

  buildings-14-03494




buildings-14-03494







Buildings 2024, 14(11), 3494; doi:10.3390/buildings14113494




Article



Enhancing Functional Properties and Mold Resistance of Gypsum Plasters with Caffeine



Klára Kobetičová *, Jitka Krejsová, Martin Keppert, Vojtěch Pommer, Ivana Burianová, Martin Böhm and Robert Černý





Department of Materials Engineering and Chemistry, Faculty of Civil Engineering, Czech Technical University in Prague, Thákurova 7, 166 29 Prague, Czech Republic









*



Correspondence: klara.kobeticova@fsv.cvut.cz







Citation: Kobetičová, K.; Krejsová, J.; Keppert, M.; Pommer, V.; Burianová, I.; Böhm, M.; Černý, R. Enhancing Functional Properties and Mold Resistance of Gypsum Plasters with Caffeine. Buildings 2024, 14, 3494. https://doi.org/10.3390/buildings14113494



Academic Editor: Mercedes del Río Merino



Received: 6 October 2024 / Revised: 19 October 2024 / Accepted: 24 October 2024 / Published: 31 October 2024



Abstract


Caffeine is a proven bioactive substance against fungi for internal use, without any observed negative effects on properties of wood materials. However, its addition to other building materials for internal use has not yet been tested. For this reason, the effects of caffeine’s addition on selected properties of gypsum plasters were studied. Two experimental approaches were applied in the present study: (A) using an aqueous caffeine solution (20 g/L) for the preparation of gypsum plaster; and (B) immersing the gypsum plaster in the same caffeine concentration. The results showed a significant increase in the compressive strength of the plaster after 7 days of curing in laboratory conditions (variant A—46%, variant B—16%). The application of caffeine led to a substantial improvement in the water resistance of gypsum. Gypsum plasters were also exposed to a mixture of air molds. The plasters directly mixed with caffeine were about 72% less attacked by molds than the control, while immersed samples showed only a 20% reduction in mold coverage. The main conclusions of the study are that caffeine is a suitable additive for the improvement of gypsum’s compressive strength, and its addition leads to a higher resistance of gypsum against humidity and mold attacks.
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1. Introduction


Calcined gypsum (gypsum binder, also known as plaster of Paris; CaSO4·0.5H2O) is produced from natural gypsum (CaSO4·2H2O) and can be also obtained from waste materials, such as flue-gas desulfurization gypsum [1]. From the point of view of production, it is often cited as one of the more ecological building materials because its life cycle assessment shows relatively low production of greenhouse gases [2]. The production of the calcined gypsum is also relatively cheap and easy. Gypsum has many use possibilities, such as the production or repair of plasters and use in modeling, sculpture, or dentistry.



Most of the current studies on gypsum are focused on researching its mechanical and chemical properties [3,4,5,6] or its possible recycling [7,8], environmental impact assessment [9,10], and combination with natural fiber materials [11,12]. However, only a small number of studies have focused on the addition of some active substances against pests, primarily aerial molds. Molds mainly pose a health risk to humans because they are a source of spores and mycotoxins [13]. Their aesthetic damage to walls and plaster is also significant. Molds can attack building materials when they are used both outdoors and indoors [14]. Molds attack building materials indiscriminately, as long as they have suitable living conditions, sufficient temperature, and humidity. At the same time, it is known that mold grows demonstrably on gypsum plasters at a relative humidity of 86%. Gypsum also has a higher tendency to be covered by molds owing to its acidity (pH value of ~6), contrary to materials based on lime and cement with pH values in the range of 9 to 14 [15].



In order to protect gypsum materials from molds, e.g., nanosilver [16,17], other inorganic elements such as calcium and copper [17], titanium [18,19], zinc [18], and chemical preparations on some organic basis—carbamates, thiazoles [4,20]—are added to the gypsum mixtures. However, all these particles or organic biocides have negative effects on non-target organisms, including humans, and are also characterized by long-term stability in the environment [21,22,23]. Therefore, from an ecological point of view, their use is not optimal for the treatment of any building materials. For health and ecological reasons, new substances are, therefore, continuously being researched, which would not be too toxic for humans and the environment and would be, if possible, of natural origin.



