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ABSTRACT 

Indoor walls and ceilings are often coated with plasters. Due to the large surface in contact 

with indoor air, the plasters can passively contribute to moisture regulation and pollutant 

removal. The work presented intends to better understand this contribution, while enhancing, 

when possible, the plasters formulations for the purpose. The first step was to analyze the 

hygroscopic response of traditional and modern binder-based plasters. To do so, a first study 

was run to quantify the relative humidity fluctuations indoor. Then, the methods fitting the 

most the real indoor microclimates were selected for testing. The campaign was run along with 

bibliographic research, to match laboratory results with those ones present in literature. The 

compatibility with the preexisting materials and products and the eco-efficiency of the plasters 

are two parameters that were kept in mind during the work. According to that, clay and gypsum 

based plastering mortars were selected as the most promising materials. Both, in fact, are 

present in traditional architecture, besides being suitable solutions for new construction, and 

have low embodied energy. However, while the clay-based plasters showed a high hygroscopic 

behavior, the gypsum-based ones showed a lower one. For this reason, the latter was modified 

through the addition of biomass and the clay-based plasters were kept as a benchmark along 

the study. The plant selected for the scope is Acacia dealbata, an invasive species that plays a 

role in the spread of wood fires in Portugal. The biowaste addition was aimed at enhancing the 

moisture buffering of gypsum-based plasters without jeopardizing other properties or their 

carbon footprint. Good results were obtained, increasing the moisture buffering ability of the 

gypsum plaster up to double, even if still lower than the clay-based ones. The ozone reactivity 

and primary and secondary emission rates (VOCs) of the innovative gypsum-based plaster and 

the clay-based ones were also analyzed. The ozone removal ability of the gypsum-based 

plaster was improved by the biomass addition, the primary emissions increased a little, but the 

secondary ones were very low. Clay-based plasters overall confirmed their low emissions and 

ozone removal activity. 

Keywords: sustainable mortars, gypsum, earth, clay, air lime, passive moisture regulation, 

hygroscopic behavior, biomass, Acacia dealbata, bark, pollutant removal, ozone, volatile 

organic compounds (VOCs), primary and secondary emissions. 
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RESUMO 

As paredes e os tetos interiores são frequentemente revestidos com rebocos. Devido à grande 

superfície em contacto com o ar interior, os rebocos podem contribuir passivamente para a 

regulação da humidade e remoção de poluentes. O trabalho apresentado pretende 

compreender melhor esta contribuição; ao mesmo tempo, e quando possível, quer melhorar 

as formulações dos mesmos rebocos para o efeito. O primeiro passo foi analisar a resposta 

higroscópica de rebocos tradicionais e modernos com base em diferentes ligantes. Com esse 

propósito foi realizado um primeiro estudo para quantificar as flutuações da humidade relativa 

no interior. Assim, os métodos mais representativos dos microclimas internos monitorizados 

foram selecionados para ensaiar os rebocos. A campanha experimental foi realizada em 

conjunto com uma pesquisa bibliográfica, para combinar os resultados laboratoriais com a 

literatura. Os parâmetros de compatibilidade com os materiais e produtos preexistentes e de 

ecoeficiência dos rebocos foram tidos em conta ao longo do trabalho de tese. Dessa forma, 

argamassas com base em gesso e com base em terra argilosa foram selecionadas como mais 

promissoras. De facto, ambas fazem parte da arquitetura tradicional além de serem soluções 

adequadas para novas construções e têm baixa energia incorporada. No entanto, enquanto os 

rebocos com base em terra argilosa apresentam um comportamento higroscópico elevado, os 

com base em gesso apresentam um comportamento higroscópico mais baixo. Por esta razão, 

o estudo avançou com a modificação da formulação de rebocos de gesso através da adição 

de biomassa, enquanto os rebocos de terra foram mantidos como referência ao longo do 

estudo. A planta selecionada para a adição foi a Acácia dealbata, uma espécie invasora 

responsável pela propagação de incêndios florestais em Portugal. A adição de biorresíduos 

teve como objetivo aumentar a resposta higroscópica dos rebocos de gesso sem comprometer 

outras propriedades e sem aumentar as respetivas emissões de carbono. Foram obtidos bons 

resultados, com o aumento da capacidade de buffer de humidade do gesso até ao dobro, 

embora sendo ainda inferior à capacidade dos rebocos de terra. Também foram analisadas a 

reatividade ao ozono e as taxas de emissão primária e secundária de compostos orgânicos 

voláteis de rebocos com base em gesso formulados e de rebocos de terra. A capacidade de 

remoção de ozono do reboco de gesso foi melhorada pela adição de biomassa, as emissões 

primárias aumentaram um pouco, mas as secundárias foram muito baixas. Os rebocos de terra 

confirmaram, em geral, as baixas emissões e a atividade de remoção de ozono. 

Palavas chave: rebocos sustentáveis, gesso, terra, argila, cal aérea, regulação passiva da 

humidade, comportamento higroscópico, biomassa, Acacia dealbata, casca, remoção de 

poluentes, ozono, compostos orgânicos voláteis (COVs), emissões primárias e secundárias.  
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GENERAL INTRODUCTION 

1.1 Context of the Study 

The building products studied by this PhD work are plasters. Plastering mortars are a mix of 

"one or more binders, water, aggregates and sometimes additions" (EN 998-1, 2003), 

commonly used to coat indoor walls and ceilings. Plasters’ moisture buffering and potential to 

passively remove pollutants are here investigated for being important factors to increase 

occupants indoor air quality and comfort. The plasters selected for the research project are 

further described both as traditional and modern ones and were all identified as common 

plasters in Portugal, during different historical periods.  

During the Arabic domination of the Iberian Peninsula, gypsum was added in different 

proportions (Freire et al., 2015) to give different properties to the mortars. Gypsum has been 

commonly used in Portugal since the stucco technique became popular, namely from the 

second half of the 18th century until the end of the 19th century, because it was responding the 

most to decorative style requirements of the period. Traditional gypsum plaster was prepared 

mixing calcium hydroxide, calcium sulphate hemihydrate and sand or marble powder in 

different volumetric proportions, from 3:1:1 to 1:0:0 (gypsum: lime: sand), depending on its 

function (undercoat, preparation or finishing coat), the architectural and artistic period and the 

local know-how (Malta da Silveira et al., 2007). Technologies with earth as main construction 

material were also very used in the vernacular architecture in Portugal. Rammed earth and 

adobe masonry are common from the southern coast of Portugal (between Faro and Vila Real 

de Santo António) to Lisbon southern area, to Aveiro (Mestre, 2007). Other earth-based 

technologies were also used to build walls. Clay-based mortars are compatible either with earth 
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or stone walls, then with modern masonry (Santos et al., 2019). Indeed, clay-based mortars 

were often used to plaster these earth-based constructions, often rendered by air lime mortars 

(Fernandes, 2008) due to the good compatibility of both binders with the substrates. Air lime 

mortars were a common choice until the first decades of the 20th century, performing both 

protective and decorative functions. In Portugal, for instance, the use of air lime as a binder for 

structural or protective functions was often verified on study cases from the 1st to the 20th 

century (Damas et al., 2016) and, thus, can be the most adequate solution in many cases of 

conservation and rehabilitation (Veiga, 2017). Traditional air lime-based plasters can differ in 

many aspects: the composition (Faria et al., 2008); the application technology; the 

environmental conditions at the time of application (weather before and after application, 

which can strongly influence carbonation process (Balksten & Klasén, 2005; Santos et al., 2018; 

