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Method S1: Up-scaled synthesis 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, FePP) and calcium pyrophosphate (Ca2P2O7, 

CaPP) were separately prepared using a fast coprecipitation method similar to the what 

described in the manuscript (see section 2.2). In short, 0.5 L solutions of 17.14 mM FeCl3.6H2O 

and 25.72 mM CaCl2 in water were made. The solutions were quickly added to an aqueous 

solution of Na4P2O7.10H2O (6.43 mM, 1 L) while stirring vigorously (~ 500 rpm) by an IKA® 

RW16 basic electronic overhead stirrer (IKA-Werke, Staufen, Germany). A turbid white 

dispersion formed after a couple of seconds during addition. The samples were then centrifuged 

using an Avanti J-26 XP centrifuge (Beckman Coulter, 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 corresponding 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 % bioavailability of Fe and 30 % of Ca in the salt) (Allen et al., 2006; 

Joint FAO/WHO Expert Consultation: Vitamin and Mineral Requirements in Human Nutrition, 

2004). 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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Fig. S1. Absorbance of the ferrozine complex at 565 nm in presence of increasing concentrations of iron, calcium, 

or a mixture containing equimolar concentrations of iron and calcium. Presence of the calcium ion (Ca) does not 

result in absorbance at 565 nm or interfere with the absorbance of the Fe-ferrozine complex.  
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Method S2: Iron concentration measurement 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, powders of pure FePP 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 (Agilent 5110 VDV; Agilent Technologies, Tokyo, Japan). 

Independent duplicate samples were taken from the salt at each pH point by independent 

titrations. The concentration 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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Table S1. The details of color conversion of the black tea solutions obtained by an online color measurement tool; https://imagecolorpicker.com/. After exposing the tea 

solutions to the pure CaPP and FePP, 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 FePP (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 
FePP 
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 

https://imagecolorpicker.com/
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Fig. S2. (a) Heterogenous 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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Fig. S3. The mixed Ca-Fe(III) pyrophosphate 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 

ultrasonication treatment on the shape and size of the precipitates.  
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Fig. S4. Dissolution of iron from FePP and mixed Ca-Fe(III) pyrophosphate salts 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 concentrations in solution measured by 

the two different methods are found to be in good agreement (R2 = 0.99). 
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Fig. S5. Images of residue of the black tea solution after being exposed to CaPP (x = 0), FePP (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.  

 