One such substance is caffeine (C8H10N4O2; 1,3,7-trimethylxanthine). This organic substance (Figure 1) could replace some hazardous organic substances and nanoparticles as biocide components of building materials. Generally, it is known for its stimulating effects on the nervous system of humans owing to its presence in various drinks, foods, cosmetics, and medicinal products [24,25], but attention has also been paid to its pesticidal effects in agriculture and forestry against nematodes and insects [26,27].



In the last few years, caffeine has also been tested as an active substance in coatings to protect wood against various biological pests. It was effective against individual types of wood-destroying fungi and molds [28] when it was used as an aqueous coating or immersion, as well as in a mixture with other substances such as propolis [29,30], nano-TiO2, acrylic coatings [31], and propiconazole [32]. Its binding with chitosan was successfully proven [30,33,34]. Individual sugar components of chitin [33,34] were able to chemically interact with caffeine. On the other hand, no binding interactions were demonstrated with cellulose [35,36]. The addition of caffeine in coatings or in water as a solution did not have any negative effects on changes in the physical and mechanical properties of wood and the quality of coatings of the tested wood species (beech, spruce, pine) in any of the published works [29,37,38]. However, its suitable use was confirmed only for indoor environments owing to its leachability [28,38].



There is a lack of studies on the interaction of caffeine with other building materials than wood materials. A black tea extract containing caffeine was used as an additive to metakaolin mortar in one study [39]. Substances in the extract interacted with cement particles and had profound effects on the hydration process and microstructure of the hydration products. Another study focused on the effect of caffeine as an additive on the strength, water demands setting time, and hydration mechanism of cement [40].



The effects of caffeine on gypsum properties have never been studied in any research work to date. In this paper, the interactions of gypsum plasters with caffeine as an additive were, thus, studied for the first time. The research deals with mixing caffeine in the form of its aqueous solution directly with the gypsum binder and alternatively by immersing the produced gypsum plaster samples in the same concentration of caffeine aquatic solution. The selected physical–chemical properties (setting time, bulk density, porosity, pore size distribution, compressive strength, bending strength, microstructure) of gypsum plasters after caffeine application were tested and compared with control. Furthermore, the effect of caffeine application on the bio-colonization by molds at a high humidity (95% RH) after a 6-month experiment was analyzed directly on gypsum samples and in an experiment with an agar medium.




2. Materials and Methods


2.1. Materials and Chemicals


The gypsum binder produced by Gypstrend, Ltd., Kobeřice, Czech Republic [41] met the EN 13279-1 standard [42]. Its CaSO4·0.5 H2O content was 80–85 wt.%, and the pH value of its aqueous solution ranged from 6.5 to 7.5. The detailed chemical composition of this binder is shown in Table 1.



Distilled water was used as a solvent for the preparation of all aquatic solutions. Caffeine in the form of crystal powder was purchased from Sigma-Aldrich Ltd. (Prague, Czech Republic).




2.2. Preparation of Plasters


The samples were prepared according to EN 13279-2 [43] as follows: the control sample (G-B)—900 g of binder)—was mixed with 720 mL of water; the sample with caffeine solution (GC-W-B)—900 g of binder)—was mixed with 720 mL of a caffeine 2% (20 g/L) aquatic solution; the sample immersed in caffeine solution (GC-I-B)—900 g of binder)—was mixed with 720 mL of water and then immersed in a caffeine 2% (20 g/L) aquatic solution. The mixing time was reduced to one minute (60 s in an automatic mixer Matest, E093, at a low speed of 140 rpm). The samples were unmolded after 24 h and stored under laboratory conditions at (23 ± 2) °C and a relative humidity of (50 ± 5%) for six days. Before testing, samples were dried at 40 °C for 24 h.



According to the theoretical calculation, gypsum prepared by mixing the binder and caffeine in the mixing water contained 16 g of caffeine/kg of gypsum binder in the whole mixture. The samples prepared for measuring physical–chemical properties were cast to 40 × 40 × 160 mm molds (3 replicates for each analysis from each variant of samples), and the samples prepared for biological experiments had a dimensions of 10 × 10 × 5 mm (5 replicates for each the variant).




