, Dary, & Hurrell 2006). 
However, the addition of iron to foods is problematic due to its high 
reactivity with phenolic compounds present in the food. Complexation 
and oxidation of phenolics in the presence of iron ions cause an unde-
sirable change in the organoleptic properties of the food products such 
as changes in taste and texture, or discoloration resulting from dark 
brown or black color formation upon iron-phenolic complexation 
(Bijlsma, de Bruijn, Velikov, & Vincken, 2022; Habeych, van Kogelen-
berg, Sagalowicz, Michel, & Galaffu, 2016; Janssen et al., 2019). 
Moreover, the reactivity of iron with phenolic compounds can hinder 
iron bioavailability and can consequently reduce iron uptake in the 
human body (Andre et al., 2015). One strategy to counter the reactivity 
problem is to use a poorly water-soluble iron-containing salt such as iron 

(III) pyrophosphate (FePP) (Habeych et al., 2016; Hurrell, 2002). 
However, even addition of iron as FePP cannot fully prevent discolor-
ation in phenolic-rich foods (Dueik, Chen, & Diosady, 2017; Hurrell 
et al., 2004). Moreover, the poor solubility of FePP in the gastrointes-
tinal tract results in limited iron bioavailability (Dueik et al., 2017; 
Hurrell et al., 2004). Our previous study indicated that including cal-
cium as a divalent metal, alongside iron, in the pyrophosphate salt 
matrix can be utilized to design potential dual-fortificants. The soluble 
iron concentration from these mixed salts, with the general formula of 
Ca2(1-x)Fe4xP2O7(1+2x), was reduced by up to eightfold at food-relevant 
pH ranges, whereas it was enhanced up to fourfold in gastric relevant 
pH ranges, compared to FePP (Moslehi, Bijlsma, De Bruijn, Velikov, 
Vincken, & Kegel, 2022). 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 FePP. Despite much lower soluble 
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iron concentration and the expected lower iron content at the surface, 
the mixed Ca-Fe(III) pyrophosphate salts previously did not show 
noticeably less reactivity compared to FePP in a black tea system 
(Moslehi et al., 2022). 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 repre-
sentative food matrix compounds that can react with iron. 

We previously observed that the solubility of flavonoids affects the 
soluble iron concentration (Bijlsma et al., 2022). Therefore, a set of six 
model phenolic compounds with different chemical properties, most 
notably different water solubilities, were selected (Fig. 1) to investigate 
their interaction behavior with the mixed Ca-Fe(III) pyrophosphate 
salts. The chosen phenolic compounds also differ in the most likely Fe 
(III)-complexation sites, as is highlighted in Fig. 1 (Bijlsma et al., 
2022; Mohammed, Rashid-Doubell, Cassidy, & Henari, 2017; Nkhili, 
Loonis, Mihai, El Hajji, & Dangles, 2014; Perron & Brumaghim, 2009). 
The solubility values are calculated and shown as logS (i.e., the loga-
rithm of water-solubility in molar) in Fig. 1. Catechol, caffeic acid, and 
epicatechin show logS values ranging from 0 to − 2, which was previ-
ously classified as water-soluble by Sorkun and co-authors (Sorkun, 
Khetan, & Er, 2019). 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 
(Delgado, Issaoui, & Chammem, 2019; Habeych et al., 2016), except for 
catechol which was selected as a model for o-dihydroxybenzenes. 