Rosell et al., 2014). Several of the previous elements involve human decisions and for this 

reason bring high heterogeneity between air lime mortars. For Instance, in Roman Empire times 

lime mortars were frequently enriched with natural or artificial pozzolans, such as ceramic dust 

from crushed bricks, to provide them hydraulic properties (Matias et al., 2014). According to 

Elsen et al., (2010) there was some uncertainty about the definition of hydraulic lime, for its 

chemical and mineralogical composition. The concept of natural hydraulic lime was clarified 

with the 2010 update of EN 459-1 (2015) defining what can be called natural hydraulic lime, 

hydraulic lime and formulated lime. Nevertheless, the use of natural hydraulic lime as it is 

currently available (excluding the air lime + pozzolana mixture spread since antiquity) interests 

all the 19th century. The 20th century, instead, was dominated by the use of Portland cement as 

a binder (Candeias et al., 2006).  

All the presented binders can be used when designing plasters for a new building or an 

intervention on existing buildings, but particularly in that case it is important to select the 

binders addressing the compatibility criteria with the substrate. For this reason, a good 

intervention should always check the compatibility of chemical, mechanical, and physical 

properties with the preexisting materials and products (Veiga & Faria, 2018).  

Besides compatibility, the sustainability of the binders was also considered in the present study 

to inform the choices. For instance, clay-based plastering mortars respond to requirements of 

low embodied energy and low environmental impact if considering the energy used in the 

manufacturing process is only for grinding and sieving and that, if not chemically stabilized, 

they can be directly reused. Some authors measured many indicators of the environmental 

impact comparing a clay-based plaster with other plastering mortars. Melià et al. (2014) 
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reported that for 1 Functional Unit (FU) of plaster, the Cumulative Energy Demand (CED) is 22.7 

MJ for clay and 52,8 MJ and 45,5 MJ for hydraulic lime and cement, respectively. CED is the 

measure of direct and indirect energy requested for the entire cycle of the product, which in 

this case corresponds to an analysis cradle to gate for the boundaries chosen. Advantages for 

clay-based plastering mortars were also highlighted by Santos et al. (2021). Gypsum plasters 

also present low embodied energy mostly due to the low calcination temperature of the binder 

(120-180ºC). However, there are many factors influencing this evaluation. For example, a higher 

volume of production can lower the environmental impact per ton of material (Damas et al., 

2016; Pedreño-Rojas, 2020), while transportation can clearly increase it. Air lime plasters 

compared to earth and gypsum, show higher embodied energy, due to the higher 

temperatures required for production (~900ºC), but anyway lower than cement (Moropoulou 

et al., 2011). However, the durability and predicted lifetime of these plasters are different, as 

well as de-construction impact, and these differences should be considered in a complete LCA. 

Summing up, even if the Life Cycle Assessment tool is still under development and there are 

many uncertainties (Santos et al., 2021), different authors are focusing their research on the 

evaluation of the sustainability of different binders, either comparing modern with traditional 

ones (Diaz-Basteris et al., 2022; Marcelino-Sadaba et al., 2017; Bumanis et al., 2020) or 

quantifying the accessible gain obtained with a replacement/addition of 

demolition/industrial/agricultural wastes (Brazão Farinha et al., 2019; Bumanis et al., 2022). Clay 

and gypsum, according to the referred literature, have the lowest global warming potential 

and a very low environmental impact. Therefore, these binders represent the most sustainable 

choices for eco-efficient plasters.  

Due to the high amount (90%) of time people spend indoors (Diffey, 2011), the Indoor 

Environmental Quality (IEQ) is a very much discussed topic nowadays. The research on indoor 

thermal comfort (Frontczak & Wargocki, 2011; Fanger, 1967; Humphreys & Nicol 1998), air 

quality (Arundel et al., 1986), perceived air quality (Fang et al., 1998), and the correlation of air 

quality with human health (Wolkoff, 2018) is gaining more and more interest. The regulation 

of indoor hygrothermal (temperature and relative humidity, RH) conditions can contribute to 

the assessment of healthier indoors (Arundel et al., 1986; Xiong et al., 2015). Indeed, the study 

of passive moisture regulation performed by coating products has got increasing attention 

since the beginning of the 21st century (Padfield, 1999) and nowadays represents a research 

topic of great interest.  Plastering mortars are commonly used to coat large surfaces and, thus, 

their ability to act as passive moisture buffers can be very favorable (Liuzzi & Stefanizzi, 2016; 
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Ferreira et al., 2020). This behavior interests traditional and modern plasters, often enhanced 

to be highly performing for the scope (Lima & Faria, 2016; McGregor et al., 2016; Pawełkowicz 

et al., 2022; Gentile et al., 2023; Li et al., 2023; Yang et al., 2022; Gbekou et al., 2022). Highly 

hygroscopic coating products are expected to adsorb and release moisture when the RH 

increases or decreases (Posani et al., 2021). The indoors that can take the most advantage of 

these passive regulations are the ones with natural and non/low air exchanges (Rode et al., 

2005) and high moisture production (like the case of a bedroom during the night occupied by 

two people sleeping). Nevertheless, the moderation of the RH peaks and the reduction of 

operational energy (Barbosa et al., 2020; Wargocki & Wyon, 2013) can also be targeted while 

designing a space with a HVAC system. It seems important to highlight that plasters often can 

be coated with a finishing system, such as a finer finishing paste, wallpapers, paints, etc., that 

can have an impact on their moisture buffering.  

The exposure to unhealthy levels of RH is one of the aspects to consider when evaluating the 

IEQ. The exposure of people indoor and outdoor to different pollutants, such as molds, 

airborne particulate matter (PM2.5 and PM10), sulfur dioxide (SO2) carbon monoxide (CO) and 

carbon dioxide (CO2), nitrogen oxides (NOx), Volatile Organic Compounds (VOCs) and ozone 

(O3) is nowadays a big concern between researchers (Kelly and Fussell, 2011; Trasande and 

Thurston, 2005; Apte et al., 2008). Ozone is a harmful secondary pollutant. It represents one of 

the principal constituents of photochemical gas and is associated with the occurrence of 

chronical respiratory diseases such as asthma and Sick Building Syndrome (SBS) symptoms 

(Apte et al., 2008; Weschler, 2006; Kelly & Fussel, 2011; Trasande & Thurston, 2005). In some 

studies, this pollutant was found also responsible for increased mortality risk (Bell et al., 2004; 

Bell et al., 2006; Gryparis et al., 2004). The ozone formation outdoors depends on 

meteorological factors combined with the presence of VOCs and nitrogen oxides, mainly 

related to the combustion of hydrocarbon fuels (primary pollutant) in urban areas. The ozone 

levels are increasing all over the world and represent nowadays a problem everywhere and not 

only in highly polluted countries like China (Li et al., 2020). For instance, in the Lisbon region 