2.3. Setting Time


The producer describes the setting time in a period from 6 to 30 min [41]. The initial and final setting times of the gypsum materials analyzed in this study were determined experimentally according to [43], using the Vicat apparatus (Schleibinger Geräte, Buchbach, Germany) with an interval of 1 min.




2.4. Basic Physical Properties


The matrix density ρ [kg·m−3] was measured using a helium pycnometer Pycnomatic ATC EVO (Thermo Scientific, Brno, Czech Republic). The bulk density ρv [kg·m−3] was determined by the gravimetric method from the volume of the sample and its mass in the dry state. Three prismatic samples (160 × 40 × 40 mm) of each mixture were weighed, and their dimensions were measured by a digital caliper. The volume was calculated from the dimensions. The total porosity p [%] was calculated using the bulk density and the matrix density according to Equation (1) [44].


p = (1 − ρv/ρ) · 100%



(1)







The pore size distribution was measured by the Pascal 140 + 440 mercury intrusion porosimetric device (Thermo Scientific).




2.5. Mechanical Properties


Three prismatic samples (160 × 40 × 40 mm) of each mixture prepared for strength testing were stored in laboratory conditions for 7 days. The bending and compressive strengths of each sample were determined according to [43] using a mechanical press FP 100 (VEB Industriewerk Ravenstein, Schalkau, Germany). A three-point test was performed on dried samples to determine the bending strength. The compressive strength was measured on the halves of the specimen after the bending test. The strength was determined as an average value.




2.6. Water Resistance


The prepared samples were stored in laboratory temperature for 7 days and then immersed in water for 21 days. The strengths were tested one hour after removing from water.




2.7. Microstructure


A scanning electron microscope Ultra Plus (Carl Zeiss, Oberkochen, Germany) was used for a higher magnification image. Other microscopical photos were obtained using a Phenom XL microscope (Thermo Fisher Scientific, Brno, Czech Republic), backscattered electrons detector, and high vacuum (1 Pa). Before microscopical observations, samples were dried (samples without molds at 40 °C for 24 h; samples with molds in vacuum for 24 h) and covered by a thin layer of metal using sputter coater SC7620 (Quorum). Chemical characterization of observed phases was performed by energy-dispersive X-ray analysis using a Phenom XL microscope (Thermo Fisher Scientific, Brno, Czech Republic) and an accelerating voltage of 15 kV.




2.8. X-Ray Diffraction (XRD) Analysis


The mineralogical composition of powdered plasters was examined using a PANalytical Aeris X-ray diffractometer (MalvernPanalytical, Ltd., Malvern, UK) equipped with a CoKα tube operating at 40 kV and 7.5 mA. The incident beam path consisted of beta-filter iron, Soller slits 0.04 rad, and divergence slit 1/2°. The diffracted beam path was equipped with a 9 mm anti-scatter slit and Soller slits 0.04 rad beta-filter iron, Soller slits 0.04 rad, and divergence slit 1/2°. The PIXcel1D-Medipix3 detector MalvernPanalytical, Ltd., Malvern, UK) with an active length of 5.542° was used. The scan ranged from 5°2θ to 85°2θ, and the step size was 0.0220°2θ. Data were evaluated using HighScore Plus software (version 5.2, MalvernPanalytical, Ltd., Malvern, UK).




2.9. Isothermal Calorimetry


Isothermal (20 °C) calorimetry experiments were performed in order to assess the possible influence of caffeine on the setting of gypsum plaster. The measurements were conducted with the help of an 8-channel isothermal calorimeter TAM Air (TA Instruments, New Castle, DE, USA) with admix ampoules. A solution of caffeine and distilled water (2 g) was mixed with gypsum powder using a water-to-binder ratio of 0.8 for the preparation of the studied mixture (GC-W-P), resp. for preparation of controls (G-P). The triplicates were used for analysis. The analysis ran for 1 h, after which the heat flow generated by the system was negligible.