Deprotonation of the hydroxyl substituents is a prerequisite for iron 
coordination (Perron & Brumaghim, 2009). The pKa values of the hy-
droxyl groups are indicated in Fig. 1. It should be noted that in the 
presence of iron ions the deprotonated state of the phenolics 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 (Hider, Liu, & Khodr, 2001). 
The actual pKa lowering effect is dependent on the structural features of 
the phenolic compound and the stabilization of the resulting anion 
(Silva, Kong, & Hider, 2009). The stoichiometry and color of iron- 
phenolic complexes (e.g. 1:1, 1:2, 2:1, etc) and the preferred iron- 
binding sites are dependent on the solvent, the pH of the sample, iron 
salt, and the phenolic structure (Bijlsma, de Bruijn, Hageman, Goos, 
Velikov, & Vincken, 2020; Kasprzak, Erxleben, & Ochocki, 2015). For 
caffeic acid, coordination of metals to the catecholate moiety is sug-
gested to be preferred over coordination to the carboxylate moiety, 
because of the higher electron density of the catecholate oxygens and the 
stable five-membered ring that is formed upon coordination. 

We hypothesize that mixed Ca-Fe(III) pyrophosphate salts will show 
decreased reactivity towards phenolic compounds at food-relevant pH 
values compared to FePP 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 iron dissolution behavior, spectral 
changes indicating iron-mediated complexation, oxidation of the 
phenolic compounds, and reactions at the surface of these salts. 

2. Materials and methods 

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 hy-
drate (≥97 wt%; ferrozine), ferric chloride hexahydrate (FeCl3⋅6H2O, ≥
99 wt%), tetrasodium pyrophosphate decahydrate (Na4P2O7⋅10H2O, ≥
99 wt%, NaPP), calcium dichloride (CaCl2, ≥ 93 wt%), quercetin hy-
drate (≥95 wt%), 1,2-dihydroxybenzene (≥99 wt%; catechol), caffeic 
acid (≥98 wt%), and curcumin (≥94 wt%), were obtained from Merck 
Life Science (Darmstadt, Germany). (− )-Epicatechin (≥97 wt%) was 
purchased from TCI Europe NV (Zwijndrecht, Belgium), apigenin (≥98 
wt%) from Indofine Chemical Company (Hillsborough, 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 Netherlands). Water for other purposes than UHPLC was prepared 
using a Milli-Q (MQ) water purification system (Merck Millipore, Bill-
erica, MA, USA). 

2.2. Preparation of the CaPP, FePP, and mixed Ca-Fe(III) pyrophosphate 
salts 

Iron (III) pyrophosphate (Fe4(P2O7)3, FePP), 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 x = 0.14, 0.15, 0.18, and 0.35 were prepared 
using a coprecipitation method as described elsewhere (Moslehi et al., 
2022). Uniformity in morphology was confirmed by transmission elec-
tron microscopy (TEM). Bulk morphology and chemical compositions of 
the mixed salts, obtained by energy-dispersive spectroscopy (TEM-EDX) 
are reported in the supplementary information, Fig. S1. 

Fig. 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 calculated using MarvinSketch 22.3 (ChemAxon). Based on the 
logS values, the water-solubility of the phenolics was classified as soluble, slightly soluble, and insoluble. 
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2.3. Reactivity of the CaPP, FePP, and mixed Ca-Fe(III) pyrophosphate 
salts with phenolics 

The CaPP, FePP, and the mixed Ca-Fe(III) pyrophosphate salts were 
redispersed 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., catechol, caffeic acid, and epicatechin) or dispersions (i. 
e., 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 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 deter-
mine the final pH. Finally, the samples were centrifuged at 15,000 × g 
for 10 min, and the supernatants were separated to quantify the dis-
solved iron concentration and obtain the absorbance spectra. 

2.3.1. Iron concentration measurement by ferrozine-based colorimetric 
assay 

The total iron in the solution was quantified using a ferrozine-based 
colorimetric assay (Stookey, 1970) with slight adaptations as described 
elsewhere (Moslehi et al., 2022). 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 mea-
surements 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 (1). 

Relative change =
iron solubility with phenolics − iron solubility blank

iron solubility blank
(1) 

The iron quantification in presence of phenolics by the ferrozine 
assay was verified independently using inductively coupled plasma–a-
tomic emission spectroscopy (ICP-AES) (supplementary information, 
Method S1). 

