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Crystallization in confinement: 

Solubility issues in the conservation of cultural heritage 

M. Steiger 

Department of Chemistry, University of Hamburg, Germany 

E-mail: Michael.Steiger@uni-hamburg.de 

Keywords: Salt damage, Cultural heritage, Porous materials, Solubility calculation 

It is generally recognized that crystal growth in the porous structures of materials such as 

stone, brick, ceramics and concrete is a major cause of damage limiting the durability of the world’s 

architectural heritage (Figure 1a) [1]. Crystal growth is related to phase changes in pore solutions 

including the crystallization of the solvent (frost damage) or of the solutes (salt damage). They are 

induced by variation of ambient temperature and relative humidity (Figure 1b). Unfavorable 

conditions of temperature and RH may result in repeated cycles of crystallization–deliquescence, 

hydration–dehydration and freezing–thawing, respectively. This leads to rapid decay of building 

materials, dramatically limiting the durability of cultural heritage objects. 

There is a number of different sources of salt enrichment in old buildings which lead to a 

variety of crystalline salts and complex parent brines. Typically, these brines are mixtures of 

chlorides, nitrates, and sometimes carbonates of sodium, potassium, magnesium and calcium. A 

huge number of crystalline phases including single salts in different hydrated states and a number 

of double salts may form from these brines. 

Understanding solubilities in these complex mixtures at relevant temperatures is essential to 

predict the behavior of salt mixtures and to define safe ranges of climatic conditions to avoid salt 

damage (e.g., Figure 1c). Moreover, in the confinement of small pores, solubility equilibria are also 

affected by pore size [2]. Finally, understanding the damage mechanism of growing crystals requires 

an understanding of solubility under non-hydrostatic, anisotropic stress [3]. The talk will focus on all 

aspects of solubilities in porous building materials including their size dependence and attempts and 

challenges in model predictions with the ion interaction (Pitzer) approach [4]. 

 
Figure 1. (a) Salt efflorescences on brick building at the North Sea coast. (b) Phase equilibria of water–salt systems in 

porous building materials. (c) Model predicted crystallization sequence of salt mixture in sandstone building (Bavaria). 
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First stages of chemical process development can be successfully guided by computational 

modelling – the thermodynamics drawing the exploring dimensions – to simultaneously design i) 

new chemical products with enhanced properties, and ii) new chemical process with optimized key 

performance indicators (KPIs). In this work, some illustrative examples on how multiscale 

computational research strategies can contribute to the development of new efficient and cost-

effective carbon capture and utilization (CCU) technologies based on ionic liquids are presented. 

CCU solutions involve a wide range of industrial carbon sources (postcombustion, hydrogen 

production, biogas upgrading, etc. or direct air capture, DAC) and added-value chemical products 

(chemicals, fuels, building materials, etc.). The process performance of CCU technologies is 

determined for several factors, highlights the CO2 partial pressure of treated gas streams, the 

sorbent/catalyst material properties, the operating conditions, the process configuration and used 

utilities [1]. Integrated system & material & process computational design is applied to optimize the 

sustainability and competitiveness of innovative CCU technologies, minimizing energy/chemical 

requirements, process cost, and environmental impacts [2]. Additional advances through the 

development of digital twin protype allow operating pilot demonstration plants, optimizing the 

process and accelerating technology scale-up and market implementation. 
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Drug solubility and the associated phenomena of dissolution, solubilization, supersaturation, 

crystallization and precipitation, is a cornerstone in pharmaceutics. These processes influence the 

selection of lead compounds during drug discovery and guide formulation strategy, excipient 

selection, and dosage-form design during drug development. 

At the discovery stage, drug aqueous solubility is one of the properties which can limit 

selection. Drug candidates with very poor solubility in water present significant challenges in drug 

development, including poor or highly variable oral bioavailability, difficult parenteral 

administration etc. Therefore, solubility is increasingly considered together with potency, safety, 

permeability, metabolic stability, and other physicochemical properties when selecting compounds 

for further development. As a result, considerable efforts are still aimed at creating accurate models 

for prediction of drug solubility, including physics-based and data-driven machine learning methods. 

During drug development, the focus shifts from solubility as a selection criterion to solubility 

as a formulation challenge. As highlighted by the Biopharmaceutics Classification System, solubility 

is one of the two most important factors which determine the bioavailability of oral drugs. However, 

most new drug candidates have very poor solubility in water, often limited by crystal-lattice stability, 

unfavorable solvation, or both. In some cases, this gives rise to pronounced positive food effects, 

where lipids and digestion products generate colloidal solubilizing phases in the gastrointestinal 

tract and increase the apparent solubility of the drug. 

Formulation science applies the same concepts. Surfactant micelles, lipid-based systems, and 

other colloids may enhance apparent solubility, but their rational use requires understanding the 

structure–function relationships that govern solubilization, including the effects of surfactant chain 

length, headgroup chemistry, aggregation behavior etc. Another powerful strategy, particularly for 

solid-state-limited compounds, is drug amorphization. However, such systems have low storage 

stability, form unstable supersaturated solutions and can crystallize and precipitate after intake. 

Advances in the use of polymers that stabilize the amorphous solid state and inhibit crystallization 

or precipitation during dissolution has allowed the commercial application of this approach. 

Overall, solubility provides a unifying framework for connecting drug molecular properties, 

formulation design and gastrointestinal behavior. Mechanistic understanding of these phenomena 

supports rational decisions from early drug discovery to advanced pharmaceutical development. 
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Solubility is a central, but often underestimated, driver of contaminant behavior in aquatic 

environments, governing bioavailability, transformation, and ecological impact. For engineered 

nanomaterials, solubility extends beyond classical dissolution to include dynamic interconversions 

among dissolved ions, primary nanoparticles, transformed and aggregated particulate species. 