2.10. Air Mold Resistance


The prepared samples were placed in three desiccators (5 control samples G-P, 5 GC-W-P samples, and 5 GC-I-P samples). The agar discs (a diameter of 1 cm) with a mold culture were placed in the middle of each desiccator at an air humidity of about 95% and a temperature of (20 ± 2) °C for six months. The required air humidity in the desiccators was established by K2SO4 saturated aquatic solution. Such an environment created 95% RH in the desiccators. The samples were observed and photographed after 6 months of exposition in the desiccators.



All samples were then placed on sterile 5% maltose agar, and the Petri dishes were stored in a thermostat in the dark at a temperature of (28 ± 1) °C for 168 h. After the end of the exposure, the samples and the agars were observed and photographed. The percentage covering of plasters by molds was determined according to [45].



The resistance to molds was calculated from mean values according to Equation (2).


R = (CS − TS)/CS · 100%



(2)




where



R = resistance to molds, CS = control sample, TS = sample treated by caffeine.





3. Results and Discussion


3.1. Basic Physical Properties of Gypsum Plasters


The basic physical properties of the studied plasters are described in Table 2. Setting time was the same for controls as well as immersed samples and slightly longer (initial time about 15% and final time about 9%) for samples mixed with caffeine. It indicates no significant effect of caffeine on the setting time of gypsum, similar to a study with cement pastes [40]. The matrix density of dried samples was the same for the control samples as for both variants with caffeine treatment; for wet samples, it was somewhat lower. Bulk density was similar for all samples. The changes in total porosity were relatively small, up to 3%, and reflected the variations in matrix density. The pore size distribution is shown in Figure 2. Pores with a size of 1–10 μm were the most represented in the samples. No significant difference was found between caffeine-containing samples and control samples or between dry and wet samples.




3.2. Mechanical Properties


The bending strengths of all plasters were similar (Figure 3, Table S1). The use of caffeine in mixing water, in a comparison with the control, led to a 2% increase in bending strength (GC-W-B). If the samples were immersed in caffeine solution (GC-I-B), it decreased by 3%.



The highest effect of caffeine application was observed for compressive strength. For plaster containing caffeine, it was 40% higher than for the control. The plaster immersed in caffeine solution showed a 14% increase in compressive strength as compared with the control but a 21% decrease in a comparison with plaster containing caffeine directly (GC-W-B) after 7 days. In addition, a 20% increase in compressive strength was measured after 28 days for (GC-W-B) in comparison to the control (Figure 3 and Figure 4, Table S1).



Similar conclusions were drawn by various researchers in studies involving building materials other than gypsum. Fang et al. [39] confirmed that a black tea extract as an additive to metakaolin mortar could interact with cement particles. Our results did not show such extensive effect after 28 days but correspond with the finding that the effectiveness of a mixture of many active substances can be more appropriate than when we apply only one of these substances to the building materials. The addition of a tea extract reduced the number of pores with a size of less than 50 nm and the total porosity in their study [40]. Our data did not, though, confirm such results (Table 2), but on the other hand, pure caffeine was used in the present study in contrast to [40], where the authors used a tea extract composed of many organic substances, such as acids, phenols, tannins, and caffeine. In addition, the hydration processes of cement are different from the hydration of gypsum, and the mix of organic substances in a tea extract can have different effects on individual steps in the hydration processes [39]. Wang et al. [46] tested extracts of coffee beans on cement hydration. The compressive strength of cementitious mortars with a 0.05% coffee extract was increased by 18.6% at 28 days (similarly to our results), and a 25% reduction in porosity was observed, while thick Ca(OH)2 crystals were formed. They contemplated that using a 5% concentration of coffee extract was optimal for cementitious mortars, leading to trapping Ca2+ and providing nucleation sites. The cement was induced to produce more hydration products, gaining a higher mechanical strength [46]. One can suppose that a similar process could take place in the mixture composed of a gypsum binder and mixing water with caffeine, which was studied in this work. Caffeine is not a polyphenol, but its interaction with calcium, potassium, and iron in blood has been proven in the past [47,48,49]. Our hypothesis is supported by the increase in the mechanical strength, as described in Wang et al.’s [46] study for cement. It is probable that if caffeine is able to bind calcium in cement, it is also able to interact similarly with the calcium of gypsum. Similar interactions were also described for tannin acids, leading to a more than 45% increase in the compressive strength of mortars [39,50]. The effect of pure caffeine as an additive to cement on mechanical properties was studied also by Kurtey et al. [40]. The most interesting level of caffeine content was 75 ppm. Mortars containing 75 ppm of caffeine had about 0.3% higher compressive strength after a 28-day period [40]. This increase was not as high as in our study for gypsum, but it also confirmed the use of pure caffeine as a suitable additive.