2.4. Monitoring reactivity and discoloration by UV–vis spectroscopy 

The reactivity of the pure FePP and CaPP, as well as the mixed Ca-Fe 
(III) pyrophosphate salts in the presence of the different phenolic com-
pounds, was monitored using ultraviolet–visible light (UV–vis) spec-
troscopy. After centrifugation, 200 µl 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 to 750 nm in a SpectraMax M2e (Molecular Devices, Sunnyvale, CA, 
USA), at room temperature. The color of the samples was visualized by 
taking an image (OnePlus 7 T, 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 stan-
dard image analysis software (Photoshop CC 2021, Adobe). In this 
procedure, the L*a*b* value was taken at five different spots in the su-
pernatant and five spots in the precipitate (supplementary informa-
tion, Fig. S2). The degree of difference between the phenolic blank and 
the samples of phenolics in presence of the iron-containing salts, ΔEab, 
corresponds to the distance between two points within the L*a*b* color 
space. The ΔEab value (e.g., the absolute value of the color difference, 
not the direction) was calculated according to equation (2) (Araki et al., 
2017; Poynton, 2012). 

ΔEab =
[(

L∗
0 − L∗

x

)2
+
(
a∗

0 − a∗
x

)2
+
(
b∗

0 − b∗
x

)2
]1/2

(2)  

where 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. 

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 epicatechin and quercetin at pH 3, 6, and 8 after incubation 
with the iron-containing salts, were analyzed by reversed-phase ultra- 
high performance liquid chromatography coupled to electrospray ioni-
zation 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 (Habeych et al., 2016; Tian, Blanco, Smoukov, 
Velev, & Velikov, 2016). 

To test the oxidation of epicatechin and quercetin after incubation 
with the iron-containing salts, the supernatants from section 2.3 were 
separated from the precipitate 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 systems (Bijlsma et al., 2022; El- 
Sherif, Shoukry, & Abd-Elgawad, 2013). The resulting suspensions were 
centrifuged once more (at 15,000×g for 5 min) and the supernatants 
were separated to obtain the DMSO-soluble fractions. Phenolics’ re-
covery 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 photodiode array (PDA) detector. A sample (1 µl) was 
injected on an Acquity UPLC BEH C18 column (150 mm × 2.1 mm i.d., 
1.7 µm) with a VanGuard (5 mm × 2.1 mm i.d., 1.7 µm) guard column of 
the same material (Waters, Milford, MA). Water (A) and acetonitrile (B), 
both acidified with 0.1 vol% formic acid, were used as eluents. The flow 
rate was 400 µl 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 the supplementary information (Method S2). 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 
spectrometer (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 collected over the m/z 
range of 100 – 1,500 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 collision energy of 35%. A dy-
namic 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 s, allowing data-dependent MS2 of less 
intense co-eluting compounds. Data acquisition and processing were 
performed using Xcalibur (version 4.1, Thermo Scientific). Quantifica-
tion 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 
performed using IBM SPSS Statistic v23 software (SPSS Inc., Chicago, IL, 
USA). Tukey’s post hoc comparisons (significant at p < 0.05) were car-
ried out to evaluate the total concentration of the phenolics at different 
pH values in presence of the different salts. 

2.6. Surface composition of the CaPP, FePP, and mixed Ca-Fe(III) 
pyrophosphate salts by X-ray photoelectron spectroscopy 

The surface composition of CaPP, FePP, and Ca-Fe(III) pyrophos-
phate particles was determined by X-ray photoelectron spectroscopy 
(XPS), the sampling depth of XPS is 3–10 nm (Giesbers, Marcelis, & 
Zuilhof, 2013). The salts were also analyzed after incubation with epi-
catechin (pH 6) using the same incubation setup as in section 2.3. After 
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incubation, the samples were centrifuged at 5,000×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 spectrometer (JEOL ltd., 
Japan). All samples were analyzed using a focused monochromated Al 
Kα X-ray source (spot size of 300 µm), 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 compen-
sation was used during the XPS scans with an accelerating voltage of 2.8 
eV and a filament current of 4.8 A. XPS wide-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 1 s peak attributed to C–C and C–H bonds at 285.0 eV. 

