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1. Modeling of highly soluble hydrates 

To model hydrate solubilities (solvates can be described in the same way), three equilibrium 

reactions have to be considered.  

I. The first equilibrium reaction is the solid-liquid equilibrium between an anhydrate component 

(comp) and a solvent. As the solvent is not involved in this reaction, it can be left out in the 

equilibrium reaction I. 

 

𝑐𝑜𝑚𝑝ௌ  
௄೎೚೘೛
ር⎯⎯ሮ 𝑐𝑜𝑚𝑝௅ (I) 

 

The solid phase is pure, thus the activity in the solid phase is unity. This leads to the activity-

based equilibrium constant 𝐾௖௢௠௣ as defined in Eq. (S1) (Prausnitz et al., 1999). 
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In this equation, 𝑇௜
ௌ௅ is the melting temperature, 𝛥ℎ௜

ௌ௅ is the melting enthalpy, and 𝛥𝑐௣,௜
ௌ௅ is the 

change of heat capacity of the component i upon melting. 𝑅 is the ideal gas constant and 𝑇 is 

the temperature. 𝑎௜ is the activity of the component i in the liquid phase. 

II. The second equilibrium reaction is the hydrate-formation reaction from its anhydrate (comp) 

with the stoichiometry 𝜈௜ and 𝜈௪௔௧௘௥. 

 

ℎ𝑦𝑑𝑟𝑎𝑡𝑒ௌ  
௄೓,೓೤೏ೝೌ೟೐
ር⎯⎯⎯⎯⎯ሮ 𝜈௜  𝑐𝑜𝑚𝑝ௌ + 𝜈௪௔௧௘௥ 𝑤𝑎𝑡𝑒𝑟௅ (II) 

 

The solid components are assumed to crystallize as pure components. Thus, the activity of 

each solid (comp and hydrate) is unity. Therefore, the equilibrium constant 𝐾௛,௛௬ௗ௥௔   is 

determined by the activity of water 𝑎௪௔௧௘௥  in the liquid phase. Below this water activity, 

which is temperature dependent, the anhydrate is stable and above this water activity, the 

hydrate is the thermodynamically stable form. The water activity can be calculated by the 

extended Clausius-Clapeyron equation, which was developed by the group of Grant (Brittain 

et al., 2009; Gu and Grant, 2001). In this work, it was extended by the water activity at 

transition temperature 𝑎௧௥௔௡௦ to be able to describe highly-soluble hydrates.  
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𝐾௛,௛௬ௗ௥௔௧௘ = 𝑎௪௔௧௘௥
ఔೢೌ೟೐ೝ = ቆ𝑎௧௥௔௡௦ ⋅ 𝑒𝑥𝑝 ቈ
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 (S2) 

 

In this equation, 𝑎௧௥௔௡௦ is the water activity and ∆ℎ௧௥௔௡௦ is the hydrate transition enthalpy at 

the transition temperature 𝑇௧௥௔௡௦. 

III. The equilibrium reaction finally considered is the dissolution of hydrate in water (dissociation 

of the hydrate into the component and water). 

 

ℎ𝑦𝑑𝑟𝑎𝑡𝑒ௌ  
௄ೞ,೓೤೏ೝೌ೟೐
ር⎯⎯⎯⎯⎯ሮ 𝜈௜ 𝑐𝑜𝑚𝑝௅ + 𝜈௪௔௧௘௥  𝑤𝑎𝑡𝑒𝑟௅ (III) 

 

Assuming the hydrate thermodynamic activity in the solid phase being unity leads to the 

activity-based equilibrium constant Eq. (S3). 

 

𝐾௦,௛௬ௗ௥௔௧௘ = 𝑎௜
ఔ೔ ⋅ 𝑎௪௔௧௘௥

ఔೢೌ೟೐ೝ  (S3) 

 

Reactions I and II are combined to obtain the equilibrium reaction III. Thus, the equilibrium 

constant of reaction III can be calculated using the component activity and water activity of 

Eq.(S1) and Eq.(S2) to obtain Eq. (S4) (see also Eq. (3) in the manuscript). 
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For hydrates with an extremely low water solubility, the 𝑎௧௥௔௡௦  is close to unity and can 

therefore be neglected. 
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2. Modeling the citric acid/water phase diagram 

The modeling of the system citric acid (CA)/water was performed by fitting the calculated 

solubility of anhydrate and hydrate to the measured solubility of anhydrate and hydrate (Groen 

and Roberts, 2001), by varying the kij between CA and water. The water activity at transition 

temperature of 309.45 K 𝑎௧௥௔௡௦  was iteratively determined to 0.725 during the modeling. The 

transition enthalpy of 10.85 kJ mol-1 (Apelblat, 1986) and a transition temperature of 309.45 K 

(Allan and Mauer, 2017) was used for that. 

 

  
Figure S1: Temperature dependent binary phase diagrams of fructose and water. The solid line is the modeled 
equilibrium solubility of CA anhydrate in water, the dashed line is the hydrate solubility line in water. The stars and 
squares are CA anhydrate and CA hydrate (CAH) solubility data (Groen and Roberts, 2001). 
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