3.3. Water Resistance


The samples stored in water for 21 days had significantly lower bending and compressive strengths (Figure 5, Table S1) than samples cured for 7 days in laboratory conditions (Figure 3). However, the strengths of GC-W-B samples after being stored in water were more than two times higher than those of the control samples G-B (Figure 5). The different behavior of the samples is also shown in Figure 6, where a finger was used to touch the surface of the samples. The samples with caffeine dissolved less, and there was less material leaching on their surfaces.



Concerning the increased water resistance, the possible explanation may lie in the partial saturation of the pore solution with caffeine. In this solution, gypsum could not dissolve to such an extent as in pure water. Some authors tried to improve the resistance of gypsum plasters in wet environments, but it has not yet been entirely satisfactory [51,52]. This is the reason why gypsum plaster has been used mainly in interiors to date. The positive effect of caffeine on the resistance of these plasters in a humid environment, which was observed during the experiments in this study, may possibly contribute to the solution of this problem.




3.4. Microstructure


It is generally known that calcium sulfate dihydrate forms different types of crystals (nods, rosettes, wide aggregates) in different types of pathways, and more than one growth pathway can operate simultaneously in a crystallization system. It can, therefore, be assumed that the whole process is complicated, and the addition of other substances, such as caffeine, can also influence the nucleation and growth of gypsum crystals (shape, crystallization rate, distribution in space, quantity) and bonds between crystals. Strength can be affected as a result of these processes.



The results of the microscopical analysis showed that the addition of caffeine caused changes in the shape and length of gypsum crystals. The crystals of the control gypsum were thinner and longer. The crystals affected by caffeine were shorter and wider (Figure 7). The verification of gypsum crystals and the presence of caffeine in the sample are presented in Figure 8.



The caffeine also produced crystals with various shapes (Figure 9 and Figure 10). The creation of the crystals is dependent on their concentration and interaction with the other chemicals but also on the properties of the surrounding environment, such as temperature and humidity [53].



The caffeine created efflorescence on the surface of gypsum (Figure 9). GC-W-B samples were covered by crystals less intensively than the immersed samples (GC-I-B). Efflorescence is generally undesirable. There was no efflorescence on GC-W-B samples after their immersion in water.



The immersion of samples (G-B and GC-W-B) in water for 21 days also brought some differences between their gypsum crystals (Figure 11). Gypsum crystals were longer and more developed in the GC-W-B wet sample than in control sample G-B, where the crystals were often underdeveloped with more crystal aggregates.



The mineralogical compositions of the tested plasters are expressed in Table 3. The determined phases and their PDFs are as follows: gypsum (CaSO4·2H2O; 00-033-0311), quartz (SiO2; 03-065-0466), calcite (Ca(CO)3; 01-083-4601), and muscovite (KAl2(Si, Al)4O10(OH)2; 00-058-2037).



The mineralogical compositions were not influenced by the caffeine. The plasters are composed of gypsum (90.5–93.1 wt.%) and impurities from the used gypsum binder: quartz (3.8–6.4 wt.%), calcite (2.1–2.3 wt.%), and muscovite (0.8–1.1 wt.%). Nevertheless, the diffractograms of the plasters are not identical, as shown in Figure 12. The peak positions remained constant, but gypsum peak intensities differed. The plaster GC-W-B has higher intensities of peaks at approximately 14, 27, and 34°2θ. The plaster GC-I-B has a slightly higher intensity of the peak at approximately 14°2θ compared to the plaster GB. These changes in the intensities are related to the changes in the microstructure, specifically in the crystallite size or micro-strain, or variations in the texture or preferred orientation of the crystals. The diffractograms confirmed that caffeine modified the microstructure of the plaster, especially in the case of caffeine addition directly to the mixing water.