3. Results and discussion 

3.1. Dissolution behavior of iron from FePP and the mixed Ca-Fe(III) 
pyrophosphate salts in the presence of phenolics 

The dissolution of total iron from FePP and the mixed Ca-Fe(III) 
pyrophosphate salts in the presence of phenolic compounds was stud-
ied as a function of pH, using the ferrozine assay (Stookey, 1970). This 
assay was verified for the combination of epicatechin and all salts by 
comparison with the ICP-AES method (supplementary information, 
Fig. S3). The soluble iron concentration from 10 mg/ml dispersions of 
FePP and the four mixed salts in the presence of the six different phe-
nolics was evaluated in water in the food-relevant pH range 3–7 
(Fig. 2A). 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 (Table S1 of supplementary 
information). The soluble iron concentrations presented here were 
determined after two hours incubation of the salt dispersions, and are 
therefore not necessarily equal to the solubilities (i.e., the equilibrium 
saturation concentrations). We assume that the iron dissolution from the 
mixed salt was complete at that time point (Moslehi et al., 2022). 

We confirmed experimentally that at pH 3, 6, and 8 epicatechin, 
caffeic acid, and catechol showed good water-solubility and that quer-
cetin, apigenin, and curcumin were slightly soluble or insoluble in water 
in the absence of iron (supplementary information, Fig. S4). 

At food-relevant pH values (3–7), the mixed salts with x ≤ 0.18 
exhibit a lower soluble iron concentration than FePP (Fig. 2A, blank). 
Additionally, the soluble iron concentration from the mixed salts with x 
≤ 0.18 depended on the pH and water-solubility of the phenolic com-
pound as well. 

In the range from pH 3 to 5, iron from the mixed Ca-Fe(III) pyro-
phosphate salts with x ≤ 0.18 was (practically) insoluble regardless of 
the presence of phenolics, i.e., iron concentration in solution was <0.18 
mM which equals < 0.1 g/l (Liangou, Florou, Psichoudaki, Kostenidou, 
Tsiligiannis, & Pandis, 2022). The theoretical maximum concentrations 
of dissolved iron from the salts, based on the initial amount of 10 mg/ml 
salt, are listed in Table S1 of supplementary information. 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 5–8) and therefore do not coordinate iron (Hider et al., 
2001). 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 phenolics 

Fig. 2. (A) Dissolution behavior of iron at pH 3–7 from FePP (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 at 23 ◦C. (B) Relative change (equation (1), 
section 2.3.1) in the soluble iron concentration from the salts in presence of the phenolic compound compared to the absence of phenolic compound at pH 6–6.5. 
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(Fig. 2A). 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 (Fig. 2B). However, in the presence of the slightly water- 
soluble (i.e., quercetin and apigenin) and insoluble phenolics (i.e., cur-
cumin), the relative change in soluble iron concentration was lower 
compared to water-soluble phenolics and the iron remained practically 
insoluble. Interestingly, a higher dissolved iron concentration was 
measured for the salts with x = 0.35 and x = 1 in the presence of 
quercetin, compared to apigenin, despite the similar pKa and logS values 
for these flavonoids (Fig. 1A). We suggest that the observed difference in 
the measured iron concentration in solution is because a charged, and 
therefore soluble, iron-phenolic complex is more likely for quercetin 
than for apigenin. This is expected to be due to the multiple iron-binding 
sites in the case of quercetin (Malacaria, Corrente, Beneduci, Furia, 
Marino, & Mazzone, 2021) and the relatively high reported stability 
constant of iron-quercetin complexes resulting from the presence of a 
catecholate moiety (Table S2, supplementary information). 