(Portugal) the threshold of 180 µg·m3 on one hour average for ozone was exceeded during five 

months in 2001-2003, most of the time (86% of the cases) during the afternoon (13h to 17h) 

in summer (Ferreira et al., 2004). Although the ozone concentration indoor is mainly a function 

of the outdoor concentration (Weschler, 2000) there are other indoor sources and sinks that 

turn possible to have higher concentration indoor than outdoor (Huang et al., 2019). Moreover, 

the ozone can react with some volatile organic compounds (VOCs) doubling their initial 
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concentration. The byproducts of the oxidation of these compounds (that present unsaturated 

carbon-carbon bond) are typically aldehydes, organic acids, and ketones. The inhalation of 

high concentrations of VOCs (most famous of them is formaldehyde) has dangerous effects on 

human health and has been correlated with the increase of the risk in developing diseases like 

leukemia, asthma, and low birth weight (Liu et al., 2022). There are several measures that can 

be adopted to increase indoor air quality and prevent high indoor pollutant concentration such 

as mechanical filtration systems (Nazaroff & Weschler, 2022; Hyttinen et al., 2006; Lee & 

Davidson, 1999). These solutions are energy demanding and can be coupled (in a more 

sustainable design) with passive mitigation strategies that rely on the use of plants (Abbass et 

al., 2017; Berardi et al., 2014; Abbass et al., 2018) or passive removal materials (PRM) (Jing & 

Wang, 2022; Shen & Gao, 2018).  

For all the listed reasons, the hygroscopic behavior of traditional binder-based plasters (based 

on gypsum, air lime, clay) and more modern ones (based on cement, natural hydraulic lime), 

was investigated to assess the plasters potential to act as passive moisture regulators. Results 

point out that there is a substantial difference between the two greenest binder-based plasters 

(clay and gypsum): very high adsorption/desorption capacity for the clay-based but lower for 

the gypsum plasters. To enhance the performance of gypsum plasters, the addition of a 

biobased waste product was considered. The biowaste selected is a byproduct of another 

supply chain that would not jeopardize the carbon footprint of the gypsum plastering mortar. 

Instead, it would turn it more "eco-competitive" decreasing its embodied energy. The thesis 

work presents the research steps given in this direction up to the formulation of a higher 

hygroscopic plastering mortar based on gypsum. The clay-based plasters were kept as a 

baseline due to their high hygroscopicity. Moreover, the primary emissions of both the clay 

and gypsum-based plastering mortars were evaluated (VOCs emissions) together with their 

ozone reactivity in terms of deposition velocities (ability to uptake the ozone from air) and 

secondary emissions (VOCs emissions as byproducts of oxidation).  

1.2 Research Objectives and Methodology 

The indoor surfaces covered by plaster are commonly large areas and, if they can act as passive 

moisture regulators and pollutants removal, their contribution to indoor air quality and 

comfort, and to the health of occupants, can be important, especially in absence of Heating 

Ventilating and Air Conditioning (HVAC) systems and during the most extreme seasons when 
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the natural indoor ventilation is poor. The main objective of the present work is to understand 

the different contribution that common traditional and modern plasters can give to indoor air 

quality and comfort and, thereby, try to enhance optimized mortars formulations (respecting 

the criteria of eco-efficiency and compatibility with both built heritage and new buildings) to 

improve this contribution. Thus, according to all the exposed considerations, the main goal of 

the PhD work here presented - Eco-efficient plasters for increased indoor air quality and 

comfort - is to address the following research questions: 

• How can plasters contribute to indoor air quality and comfort? 

• How to assess this contribution? 

• For this purpose, are there significative differences between different binder-based 

plasters? 

• Is it possible to improve the hygroscopic behaviour of a traditional low-embodied-energy 

plaster, such as gypsum-based one and how? 

Thus, the study was implemented according to the following steps: 

• Monitoring indoor hygrothermal conditions (RH and temperature) in some study cases of 

Lisbon area, Portugal (section 2.2); 

• Simulation of the response of four modern and traditional plastering mortars (based on 

cement, natural hydraulic lime, air lime and clay) in winter (worst case scenario) for the 

previously monitored indoors (section 2.2);  

• Comparison and discussion of the existing methods to test RH dependent properties 

(section 2.2); 

• Assessment of ranges for hygroscopic behaviour of traditional and modern plasters in 

literature, building a state-of-the-art dataset (section 2.2); 

• Assessment of hygroscopic behaviour for traditional and modern plastering mortars and 

pastes through tests, building an experimental dataset (section 3.2); 

• Study of the influence of the application of two paint systems (one specific for indoor 

application) on the hygroscopic properties of the previously characterized plasters (section 

3.3); 

• Studying the influence of the addition of different biomass content (0, 5 and 10% by 

volume) and fractions from an invasive species (flowers, leaves, branchlets, wood and bark 

from Acacia dealbata) on fresh and hardened state of gypsum plaster and their hygroscopic 

behaviour (sections 4.2 and 4.3); 

• Investigation on the effect of thermal treatment (of a selected biomass fraction - bark) and 

addition of air lime on biological growth (section 5.1); 

• Assessment of the hygroscopic behaviour of the optimized gypsum-based plastering 

mortars and comparison with clay-based plasters (section 5.2); 
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• Assessment of the ozone deposition velocity, primary and secondary emissions of the 

optimized mortars and comparison with clay-based plasters (section 5.3). 

1.3 Document Organization and Graphical Abstract 

The document is a collection of eight articles: five already published and three under 

submission.  

The structure is the same for all the chapters (apart from the present chapter Introduction): 

• Preamble to introduce the content of the chapter and link the previous study to the next.  

• Article addressing research questions. 

• Additional considerations (when appropriate). 

After the chapters presenting the research (from chapters 2 to 5), the Conclusions summarize 

the findings and include proposals for future studies and perspectives. The references are 

presented in alphabetical order (excluding those only reported in the Articles, with the format 

of the publishing journal) and, in the Annex, the scientific dissemination performed so far 

(articles under submission not included yet) and laboratories where the work took place are 

listed.  

The 2nd chapter presents the preliminary investigation. A hygrothermal microclimatic 

monitoring campaign opens the dissertation. The main objective of the study was to observe 

the real range of variation of RH and temperature in residential indoors of Lisbon area in 

Portugal, presented as an example of a Southern European country where HVAC systems are 

not very commonly installed. The study was useful to match the monitored conditions with the 

ones suggested by the existing standards and protocols to test hygroscopic behavior of 

building materials. Moreover, a simulation of the effect of four common traditional and modern 

plasters under the monitored hygrothermal conditions was run, to quantify the potential 

contribution of each plaster to passive regulation. The second chapter continues presenting a 

state-of-the-art of test methods to quantify the RH dependent properties and a collection of 

results of traditional and modern binder-based plasters from literature. 

In the 3rd chapter results from the first experimental campaign are presented and discussed. 

Eight different plastering mortars and pastes used as plaster finishings, based on clay, gypsum, 

air lime, natural hydraulic lime, cement (and some combinations of them) underwent the RH 

dependent properties characterization. The properties included in the study are the ones 

related to the moisture adsorption/desorption mechanism under static and dynamic 
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conditions and water vapor permeability, responsible for the moisture penetration depth. The 

effect of the application of two paint systems (acrylic and vinylic) on the same bare plasters' 

hygroscopic behavior is presented and discussed in the second study of the chapter. 