Calorimetric measurements confirmed that caffeine had no effects on the gypsum setting time as was indicated by the initial and final setting times (Table 2). However, the presence of caffeine in the hydrating mixture slightly reduced the maximum heat flow (Figure 13) and increased, somewhat, the hydration heat by about 1.5% (Figure 14). This observation is likely consistent with Figure 6, where it is evident that the presence of caffeine influences the crystal’s morphology.




3.5. Air–Mold Resistance


The samples, after removal from the thermostat, were observed with the naked eye. Mold spores were visible on the surface of the samples, mainly on the control samples and on the samples immersed in the caffeine solution (Figure 15). For a better assessment of the ability of molds to grow on the tested samples, the other experiment was carried out on a nutrient agar medium. The samples were placed on the agar so that any molds previously presented on the individual samples could grow on the samples and the agar and produce hyphae and other spores. The intensity of their growth and covering of samples was determined under a stereo microscope. The results are presented in Table 4.



Molds completely covered the control gypsum samples (G-P) without caffeine in their entire volume (Figure 16). Comparing the results achieved for the caffeine treatment, one can see that gypsum samples immersed in caffeine solution (GC-I-P) were covered by molds intensively but in clusters. On the other hand, the gypsum samples containing caffeine in mixing water were covered only by isolated colonies (Figure 16). In every case, it should be mentioned that the samples were exposed to extreme humidity conditions (95% RH and then a humid agar medium in closed Petri dishes) during both biological experiments. If caffeine would be used in gypsum plasters in normal temperatures and humidity, as it occurs in living rooms, a satisfactory biocidal effect of caffeine against fungi and molds could be expected.



Generally, it is known that gypsum is a building material that is very sensitive to moisture. Some authors have confirmed that moisture can promote the growth of molds significantly. For their growth, they need water with nutrients and also a suitable temperature [54]. It is very difficult to stop their growth. One way is to reduce humidity by drying. Other possibilities are burning and the use of chemical or natural fungicides. In the case of caffeine, it was found that this substance inhibited the growth of fungi and molds by blocking the production of enzymes from the group of chitinases. From a chemical point of view, these enzymes are hydrolases. They participate in the regulation of the formation and decomposition of chitin in the cell walls of fungal fibers [53,55,56,57]. Even in the form of crystals, caffeine remains a bioactive substance. It affects the synthesis of an enzyme that enables the growth of mold hyphae. Another fact is that fungi draw water from the pore solution. This solution contains dissolved caffeine, which has a biocidal effect.



The caffeine in the solution (the samples GC-I-B), which was in contact with the plaster mainly on its surface, did not logically penetrate as much and, thus, did not have the opportunity to prevent mold growth through the whole sample volume. In addition, caffeine stuck only partially to the surface of the immersed samples (GC-I-B). On the parts without caffeine, molds could grow and profit (Figure 16). Their biological activity was lower probably also due to the lower caffeine amount interacting with the plaster. On the contrary, the GC-W-B samples contained more caffeine, and it is logical that the fungicide effect was higher.



The scanning electron microscope image analysis (Figure 17) indicates that spores (small spherical formations) occurred in the control gypsum samples. The samples prepared by mixing water with caffeine solution or immersed in caffeine solution were inhabited by molds very rarely—almost no spores were observed.





4. Conclusions


The use of caffeine as an additive to gypsum plasters was studied for the first time in this paper. The main conclusions can be summarized as follows:




	
Caffeine has a fungicidal function in gypsum plaster. Caffeine directly mixed with gypsum inhibited molds by more than 70%.



	
It also positively influences the compressive strength of gypsum plaster.