Furthermore, the salt with x = 0.35 showed the highest absolute 
soluble iron concentration among the mixed salts and was similar to 
FePP (x = 1) in the presence of all phenolics over the food-relevant pH 
range (3–7) (Fig. 2A). At pH 6–6.5 the soluble iron concentration from 
the salts with x = 0.35 and x = 1 was not affected by the solubility of the 
phenolic (Fig. 2B). 

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 FePP (supplementary infor-
mation, Fig. S5). No clear trend was observed below pH 3 between the 
category of the phenolic and the soluble iron. At pH > 7, which includes 
the intestinal pH range, irrespective of the phenolic compound, lower 
iron concentrations in solution were measured for all the mixed Ca-Fe 
(III) pyrophosphate salts compared to FePP. 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 FePP, respectively 
(supplementary information Fig. S5). 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 pyrophosphate salts in the presence of epicatechin was also inves-
tigated. 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 (supplementary information, Fig. S6). These re-
sults suggest that the soluble iron does not change in gastric conditions 
(37 ◦C), and after cooking (90 ◦C) (Swain, Newman, & Hunt, 2003). 

3.2. Discoloration of CaPP, FePP, and mixed Ca-Fe(III) pyrophosphate 
salts with phenolics 

The total absorbance and discoloration of the CaPP, FePP, and the 
mixed Ca-Fe(III) pyrophosphate salts in the presence of all phenolics was 
assessed at pH 6–6.5 (Fig. 3A). 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-fortification (Moretti, Hur-
rell, & Cercamondi, 2018). The pH of three commercial savory con-
centrates was measured to be 6.27 ± 0.59. The color of the supernatants 
and the precipitates were evaluated visually (Fig. 3B) 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 super-
natant and precipitate after exposing the phenolics to the iron- 
containing salts (Fig. 3C). It was assumed that when the ΔEab value is 
3–5, the color difference can be observed by an average consumer 
(Ghidouche, Rey, Michel, & Galaffu, 2013). An ΔEab value of up to 10 is 
considered to indicate an acceptable color change for iron-fortified salts 

(Wegmüller, Zimmermann, & Hurrell, 2003). For all samples the ΔEab 
value was > 5, indicating that a color difference could be observed 
(Fig. 3C). 

For the samples in the presence of the water-soluble phenolics (i.e., 
epicatechin, caffeic acid, and catechol), an absorbance band was 
observed with λmax ~ 580 nm (Fig. 3A). This broad absorbance band is 
due to the ligand-to-metal charge transfer (LMCT) phenomenon. This 
absorbance band with λmax ~ 580 nm is typically observed for Fe(III)- 
catechol complexes with a stoichiometry of 1:2 at pH ranging from 5 
to 7 (Bijlsma et al., 2020; Elhabiri, Carrër, Marmolle, & Traboulsi, 2007) 
and causes the bluish to purplish appearance of the supernatants 
(Fig. 3B). Moreover, in the presence of the water-soluble phenolics, the 
precipitate changed from white to a greyish/bluish color. We hypothe-
sized previously that the discoloration of the precipitates at pH 6.5 can 
be due to the formation of Fe(III)-phenolic complexes at the surface of 
the salts (Moslehi et al., 2022), which is further discussed in section 3.4. 
In line with these color changes in the supernatant and precipitate, the 
ΔEab differences 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 phenolics (quercetin, apigenin, and 
curcumin) (Fig. 3C). 