The 4th chapter introduces a specific study on gypsum plasters. From the previous studies the 

plasters based on gypsum showed a hygroscopic behavior significantly poorer than clay-based 

ones. Considering the compatibility of gypsum plasters with the built heritage and the low 

embodied energy, they were found to be a very interesting product to be enhanced. The 

enhancement was designed to improve their potential as passive moisture regulator coatings. 

New plastering mortars were formulated, based on gypsum with the addition of five biowaste 

fractions of Acacia dealbata (an invasive species) in two quantities (5% and 10% by vol. of a 

ready-mix plastering product). The biowastes were used as byproducts, after extraction of 

nutraceutical compounds for other industries. Eleven mortars were formulated and 

characterized at fresh and hardened state, with special focus on RH dependent properties.  

The 5th chapter presents the optimized mortars formulations. The bark fraction was selected 

and added at 10% by vol., although it was not possible to use it after the extraction of the 

compounds. To avoid some biological growth observed on the former modified plasters, a 

small percentage of air lime was also added to the ready-mixed product. Besides the raw bark 

addition, an additional formulation was run with thermally treated bark (heated at 250 ºC for 

1 hour). The optimized mortars underwent fresh and hardened state characterization. Their 

moisture buffering capacity was compared with two premixed clay-based plasters. To conclude 

the study, the ozone deposition velocities, primary and secondary emissions of the three 

gypsum-based mortars were assessed and compared with clay-based plasters (highly 

performing according to literature). 

The following graphical abstract tries to summarize the research performed. 

  



 9 

Graphical Abstract 

 

 

 

 

 

2|3 

4|5 



 10 

 

 

 

 

 

4|5 

5 



11 

 

2  

 

INDOOR HYGROTHERMAL CONDITIONS 

AND RELATIVE HUMIDITY RELATED 

METHODS  

2.1 Preamble  

As previously mentioned, the hygrothermal indoor conditions are mainly responsible for user's 

comfort. For this reason, the first study presented here (section 2.2) is the result of a monitoring 

campaign. The campaign interested four bedrooms, differently located in the city of Lisbon, 

Portugal. The design prioritized rooms with the same use (bedrooms) in buildings from 

different constructive techniques, ages, and locations. The monitoring was run from November 

2020 to November 2021. The article presents and analyzes the less favorable period - winter - 

and four bedrooms representative of different layouts. The aim of the study was not to 

characterize the hygrothermal conditions of the bedrooms in their specificity, e.g., the kind of 

plasters and eventually the paint system applied in the rooms, the constructive details of the 

buildings, the presence or not of traditional window frames and windows, etc., but to have a 

general understanding of the fluctuation range for the considered parameters under common 

operational conditions of bedrooms in residential buildings in Lisbon. Moreover, the Lisbon 

residential situation can be a moderate one when compared with others from the same 

country. Nevertheless, the article refers to Southern European countries because, despite the 

local climate that can be observed in Portugal (IPMA), the country is generally included in the 

temperate climate of Southern Europe (Arriazu-Ramos et al., 2023) and differs from Northen 
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European countries for the frequent shortage of continuous heating systems, often related 

with energy poverty. For instance, Antepara et al. (2020) observed that, in Spain, Portugal and 

Greece, consumes for residential buildings are below the 50% of theoretical energy needs. 

Indeed, monitored real hygrothermal conditions (in the four study cases) were compared with 

those suggested for ensuring indoor comfort and they were found out of the comfort zone at 

least 50% of the times. Moreover, the observed indoor hygrothermal fluctuations were 

compared with temperature (T) and ranges of relative humidity (RH) recommended for testing 

building materials by the two most widespread protocols: ISO 24353 (2021) and Rode et al. 

(2005), the latter developed for Northen Europe countries.  

According to results, an informed choice on testing methods could be made when testing 

moisture buffering of materials for applications in intermittently heated or unheated indoors 

located in temperate climates. Moreover, the same study (section 2.2) investigates the 

improvement that the application of traditional and modern plasters (based on clay, cement, 

air lime and natural hydraulic lime) could bring. The hygroscopic behavior of the plasters was 

laboratory characterized and data introduced into a model. The simulation was calibrated with 

real values of T and RH from the monitoring and the modelled plasters were applied (in the 

simulation) in the four study cases. The different contribution of each coating was quantified, 

pointing out the clay-based plaster as the most promising for passive RH regulation. 

The second article here presented (section 1.1) is a literature review on testing methods and 

responses of different binder-based plasters. The RH dependent properties which are included 

in the review are: sorption isotherms, moisture buffering and water vapor permeability (the 

latter to establish the moisture penetration depth). The microstructure analysis is not included, 

despite being very important for justifying results from physical characterization, because it 

was not commonly associated, in literature, to relative humidity dependent properties and 

presented only if a complementary characterization was needed (i.e., to have a better 

understanding of the hysteresis phenomenon). All the articles matching the inclusion criteria 

were analyzed and the methods presented by the authors were included in the review in a 

systematic way, according to their percentage distribution.  

The aim of the systematic review was to collect data on testing conditions (area and thickness 

of the specimens, hygrothermal conditions, duration of the tests), but also to build a dataset 

of results (quantifying these properties for different binder-based plasters) as the starting point 

for the next study. Mortars included are based on air lime, clay, gypsum, natural hydraulic lime 

(NHL), cement, and combinations of these binders. The study concluded that, for testing 

moisture buffering, the NORDTEST method (Rode et al., 2005) is chosen in most of the studies 
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(71.8%) above the ISO 24353 (2021), but eventually the conditions adopted the most are not 

very representative of some climates (as also observed in the previous study 2.2). In terms of 

materials' response, the clay-based plasters are very promising for the purpose of moisture 

passive regulation for increasing users’ comfort while reducing energy consumption (both 

operational and embodied). 
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2.2 Article A1 - A study on the Indoor Hygrothermal Conditions 

(the article has been published in the journal Infrastructures 2022, 7 (3), 38; 

https://doi.org/10.3390/infrastructures7030038) 

A discussion on winter indoor hygrothermal conditions and hygroscopic 

behaviour of plasters in Southern Europe 

Abstract  

In Southern European countries, due to the specific climate, economy and culture, a permanent 

heating practice during winter is not widely adopted. This may have a significant effect on the 

performance of indoor coating materials, typically tested considering hygrothermal conditions 

in the range 33–75% relative humidity (RH) and 20–25 °C, which are common in continuously 

heated buildings. In this study, the indoor climate of four bedrooms located in Lisbon, Portugal, 

was monitored under operational conditions. Based on the data monitored in the case studies, 

characteristic ranges of indoor hygrothermal conditions were defined and compared to those 

considered in standard test procedures. In addition, numerical simulations were adopted to 

compare the hygroscopic performance of four plasters under operational conditions observed 

on-site. Results show that the four rooms, intermittently heated or unheated, do not provide 

comfort conditions over 50% of the wintertime, with temperature lower and RH higher than 

the ones recommended by the standards. The MBVs resulting from simulations (under 

operational conditions) are qualitatively in agreement with the MBVs obtained under standard 

testing conditions. Nonetheless, future studies are recommended to evaluate if standard tests 

are quantitatively representative of the hygroscopic performance of coating materials in the 

Southern European scenario. 

Keywords 

Hygrothermal comfort; Indoor climate; Moisture Buffering; Hygroscopic behaviour, Southern 

Mediterranean countries, Hygrometric regulation. 