	
Dissolving caffeine in water (20 g/L) for mixing with gypsum plaster was found to be the more effective way to apply this additive when compared to the immersion of hardened gypsum to the caffeine solution.



	
The presence of caffeine in the mixing water modifies the nucleation and growth of gypsum crystals, as revealed by a microstructural analysis. This phenomenon is also responsible for the positive effect of caffeine on the strength of gypsum.



	
Based on the findings presented in this study, caffeine appears to be a promising additive for gypsum plasters. Its addition into gypsum plasters obviously increases the resistance of the plaster against moisture and molds, which is important not only for aesthetic reasons but also for health reasons.








The experiments performed showed several research gaps that should be addressed in future studies:




	
Since caffeine influences gypsum crystallization, it might also have an impact on the interaction of gypsum with moisture, i.e., on the gypsum plaster durability.



	
Increased moisture resistance in gypsum could broaden its application to exterior conditions. Expanding the use of gypsum in the construction sector would contribute to greater sustainability, as gypsum requires less energy and results in lower CO2 emission compared to lime and cement.



	
Caffeine in gypsum may induce an attractive visual impression of materials.
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Figure 1. Skeletal formula of caffeine. 
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Figure 2. Pore size distribution. 
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Figure 3. Bending strength and compressive strength of gypsum plasters after 7 days. 
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Figure 4. Bending strength and compressive strength of gypsum plasters after 28 days. 
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Figure 5. Bending strength and compressive strength of samples after 7 days in laboratory conditions and 21 days in water. 
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Figure 6. An examination of sample durability in water: the upper sample contains caffeine (GC-W-B wet), and the lower sample is the control sample without caffeine (G-B wet). Both samples were stored in water for 21 days. 
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Figure 7. Effect of caffeine on the crystal habit of gypsum: control sample without caffeine (a); gypsum samples with caffeine in mixing water (b). The magnification of the photos is at 3000×. 
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Figure 8. Elemental analysis gained by EDX: (a) diagram of gypsum + photo with used point (signed by red circle) and (b) diagram of caffeine + photo with used point (signed by green circle). 
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Figure 9. Gypsum crystals (red arrow) packed by caffeine (shorter, compacted matter, green arrow). 
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Figure 10. Photo of caffeine crystallization on the surface of gypsum sample (GC-W-B). The image was acquired with a digital microscope ZEISS Smartzoom 5 (Carl Zeiss AG., Oberkochen, Germany) at 200× magnification. Subsequently, brightness and contrast were adjusted in ZEN lite software (ver. 3.10, Carl Zeiss AG., Oberkochen, Germany), and a scale bar was added to the image. 






Figure 10. Photo of caffeine crystallization on the surface of gypsum sample (GC-W-B). The image was acquired with a digital microscope ZEISS Smartzoom 5 (Carl Zeiss AG., Oberkochen, Germany) at 200× magnification. Subsequently, brightness and contrast were adjusted in ZEN lite software (ver. 3.10, Carl Zeiss AG., Oberkochen, Germany), and a scale bar was added to the image.



[image: Buildings 14 03494 g010]







[image: Buildings 14 03494 g011] 





Figure 11. Gypsum crystals after immersion in water (21 days): the caffeine sample (GC-W-B wet) on the left photo (a) and the control sample (G-B wet) on the right photo (b). 






Figure 11. Gypsum crystals after immersion in water (21 days): the caffeine sample (GC-W-B wet) on the left photo (a) and the control sample (G-B wet) on the right photo (b).