In the case of quercetin, increased absorbance in the visual spectra 
was observed in the presence of FePP and the mixed salt with x = 0.35 
(Fig. 3A). The absorbance band with λmax ~ 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 of the cinnamoyl band of quercetin 
(Bijlsma et al., 2022). 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 super-
natant in 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 quercetin (Malacaria et al., 2022). For api-
genin and curcumin, no increase in absorbance was observed in the 
presence of iron-containing salts (Fig. 3A), in line with the transparent 
supernatants of these samples (Fig. 3B). For the supernatants of quer-
cetin in the presence of CaPP and the mixed salts (with x ≤ 0.18) and for 
apigenin and curcumin in presence of all salts the ΔEab value was at 
maximum around 10. The images of apigenin indicate that the pre-
cipitates in the presence of FePP 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 FePP (Fig. 3B). This in-
dicates that complexation reactions between iron and apigenin or cur-
cumin occurred, but the formed products remained insoluble. This is 
most likely for one or a combination of the following three reasons: (i) Fe 
(III)-phenolic complexation at the surface of the undissolved salt parti-
cles, (ii) the formation of neutral and/or insoluble complexes of iron 
with these phenolics (Malacaria et al., 2022), or (iii) the inherently poor 
solubility of these phenolics (supplementary information, Fig. S4). In 
line with the observed discoloration in the precipitate (Fig. 3B), the 
ΔEab value of quercetin and apigenin in the presence of FePP or the salt 
with x = 0.35 was unacceptable (>10). The ΔEab value for the precip-
itate 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 versus 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. 

We observed that the intensity of the LMCT absorbance band 
(Fig. 3A) increased monotonically with the x-value of the mixed Ca-Fe 
(III) pyrophosphate salts. For the mixed salts with 0 ≤ x ≤ 0.35 in 
presence of catechol, caffeic acid, epicatechin, and quercetin, the area 
under the curve in the visible range (AUC380-750) showed a linear rela-
tionship with the iron concentration in solution (R2 > 0.97) (supple-
mentary information, Fig. S7). For epicatechin and quercetin the R2 

value decreased from 0.995 to 0.970 and from 0.990 to 0.872, 
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Fig. 3. (A) Absorbance spectra of the supernatants of CaPP, FePP, and the mixed Ca-Fe(III) pyrophosphate salts in the presence of the different phenolics at pH 6. The 
dashed lines indicate the absorbance of the pure phenolics (in the absence of the salts). (B) Pictures of the supernatants and precipitates in the Eppendorf tubes. (C) 
The values of ΔEab correspond to the color changes in the supernatant (filled bar) and precipitate (striped bar) after being exposed to CaPP, FePP, 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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respectively, if the point corresponding to FePP (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 divalent 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 (Guo 
et al., 2014). If this competition would occur in these samples, then we 
would expect this relation between AUC380-750 and iron concentration 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 the 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 (Habeych et al., 2016). 

Overall, for water-soluble phenolics, the use of mixed Ca-Fe(III) 
pyrophosphate 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 salts with x 
≤ 0.18. These outcomes show that the mixed Ca-Fe(III) pyrophosphate 
salts are more suitable for fortification of food products that do not 
contain water-soluble phenolic compounds. Moreover, these findings 
explain why the mixed salts show comparable reactivity to FePP in a 
model black tea solution, which mainly contains water-soluble pheno-
lics (Moslehi et al., 2022). 

3.3. Oxidation rate of phenolics in the presence of the CaPP, FePP, and 
mixed Ca-Fe(III) pyrophosphate salts 

Complexation reactions can be succeeded by oxidation reactions of 
phenolics because the complexation can be followed by an electron 
transfer from the ligand to Fe(III) (Ryan & Hynes, 2008). 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 (Tan, de Bruijn, van 
Zadelhoff, Lin, & Vincken, 2020). To date, the effect of FePP and mixed 
Ca-Fe(III) pyrophosphate salts on phenolic oxidation is unknown. 
Therefore, we quantified the recovery of phenolics after incubation in 
the presence of the studied pyrophosphate salts at selected pH values (i. 
e., 3, 6, and 8) by RP-UHPLC-PDA-MSn (Fig. 4). Epicatechin and quer-
cetin were chosen as representatives for water-soluble and slightly sol-
uble/insoluble categories of the studied phenolics, respectively. 