2.2.1 Introduction 

The importance of indoor environmental quality (IEQ) is nowadays largely acknowledged, due 

to the extended amount of time people spend indoors [1]. Consequently, the study of 

parameters like indoor thermal comfort [2–4], indoor air quality [5], perceived quality [6] and 

the correlation with human health [7] gained importance in research. In this context, increasing 

attention has been paid to the use of building materials [8] and hygroscopic coating systems 

[9,10] that can help to passively regulate indoor relative humidity (RH). The idea is to exploit 

https://doi.org/10.3390/infrastructures7030038
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the moisture buffering ability of the materials to regulate indoor hygrometric conditions. 

Indeed, hygroscopic materials tend to adsorb moisture when RH rises and then release it when 

the air gets drier [11], thus moderating the peaks in indoor RH and reducing operational energy 

demands [12,13] while passively improving indoor comfort [14]. 

To evaluate and compare the moisture buffering ability of materials, the NORDTEST protocol 

[15, 16] is often adopted. This test procedure was defined by a research group working on the 

specific scenario of North European countries [17] and it is based on the hypothesis of 

continuously heated buildings (e.g., indoor set-point temperature of 23°C [18]). The 

methodology was defined considering an occupancy of 8 hours per day, which is typical of 

offices and bedrooms [19]. Three possible ranges of RH were proposed, and the one normally 

adopted spans from 33% to 75%. Even though some other procedures exist, for instance ISO 

24353 [20], the NORDTEST method is the most largely adopted one, because it provides a 

quantitative evaluation of the moisture buffering capacity [17] through a single parameter: the 

practical Moisture Buffering Value (MBV). Hence, this test procedure allows to compare the 

potential effectiveness of different hygroscopic materials and coating systems through their 

MBVs.  

Despite the great contribution provided by the introduction of the NORDTEST procedure, some 

doubts may arise when it is adopted in the context of Southern European countries. In fact, in 

Southern Europe, a permanent heating practice is not commonly adopted, especially in 

residential buildings [21]. On one hand, this is a consequence of the milder winter conditions. 

On the other, the combination of low incomes and high energy costs leads to a general “Lack 

of Motivation to Heat”, which is extremely high in Portugal, Romania and Greece, and lower 

but still relevant in other Southern European countries like Spain, Croatia and Italy [21]. In this 

context, a relevant share of the population is found to be unable to keep the house adequately 

warm [22, 23]. Due to the low indoor temperatures (T), high RH levels can be expected. The 

scenario of Southern Europe may thus require a complementary approach that differs from the 

standard test conditions defined for the case of Northern Europe by the NORDTEST protocol.  

This study aims to evaluate the indoor hygrothermal conditions in four case studies located in 

Lisbon (Portugal) and intends to open a discussion on the applicability of standard tests on 

moisture buffering ability of building materials, in the context of Southern Europe. The detailed 

methodology is schematized in Figure 2.1. 
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Figure 2.1. Schematic representation of the methodology followed in the study. 

The monitoring was performed during winter, when the passive relative humidity regulation 

can be significant since windows are kept closed for most of the time. Moreover it was possible 

to verify the complaints of the bedrooms’ users, who reported the spaces to be cold and moist 

during winter. The dataset, thus obtained, was examined to evaluate the fluctuation of indoor 

RH to be compared to the scenario adopted in the NORDTEST. To facilitate the comparison 

between real conditions and testing ones, the data were recorded in bedrooms which better 

represent (for residential) the type of space (occupation for 1/3 of the day) considered in the 

NORDTEST. The indoor climate data obtained on-site were then used as input in numerical 

simulations, to evaluate the hygroscopic behaviour of different plasters under realistic 

operational conditions. Results were compared to the MBVs of the plasters obtained under 

standard conditions (via laboratory tests), to assess if they were representative of their potential 

hygroscopic behaviour under the observed real conditions. 

2.2.2 Materials and methods 

2.2.2.1 Case studies selected and indoor monitoring campaign 

Four case studies were selected for the experimental indoor monitoring campaign. In each one, 

the air temperature (T) and relative humidity (RH) were continuously recorded during winter 

2021. The four buildings are located in the core of the city of Lisbon, and their location is 

displayed in Figure 2.2. All the buildings were built before the first Portuguese regulation on 

thermal requirements for buildings was published [24]. This is a very common condition in the 

Portuguese building stock, where 85% of the building stock, reported in 2011, dated back to 
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before the 1990s [25]. The bedrooms under study are subjected to one-person occupancy and 

they are intermittently heated by the users with electric-heating devices, or not heated at all.  

 

Figure 2.2. Selected case studies: location in the map of Lisbon, building facades, and plans of the monitored 

bedrooms (openings: interior door and outdoor-facing window). In each room, a red dot indicates the position of 

the data-logger used to monitor the indoor hygrothermal conditions. 

Case study A (Figure 2.2a) is located in a three-floor building whose envelope was recently 

refurbished. The bedroom considered is on the 1st floor, and it has an area of about 7.5 m2. It 

has one external wall, which is North-oriented, and a balcony. Case study B (Figure 2.2b) is 

located in a building that looks like the result of a social housing project of the second half of 

the 20th century. The bedroom selected is on the upper ground floor and has an area of about 

8.4 m2. It has one external wall, North-oriented, with one window. Case study C (Figure 2.2c) is 

a room of a detached house with an individual owner. The bedroom analysed is on the upper 

ground floor and it has an area of about 7.5 m2. The bedroom has one external wall, West-

oriented, with a window. Case study D (Figure 2.2d) is located on the 3rd and last floor of an 

apartment building. It has a floor area of about 11 m2 and one external wall with a balcony, 

West-oriented. 

The indoor monitoring campaign was performed by means of two data-loggers HOBO UX100-

003 (accuracy: ±0.21°C, ±3.5% for 25- 85% RH and 5% out of this range) and two HOBO U12-

013 (accuracy: ±0.35°C, ±2.5% for 10- 90% RH and 5% out of this range). The sampling interval 

 1 
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adopted was 10 minutes and the final hygrothermal data were defined as the hourly average 

values of T and RH obtained from the recordings, as in previous studies [26, 27]. The data-

loggers were positioned inside paper boxes (open on the top) to avoid the interference of 

drafts and solar radiation in the measurements. Furthermore, the equipment was located on 

the top of different pieces of furniture, at 70 –180 cm from the floor, to minimize direct 

interactions between the bedrooms users and the sensors. Finally, a minimum distance of 10 

cm was kept between the walls and the data-loggers. The hourly data of outdoor T and RH 

were provided by the Portuguese Institute of Sea and Atmosphere (IPMA) [28], from a local 

meteorological station. 

The monitoring campaign was performed during winter because it is the period when a passive 

regulation of RH can be very beneficial for improving hygrothermal comfort. Indeed, during 

winter the air change rates are low because windows are kept closed for most of the time, and 

the lower the air change rates the higher the potential impact of the materials on indoor RH 

[10]. In addition, due to the typically moderate use of heating in Southern Europe, high RH 

levels can occur. Wintertime was approximated considering the period November 15 – March 

31, based on the degree days’ calculation. Since the Portuguese legislation [29] that defines 

the degree days does not include a specific identification for the starting and ending date of 

the heating period (which is hereby considered to define wintertime), an Italian standard was 

taken as a reference [30]. This choice was considered suitable for the scope since both Portugal 

and Italy are South-European countries, and the selected period appeared representative of 

wintertime in Lisbon. 