This work examines how physicochemical speciation governs the environmental fate and 

impacts of engineered silver nanomaterials (nAg) in freshwater phytoplankton species. Extracellular 

polymeric substances (EPS), released by phytoplankton, play an important role in shaping 

nanoparticle “identity”. EPS adsorption enhances colloidal stability via steric repulsion while 

reducing Ag⁺ release, thereby simultaneously stabilizing particulate forms. Microscopic and 

spectroscopic analyses reveal that EPS covers nAg surfaces forming ecocorona, altering dissolution 

and aggregation behavior. Comparative studies of citrate- and lipoic acid-coated nAg show that EPS 

can either mitigate or enhance nanoparticle reactivity depending on primary coating type. While 

EPS generally increases colloidal stability, it reduces Ag⁺ release and toxicity for citrate-coated 

particles but can enhance dissolution and biological effects for lipoic-acid-coated particles. 

At the organismal level, solubility-driven transformations strongly nAg influence uptake and 

toxicity. Studies on the freshwater diatom Cyclotella meneghiniana reveal that Ag uptake depends 

on speciation and particle size. Dissolved Ag⁺ leads to rapid accumulation, whereas nAg shows 

slower, sustained uptake. Metabolomic and physiological analyses further deminstrate that both 

Ag⁺ and nAg induce significant metabolic reprogramming, affecting amino acid metabolism, 

glutathione pathways, nucleotide metabolism, and energy production. Notably, nAg exerts stronger 

and more specific effects on central metabolic pathways, including the TCA cycle and oxidative 

stress responses, compared to ionic silver. 

 Together, these results demonstrate that at the nanoscale, particles occupy an intermediate 

domain between dissolved and particulate matter, where size and surface chemistry fundamentally 

reshape solubility-controlled processes. This framework provides new insight into the 

environmental behavior of engineered nanomaterials and supports more realistic risk assessment.  
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The increasing demand for lithium compounds for battery production is well-known. A review 

of the various types of lithium resources available worldwide will be given. One type is mineral-

based, and the other is brine-based, which requires totally different extraction and purification 

technologies. In recent and future times, the recycling of lithium from batteries represents a new 

requirement.  

The battery producers need high-purity lithium hydroxide or lithium carbonate, which one 

depends on the battery type and the market conditions. 

After a chemical and mineralogical characterization of the source types for lithium, a survey 

on the main recovery processes with their pros and cons for mineral-based and brine-based 

resources.  

All processes end up with an aqueous lithium salt solution, from which all other metals 

(sodium, potassium, calcium, magnesium, heavy metals) and anions (chloride, sulfate, fluoride, etc.) 

have to be removed. The final processing step consists in the conversion of the lithium salt into 

hydroxide (LiOH·H2O) and its crystallization.  

In mineral technologies, the lithium salt solution is generated through a liberation and 

separation of the lithium mineral from the rocks (flotation, density separation), with a subsequent 

pyrometallurgical treatment and a leaching step.  

In the case of salt-lake brines, the concentrated lithium salt solution (5 - 10 g/L Li) is obtained 

after a solar pond evaporation (South America, West China) to enhance the concentration and 

separation by stepwise crystallization of other salts in the order of their solubility in the 

multicomponent system Li+, Na+, K+, Mg++, Ca++ // Cl-, SO4--, borate – H2O. This technology is 

discussed critically because of the water loss in arid areas. Several of companies and institutions are 

offering direct liquid extraction (DLE) processes to concentrate and separate lithium from dilute 

brines, avoiding the evaporation process. The principles and limits of these technologies will be 

discussed in relation to “classical” evaporation and crystallization techniques. A perspective view on 

the application of advanced solar evaporation and crystallization techniques for brines will be 

outlined, where no water is used or lost in the separation of lithium salts. It will be shown that 

modern evaporation and crystallization technology, based on a knowledge of multicomponent 

solubility data of the respective salt mixtures, gives rise to process developments adapted to the 

chemistry of the lithium source, the local environmental requirements (water, wastes), and the 

availability of reagents. Different from the DLE processes, the company is not dependent on 

specialist companies for membranes or adsorbents.  
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The objective of this work is the development of borosilicate glasses with high chemical 

resistance to corrosion by molten salts, particularly nitrates, for potential application as protective 

coatings in storage tanks used in concentrated solar power (CSP) plants. Current storage tanks are 

typically manufactured from stainless steel and externally insulated. The refractory insulating 

material lining the walls of tanks containing molten nitrate salts does not require particularly high 

operating temperatures, since the salts generally operate below 500 °C. However, these refractory 

materials usually exhibit a residual porosity of approximately 12–15%, which may facilitate the 

penetration of molten salts and promote corrosion processes. 

To address this issue, the application of vitreous enamel coatings on the concrete walls of the 

tanks has been proposed. Such enamels must exhibit strong adhesion, high chemical compatibility 

with the substrate, and the ability to seal the surface porosity effectively. In addition, the glass 

enamel must provide excellent resistance to corrosion by molten nitrate salts under operating 

conditions. 

This work includes a comprehensive review of the state of the art concerning corrosion 

mechanisms and degradation processes associated with molten salts, together with the 

development of new borosilicate glass compositions. The glass compositions were designed and 

thermally characterized, and their corrosion resistance was evaluated through immersion tests in 

molten salts at temperatures around 500 °C, including analyses of reaction kinetics and corrosion 

products. Wettability studies on different concrete substrates were also carried out to assess 

adhesion and densification behaviour, enabling the selection of the most suitable glass 

compositions for this application. 
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