At pH 3, no significant difference (p > 0.05) was observed in the 
recovery of epicatechin in the presence of the different pyrophosphate 
salts (Fig. 4A). Because the hydroxyl groups are protonated at pH 3 
(Fig. 1), no complexation or subsequent 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. 
(Fig. 4B). 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 re-
coveries were observed at pH 3. Possibly some quercetin was lost due to 
the poor solubility and adsorption on the electrode during pH adjust-
ment. At pH 6, a significant decrease (p < 0.05) in the recovery of epi-
catechin and quercetin in the presence of FePP (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 h of exposure 
to the FePP is suggested to be due to oxidation of the phenolic com-
pounds. This was supported by an increase in peak areas of the main 
oxidation products from epicatechin (δ-type dehydrocatechin) and 
quercetin (2,4,6-trihydroxyphenyl glyoxylic acid and 3,4-dihydroxyben-
zoic acid) upon increasing x-value (supplementary information, 
Fig. S8, and Fig. S9) (Bijlsma et al., 2022; Tan et al., 2020). For quer-
cetin, more oxidative degradation products rather than oxidative 
coupling products were observed compared to epicatechin due to the 
presence of the 3-OH group in conjugation with the C2-C3 double bond, 
which enables formation of the highly reactive quinone methides as 
intermediates in the degradation of quercetin (Stepanic, Gasparovic, 
Troselj, Amic, & Zarkovic, 2015). 

Faster oxidation of the phenolics in the presence of FePP at pH 6 can 
be linked to a higher degree of complexation as shown in section 3.2. 
Exposure to FePP resulted in the most intense discoloration caused by 
more complex formation of quercetin and epicatechin with iron ions. 
After 2 h incubation of epicatechin at pH 8 in the presence of FePP, the 
epicatechin concentration significantly decreased compared to incuba-
tion of the blank or in the presence of CaPP (p < 0.05) (Fig. 4A). The 
concentration of recovered epicatechin was not significantly different 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 
recovered compared to all iron-containing salts. 

At food-relevant pH (i.e., 6), the inclusion of calcium in the Fe(III)- 
containing pyrophosphate salts resulted in less oxidation of the 
phenolic compound compared to pure FePP. This is the first indication 
that fortification of foods with mixed Ca-Fe(III) pyrophosphate salts 

Fig. 4. Recovery of (A) epicatechin and (B) quercetin in the absence and presence of the different salts 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. 
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instead of pure FePP can potentially limit the extent of iron-mediated 
food oxidation. Even though oxidation is already limited to a certain 
extent in the presence of FePP compared to FeSO4, because of the 
decreased soluble iron concentration (Wegmüller et al., 2003; Zuidam, 
2012), inclusion of calcium in the Ca-Fe(III) pyrophosphate salts further 
lowers the soluble iron concentration, thereby further limiting phenolic 
oxidation as well. Another added benefit of the limited phenolic 
oxidation in the presence of the mixed Ca-Fe(III) pyrophosphate salts is 
inhibition of the formation of the potentially toxic or mutagenic 
oxidative degradation products of quercetin upon iron-fortification 
(Harwood, Danielewska-Nikiel, Borzelleca, Flamm, Williams, & Lines, 
2007). Besides oxidation of phenolics, oxidation of fatty acids, amino 
acids, and other micronutrients may also occur in presence of Fe(III) 
(Zuidam, 2012). It should be further investigated whether these iron- 
mediated oxidation reactions are also limited in the presence of the 
mixed Ca-Fe(III) pyrophosphate, compared to FePP. 

3.4. Surface composition of CaPP, FePP, and mixed Ca-Fe(III) 
pyrophosphate salts in the absence and presence of phenolics 

The mixed Ca-Fe(III) pyrophosphate salts based on the general for-
mula, Ca2(1-x)Fe4x(P2O7)(1+2x) 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 
(Moslehi et al., 2022), and is indicated by the ratios of Fe/P and Ca/P 
for the salts as shown in Fig. 5A. We hypothesized that the incorporation 
of calcium as a second mineral along with 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 concentra-
tion and iron-mediated reactivity. XPS measurements were employed to 
find the elemental composition at the surface of these salts (Fig. 5B, wide 
scan XPS spectra in the supplementary information, Fig. S10). To 
interpret the data, the elemental percentages of the salts obtained from 
XPS were normalized with respect to phosphorus. It was confirmed that 
FePP 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 purification (Moslehi et al., 2022; van Leeuwen, 2013). This solu-
bilization 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 (data not shown here). 
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 homoge-
neous elemental distribution throughout their aggregates (Moslehi et al., 
2022). 