[image: Buildings 14 03494 g011]







[image: Buildings 14 03494 g012] 





Figure 12. Diffractograms of tested plasters: GB = control gypsum plaster, GC-I-B = gypsum plaster immersed in caffeine solution, GC-W-B = gypsum plaster containing caffeine in mixing water. 
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Figure 13. Heat flow during the first hour of the experiment with G-B and GC-W-B samples. GP1 to GP3 = control gypsum plaster without caffeine (GB), GC-W-B1 to GC-W-B3 = gypsum plaster containing caffeine in mixing water (=GC-W-B samples). 
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Figure 14. Cumulative heat during the first hour of the experiment with G-B and GC-W-B samples. GP1 to GP3 = control gypsum plaster without caffeine, GC-W-B1 to GC-W-B3 = gypsum plaster containing caffeine in mixing water (=GC-W-B samples). 
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Figure 15. Samples after storing in desiccators after 6 months of exposition. The samples are displayed in order from top to bottom: the samples immersed in caffeine solution, samples mixed with caffeine, and control samples without caffeine. Samples denoted as „1–5“ = the control samples (G-B), samples „points from 1 to 5“ = the samples immersed in caffeine solution (GC-I-B), samples „1.–5.“ = the samples mixed with caffeine solution (GC-W-B). 
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Figure 16. Samples from the test on maltose agar medium after 7 days of the exposition. The samples are displayed in order from top to bottom: the samples immersed in caffeine solution (GC-I-B), samples mixed with caffeine (GC-W-B), and control samples without caffeine (G-B). 
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Figure 17. Gypsum sample with mold spores (yellow arrow). 
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Table 1. Chemical composition of gypsum binder according to XRF analysis.
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El.

	
Ca

	
Sx

	
Si

	
Al

	
Fe

	
K

	
Mg

	
Sr

	
Ti

	
Co

	
Mn

	
V

	
Rb

	
Zn






	
m/m%

	
50.52

	
35.13

	
6.28

	
3.41

	
2.11

	
1.04

	
0.63

	
0.43

	
0.37

	
0.02

	
0.02

	
0.02

	
0.01

	
0.01




	
SD

	
0.25

	
0.25

	
0.12

	
0.09

	
0.16

	
0.02

	
0.06

	
0.02

	
0.01

	
0.01

	
<0.01











 





Table 2. Basic physical properties of studied plasters (G-B = control sample, G-B wet = control sample after 21 days in water, GC-W-B = samples mixed with caffeine, GC-W-B wet = samples mixed with caffeine after 21 days in water, GC-I-B = samples immersed in caffeine).
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Sample

	
Setting Time

	
Matrix Density

	
Bulk Density

	
Total Porosity




	

	
Initial

	
Final

	

	

	




	

	
Min.

	
Min.

	
kg/m3

	
kg/m3 ± SD

	
(%)






	
G-B

	
13

	
23

	
2358

	
931 ± 13

	
60.51




	
G-B wet

	
-

	
-

	
2260

	
931 ± 13 *

	
58.80




	
GC-W-B

	
15

	
25

	
2339

	
943 ± 9

	
59.69




	
GC-W-B wet

	
-

	
-

	
2271

	
943 ± 9 *

	
58.48




	
GC-I-B

	
13

	
23

	
2358

	
941 ± 2

	
59.92








* The values tested on dried samples at the age of 7 days.













 





Table 3. The mineralogical composition of tested materials.
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	Sample
	Gypsum [wt.%]
	Quartz

[wt.%]
	Calcite

[wt.%]
	Muscovite

[wt.%]





	GB
	92.9
	3.8
	2.3
	1.1



	GC-I-B
	93.1
	3.9
	2.1
	0.9



	GC-W-B
	90.5
	6.4
	2.3
	0.8










 





Table 4. Resistance (R) against molds in comparison with a control sample (%). Plaster resistance against molds was evaluated using the five-point scale, where 0—no molds, 1—mold growth is visible under a microscope, 2—molds cover less than 25% of sample surface, 3—molds cover 25—50% of sample surface, 4—molds cover more than 50% but less than 75% of sample surface, 5—molds cover more than 75% of sample surface; 6—molds completely cover sample surface.
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Sample

	
Replicate

	
Mean

	
± SD

	
R (%)




	
1.

	
2.

	
3.

	
4.

	
5.

	

	

	






	
GC-I-B

	
4

	
4

	
4

	
5

	
3

	
4

	
0.71

	
20




	
GC-W-B

	
1

	
1

	
1

	
2

	
2

	
1.4

	
0.55

	
72




	
G-P

	
5

	
5

	
5

	
5

	
5

	
5

	
0

	
-
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