2.2.2.2 Statistical analysis of indoor hygrothermal conditions and indoor comfort 

Once the set of hygrothermal data from the case studies was acquired, it was statistically 

evaluated through cumulative frequency plots. The 25th and 75th percentiles, also known as 

the upper and lower quartiles [31], were considered to identify a typical range of indoor 

conditions. Similarly, a wider range was defined by using the 10th and 90th percentiles. 

To evaluate whether the indoor environments were cold and moist, as reported by the 

bedroom users, the data obtained in the monitoring were compared to the comfort 

requirements found in the literature. Indoor comfort depends on a variety of factors that can 

be difficult to forecast for residential buildings, due to the uncertainty on the activities 

performed, the variability of clothing, the uncontrolled use of the windows, and so forth. Thus, 

calculations concerning the Predicted Mean Vote (PMV) and Predicted Percentage of 

Dissatisfied (PPD), as indicated in standards ISO 7730 [32] and ASHRAE 55 [33] are disregarded 
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in favour of a more simplified evaluation. A zone of acceptable hygrothermal comfort was 

defined according to the following observations. During winter the temperature should be 

higher than 16°C to guarantee neutral or comfort sensation for the occupants, as referred by 

Peeters et al. [34] for bedrooms. Standard EN 16798-1 [35] indicates a maximum temperature 

of 25°C for bedrooms belonging to category III (acceptable, moderate level of expectation on 

indoor comfort). In addition, standard EN 15251 [36] suggests a RH level within the range 20-

70%, for buildings in category III. Anyway, in order to account for an additional indication of 

the literature, the minimum acceptable RH level is increased to 30% [7], to avoid excessive 

drying out of the skin and of the mucous membranes. 

2.2.2.3 Plasters characterization 

Four plastering mortars were selected to be used in the simulations. The mortars were prepared 

by mechanical mixing and water was added to achieve suitable workability (assessed through 

flow table test [37]). The mortars and their consistence were the following:  

E – commercial plaster based on clayish earth produced by EMBARRO [38] with a consistence 

by flow table of 170±10 mm; 

CL – 1:3 volumetric ratio of hydrate air lime CL 90-S and siliceous sand (0-4 mm) with a 

consistence by flow table of 151±5 mm; 

NHL – 1:3 volumetric ratio of natural hydraulic lime NHL3.5 and siliceous sand (0-4 mm) with 

a consistence by flow table of 150±5 mm; 

Cem – 1:4 volumetric ratio of CEM II/B-L 32.5N and siliceous sand (0-2 mm) with a consistence 

by flow table of 140±3 mm. 

A detailed description and characterization of the plastering mortars can be found in a previous 

study [39]. The Moisture Buffering Values (MBVs) were calculated considering the experimental 

results obtained following the NORDTEST protocol [17] and the ISO 24353 standard [20]. MBVs 

were calculated on the average of five specimens for each plaster (40x40x20 mm3). According 

to the NORDTEST protocol [17], the specimens were cyclically exposed to steps of RH 33% (16 

hours) – 75% (8 hours) until quasi-steady-state equilibrium was reached. When tested 

according to the ISO 24353 [20], the cyclic condition of middle humidity level (12 hours at 75% 

RH followed by 12 hours at 50% RH) was chosen. Temperature was fixed at 23±0.5 °C during 

the entire test in both cases. The difference between the two methods lies in the range of RH 

considered (minimum of 33% or 50%) and in the period of exposure to different hygrometric 

conditions (12-12 h; 16-8 h). The MBV results are reported in Table 2.1. 
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Table 2.1. Plasters MBVs [g/m2∙%RH] according to the NORDTEST and ISO 24353 testing protocols. 

Plaster NORDTEST ISO 24353 

E 1.493 ± 0.09 1.327 ± 0.08 

CL 0.416 ± 0.04 0.267 ± 0.03 

NHL 0.799 ± 0.03 0.537 ± 0.02 

Cem 0.843 ± 0.07 0.660 ± 0.05 

The physical and hygric characterization of the plasters was performed in previous studies [39 

– 42]. The materials properties needed for the simulations were defined following the indication 

of Posani, Veiga and Freitas [43], based on the results of the experimental campaigns. Thermal 

properties were considered of minor importance in this study and they were thus approximated 

using the values provided in WUFI data-base [46] for similar materials. The main data adopted 

for the simulations are summarized in Table 2.2.  

Table 2.2. Plasters properties adopted in numerical simulations. 

Plaster Po 

[%] 

ρDry 

[kg /m3] 

µ  

[–] 

Aw 

[kg/m2s0.5] 

*λDry 

[W/(mK)] 

E 29.9 1743 9.07 0.50 0.5 

CL 25.8 1720 7.43 1.71 0.7 

NHL 26.2 1779 9.32 2.40 0.7 

Cem 20.2 1919 20.42 0.43  1.2 

Notation: Po – open porosity, ρDry – dry bulk density, µ - water resistance factor, Aw – capillary water absorption, 

λDry – thermal conductivity, *not measured but approximated considering values from WUFI database. 

The sorption isotherm is recognized to be one of the most important material properties when 

simulating the impact of hygroscopic materials on indoor RH [44]. They were defined for both 

the adsorption and desorption phases, according to standard ISO 12571 [45]. Five specimens 

(40x40x20 mm3) for each plaster were tested. They were first dried at 60 °C, then they were 

kept under constant hygrothermal conditions until equilibrium was reached, using a climatic 

chamber FITOCLIMA 700EDTU. The steps of RH considered were the following: 30%, 50%, 70%, 

80%, 95% RH, while the temperature was constantly kept at 23±0.5°C. 

2.2.2.4 Numerical Simulations  

The Software adopted for mono-dimensional hygrothermal simulations is WUFI Pro 5 [46], 

which allows performing mono-dimensional hygrothermal simulations of multi-layered walls 

cross-section under realistic climatic conditions. This software was chosen for several reasons. 

First, it offers a detailed calculation model of combined heat and moisture transport, which 

includes liquid transport, vapour diffusion, and hygroscopic behaviour of porous materials [46]. 
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Furthermore, WUFI Pro has been validated through several years of field and laboratory testing 

[47–51], and it is widely adopted to investigate passive regulation of humidity due to 

hygroscopic building materials [52–55]. In addition, the software allows introducing materials 

properties as input data, thus plasters can be modelled according to the information obtained 

in laboratory tests. Additionally, the software accounts for hourly data of boundary conditions, 

thus the indoor climate can be introduced in the model based on the microclimate monitoring 

performed in the case studies.  

In this study, numerical simulations are first adopted to reproduce the standard test on 

moisture adsorption/desorption defined by ISO 24353 [20]. The results numerically obtained 

are compared to the experimental results observed in the laboratory. The accuracy of the 

model for representing the hygroscopic behaviour of the plasters is consequently discussed. 

The plasters are then simulated considering the indoor climatic conditions measured onsite 

and the results are discussed in comparison with MBV experimentally obtained. The 

comparison aims to evaluate if standard test conditions are representative of materials 

adopted in the context of Southern Europe, where indoor climatic conditions can become 

colder and moister than in Northern countries, due to the different heating habits. 