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 epicatechin by 
washing with water, C/P at the surface of the salts increased noticeably, 
by up to 13-fold (Fig. 5C, wide scan XPS spectra in the supplementary 
information, Fig. S11). Although the minor amounts of carbon present 
in XPS spectra are inevitable (e.g., due to the presence of atmospheric 
carbon dioxide impurities), this considerable 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 (Fig. 5C). This indicates that 
besides binding of Fe at the surface of the salt by epicatechin, a signif-
icant proportion of Fe was released into the solution after complexation 
with epicatechin, which is in line with the increased soluble iron con-
centration in the presence of epicatechin (Fig. 2, and supplementary 
information, Fig. S12). 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 mea-
surements due to this spatial hindrance. 

3.5. Possible mechanism for reactivity of iron from FePP and mixed Ca-Fe 
(III) pyrophosphate salts 

This study demonstrated that the dissolution behavior of iron from 
FePP and 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. Fig. 6 schemati-
cally summarizes the fate of the Fe(III)-containing pyrophosphate salts 
with different x-values in the absence and presence of phenolics at pH 
6–6.5 (representative for food products). 

In the absence of phenolics, the salts with x ≤ 0.18 show up to an 
eightfold decrease in soluble iron concentration compared to FePP. In 
the presence of water-soluble phenolics, the color of both the superna-
tant and the precipitate is negatively affected. Firstly, the precipitate 
turns dark due to interactions of the water-soluble phenolic with 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 
releases into solution and becomes soluble, causing discoloration of the 

Fig. 5. Analysis of the elemental composition of the CaPP, FePP, and mixed Ca-Fe(III) pyrophosphate salts (A) in the bulk by TEM-EDX obtained from (Moslehi et al., 
2022), (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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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 solubilized in water, leading to discoloration 
in both the supernatant and precipitate. For 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 coordinate with the insoluble phenolic and cause discoloration in 
the precipitate but these Fe(III)-phenolic coordinates remain insoluble. 
The schematic overview in Fig. 6 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 interactions. 

This is the first study to report that the reactivity of Fe(III)-containing 
pyrophosphate salts in the presence of phenolic compounds is depen-
dent 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 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 poorly water-soluble phenolic compounds, such as savory con-
centrates. 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. Conclusions 

In this study, we investigated the reactivity of FePP and mixed Ca-Fe 
(III) pyrophosphate 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 reactivity, which results in 
complexation and oxidation, the effect of the presence of phenolic 
compounds on iron solubility from the salts was also assessed. At pH 
5–7, the water-soluble phenolics (i.e., catechol, caffeic acid, and epi-
catechin) increased iron solubility from the mixed pyrophosphate salts 
by up to 11-fold, 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., quer-
cetin 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 poorly water-soluble 
phenolics remained acceptable for application. In addition, all mixed Ca- 
Fe(III) pyrophosphate salts resulted in significantly less oxidation of 
epicatechin and quercetin at pH 6 compared to FePP. In conclusion, 
mixed pyrophosphate salts with x ≤ 0.18 cause limited iron-mediated 
discoloration and oxidation. Thereby, they can potentially be used in 
designing iron-fortified foods containing slightly water-soluble and/or 
water-insoluble phenolics. In future studies, the reactivity of these salts 
in real food products, along with associated changes in other organo-
leptic properties should be investigated. Additionally, the in vivo iron 
bioavailability and the potential of these salts as dual-fortificants have to 
be investigated in future work. 
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