2.2.2.4.1 Simulations under standard conditions   

Dynamic numerical simulations have been largely applied to study the hygroscopic behaviour 

of building materials. Nonetheless, modelling hygroscopic materials requires some 

simplifications, in particular concerning their sorption isotherm. Building materials can show a 

residual moisture content at the end of desorption, due to the effect of capillary forces which 

make the uptake of water molecules in the porous network easier than its removal [56]. This 

behaviour is also known as moisture hysteresis [57]. Thus, the curves obtained during the 

adsorption and desorption phases can be quite different from each other. 

In WUFI software, the sorption isotherm is assumed as a bijective function, thus two separate 

curves cannot be introduced for adsorption and desorption, and a simplification must be 

adopted. In the literature, two approaches emerge for operating this simplification: some 

studies consider the adsorption isotherm only [58], and others use the average values obtained 

combining adsorption and desorption curves [59]. Both simplifications are applied in this 

research and evaluated. The materials modelled according to the two approaches are 

simulated under the standard conditions adopted in the laboratory test as in ISO 24353 [20]. 

Then the results obtained with the two simplifications are compared to those measured in the 

laboratory. Based on the outcomes of this comparison, the simplification offering more 
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accurate results is chosen for the forthcoming simulations. The NORDTEST procedure was not 

replicated via numerical simulation due to the very little data available, namely only one 

measurement after each phase of adsorption or desorption. Consequently, it was of minor 

interest for the sake of comparing measured and simulated values. 

More in detail, this first set of simulations is performed as follows. First, the materials were 

modelled as horizontal components, having a thickness of 2 cm, and a sealing material is 

applied on the bottom (a vapour barrier with a Sd=1500m). The lateral sealing is not modelled 

since the simulations run under the hypothesis of an infinite plane component, thus the 

conditions at the border do not influence the results. The upper and lower boundary conditions 

adopted are those of the experimental test, namely a constant temperature of 23 °C and cycles 

of 12h of constant RH, which is alternatively kept at 75% or 50%. To replicate the test performed 

in the laboratory, the initial condition of the material is 23 °C and moisture content stabilized 

at 63% RH. The results of the first 4 cycles, i.e. a total of 48h, are not represented, while the 

following ones are reported in comparison to those measured in the laboratory, in terms of 

moisture content per unit of surface in the samples. 

2.2.2.4.2 Simulations under realistic operational conditions  

The plasters are then simulated under realistic operational conditions, considering the indoor 

data recorded on-site and a typical Portuguese wall assembly. 

Since all case studies have different walls, a typical configuration is adopted to have 

comparable results, while being representative of the Portuguese building stock. The geometry 

consists of a whole-brick structure, 34cm-thick, as characteristic of traditional Portuguese 

brick-masonry walls with medium thickness [60]. On the exterior side, 2 cm of lime-cement 

render is considered, finished with acrylic paint, to account for a typically refurbished façade. 

At the indoor-facing side of the wall, a 2cm-thick layer of plaster is adopted (E, CL, NHL, and 

Cem, alternatively). The initial conditions in the plasters are assumed as in equilibrium with air 

at 20°C and 60% RH, which is considered to be a realistic assumption, based on the indoor 

hygrothermal data observed on-site. Outdoor boundary conditions are defined using typical 

weather data of Lisbon, namely those provided in the Test Reference Year from WUFI database. 

At the interior side of the walls, the microclimate adopted is the one recorded on-site during 

winter, in the four case studies, alternatively.  

Results are evaluated in terms of moisture content in the plaster, per unit of surface. Then, the 

variation of moisture content in the plasters is observed in detail during a 2- day period. Based 
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on the results, the hygroscopic behaviour observed under realistic operational conditions is 

discussed and compared to the results obtained in terms of MBV in standard tests. 

2.2.3 Results and discussion 

2.2.3.1 Indoor climate 

Figure 2.3 shows the hourly data of T and RH obtained in the indoor environmental monitoring, 

versus the ones recorded by IPMA for the outdoor climate, from November 2020 to March 

2021. According to the collected data, during winter the outdoor temperature and relative 

humidity were in the ranges 1–26°C and 40–100% RH, respectively, with T being lower than 16 

°C for most of the time and RH being generally above 75%. Regarding indoor climates, 

hygrothermal conditions were in the ranges 10–28°C and 21–90% RH in the period considered. 
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Figure 2.3. Hourly average air temperature (°C) and relative humidity (%) data recorded by IPMA in the city of 

Lisbon and the same parameters recorded in the four bedrooms (A, B, C and D), for the period 15th November 

2020 – 31st March 2021. 

2.2.3.2  Statistical evaluation 

To analyse the typical range of variation of indoor T and RH, a statistical evaluation was 

performed, and the results are shown in Figure 2.4.  

         

       

Figure 2.4. Frequency distribution of hourly RH and T data recorded in the four bedrooms under study in Lisbon 

and in the outdoor climate, from November 2020 to March 2021. 

The curve of accumulated frequency shows that the lower threshold value considered in the 

NORDTEST is not very representative of the indoor hygrometric conditions analysed. Indeed, 

this condition was never reached in case studies C and D, while such low levels of RH, namely 

below 35%, are obtained for less than 5% of the time in the other 2 case studies. This result 
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indicates that a RH level around 33% is not representative of a typical daily low point of RH, 

but it is more of an exceptional condition, in the case studies considered. This outcome is 

coherent with the heating strategy adopted in the case studies. While continuous heating may 

lead to low levels of RH, intermittent or absent heating leads to lower indoor temperatures, 

with consequently higher RH levels.  

As far as the upper limit value of the NORDTEST is concerned, i.e. 75% RH, it seems quite 

representative of a typical condition of high RH in case studies A and D. In these two rooms, 

indoor hygrometric conditions are below this value at least 80% of wintertime. On the contrary, 

much higher RH levels can be found in case studies B and C, where a RH above 75% is detected 

during 60% and 40% of the winter period, respectively. Even for temperature, the standard 

range considered in laboratory testing (23°C ± 0.5°C) does not seem to represent typical indoor 

conditions in the analysed bedrooms. Indeed, temperatures below 22.5°C are found for more 

than 90% of the time in all the rooms taken into analysis. 

The outcomes of the monitoring seem consistent with previous indoor monitoring campaigns 

performed in buildings located in Portugal. Indeed, in a study on a prototype of an 

unrefubished classroom [3], on social housing [68], and on residential apartments [63], RH 

levels were frequently falling in the range 50%–80% RH during winter. In addition, in the three 

studies, indoor temperature was found to be below 22.5°C for almost the whole winter period 

considered in the monitoring (entire winter in [3] and [63], and only February in [68]). 

In order to have a representation of a typical range for indoor RH and T fluctuations, two 

intervals are hereby considered: the 90th – 10th percentile (P90% – P10%) and the more 

restrictive interval 75th – 25th percentile (P75%, P25%). Considering all case studies, the 

average values of P25% and P75% are 63% - 16°C and 76% - 18.5°C, whereas the average 

values obtained for P10% and P90% are 56% - 14.5°C and 82% - 19.5°C, as reported in Figure 

2.5. 
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Figure 2.5. Values of the 90th, 75th, 25th, and 10th percentiles in the dataset of indoor relative humidity and 

temperature recorded in each case study, during winter. The blue and green lines indicate the average values 

obtained from the percentiles of the 4 case studies. 

According to this analysis, a typical range of fluctuation would be 63-76% RH and 16-18.5°C 

(considering 25th – 75th percentiles) or 56%-82% for RH and 14.5-19.5°C (accounting for 10h 

– 90th percentiles). The proposed ranges are hereby assumed as representative of the indoor 

climates considered, and they are compared to the indication of ISO 24353 [20] and NORDTEST 

[17] for the RH range to consider during the tests. 

From the qualitative comparison provided in Figure 2.6, the step 50-75% RH suggested by ISO 

24353 [20] for a “middle humidity level” appears to better estimate the indoor data-sets than 

the NORDTEST. In the latter, the minimum RH appears extremely lower than the values of 

indoor RH registered, and it is significantly below the limits estimated with P10% and P25%. 

This difference between typical testing conditions and real climates might result in an 

overestimation of the potential benefits of hygroscopic materials applied in the Southern 

European context. In fact, the conditions of the NORDTEST have a greater range of RH and a 

much lower minimum value, which would probably result in higher MBV of the materials than 

at “more realistic conditions”. For this reason, it could be valuable to have further studies aimed 

to evaluate the scenario of Southern European countries and a possible complementary 

approach to adopt for applications of hygroscopic materials within this context. Regarding the 

temperature, both the methods (ISO and NORDTEST) account for a T of 23±0.5°C, which is 

quite far from the ranges hereby observed (16-18.5°C and 14.5-19.5°C). Even though the effect 

of T on the moisture buffering capacity of building materials is hardly ever investigated, 

according to Mazhoud et al. [61] a linear correlation between T and MBV exists, probably for 

the effect of T on saturation vapour pressure [62]. The possibility of considering a specific 
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temperature for Southern European countries might be an option to consider in future 

investigations. 

 

Figure 2.6. Indoor RH in each of the four bedrooms. The blue and green lines indicate the average values found in 

the case studies, in terms of 10th, 25th, 75th and 90th percentile of RH. For comparison, the ranges of RH 

considered in the NORDTEST [17] and the ISO 24353 [20] are also reported, in grey and orange hatches 

respectively. 

2.2.3.3 Indoor Comfort 

Comparing the datasets obtained via indoor monitoring with the comfort zone roughly defined 

through four points (Figure 2.7), it emerges that all case studies are out of the hygrothermal 

comfort area for a large share of wintertime. In case studies A and D indoor RH and T are out 

of the comfort zone for at least 50% of wintertime, a percentage that increases to 75% and 

about 90% in case studies B and C, respectively.   

The comparison reported in Figure 7 shows that discomfort conditions are mainly due to high 

RH and/or low T. This result is in agreement with the feedback given by the users and with the 

observation raised in the literature concerning the typical lack of comfort in Southern European 

residential spaces.  
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Figure 2.7. Graphic comparison between the hygrothermal datasets registered on-site in case studies A to D, and 

the comfort zone defined through 4 points (16;30); (16;70); (25;30); (25;70). 

2.2.3.4 Sorption isotherms of the plasters 

The sorption isotherms of the plasters are shown in Figure 2.8. For each plaster, the adsorption 

and the desorption phases are represented by a continuous and a dotted line, respectively. All 

the plasters present some hysteresis, showing a residual moisture content at the end of the 

desorption phase. For E and NHL plasters, the hysteresis is very low and the adsorption and 

desorption curves almost overlap. The other two plasters, CL and Cem, have higher hysteresis. 
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Figure 2.8. Sorption isotherms of the mortars based on: (a) earth; (b) air lime CL90-S; (c) natural hydraulic lime NHL 

3.5 and (d) cement II/B-L 32.5N. 

2.2.4 Simulations 

2.2.4.1 Simulations under standard conditions   

Figure 2.9 shows the results of numerical simulations compared to those obtained in the 

experimental characterization of the plasters. Numerical simulations were run both considering 

the average of adsorption and desorption curves – simulated (AVG) – and only accounting for 

the adsorption curve – simulated (ADS). For E and Cem the two curves (AVG and ADS) are 

almost overlapped. On the contrary, CL and especially NHL show more relevant differences 

when different assumptions are made to simplify their sorption isotherms. Namely, more 

accurate results were obtained considering only the adsorption curve. Thus, for the simulations 

presented in the following section, this simplification (ADS) is adopted to model the sorption 

isotherm of the four plasters considered. 
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Figure 2.9. Three cycles of moisture content variation per unit of surface, displayed among time for each plaster: E 

– earth, CL – air lime, NHL – natural hydraulic lime and Cem – cement-based; Continuous - plasters laboratory 

results tested according to ISO 24353 [20] and relative standard deviation; Dashed - hourly measures on 

simulation based on sorption/desorption average curve; Dotted - hourly measures on simulation based on 

adsorption. 

Moreover, all simulations appear to overestimate the moisture content in the materials during 

the adsorption process. This outcome seems less relevant for E and Cem, and more significant 

for CL and NHL. Nonetheless, simulations still appear representative of the different behaviour 

of materials, meaning that materials showing higher moisture content variation in the 

laboratory do also have higher changes of moisture content in the simulations. For this reason, 

the model adopted is considered suitable for a qualitative comparison of the hygroscopic 

behaviour of the plasters under realistic operational conditions. 

Finally, similar differences between measured and simulated water content in building 

materials, during alternated cycles of high and low humidity, were also observed in previous 

studies [64–66]. 

2.2.4.2 Simulations under realistic operational conditions 

The results obtained via dynamic hygrothermal simulations under realistic operational 

conditions are presented in Figure 2.10. In the first four graphics (Figure 2.10a), the moisture 

content per unit area is represented with different colours for each plaster, for the indoor 

conditions of case studies A, B, C and D. The initial moisture content of plasters is assumed as 

the one at 60% RH, which corresponds to a different value depending on the sorption isotherm 

of each material. Although this difference in initial water content is noticeable, it is not relevant 
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for the discussion on RH regulation. On this regard, what matters is the variation in the 

moisture content of the plaster, not its absolute value. Results shown in Figure 2.10a suggest 

that the variation of moisture content is stronger in plasters E and Cem, rather than in CL and 

NHL.  

The fluctuation of moisture content is shown more in detail for two periods of 2 days and the 

results are displayed in Figure 2.10b. The eight graphics reported in the figure confirm the 

previous observations. In all the scenarios considered, the largest fluctuations of moisture 

content are observed in the earthen plaster (E), followed by plasters based on cement (Cem), 

natural hydraulic lime (NHL) and hydrated air lime (CL), in this order. An exception is observable 

in the graphic on the right referring to case C, where the difference between E and Cem, and 

between NHL and CL does not seem relevant. The ranking observed is in agreement with the 

MBVs experimentally obtained following the standard ISO 24353 [20] and the NORDTEST 

procedure [17]. The simulation results obtained under operational conditions show that in 

Southern European countries with low heating habits, the analysed standard tests used to 

quantify moisture buffering are qualitatively representative of the hygroscopic performance of 

materials under real operational conditions. 

Finally, the earth-based plaster, E, seems to be the most promising for further studies on indoor 

air quality improvement. This outcome is consistent with the observations in Cascione et al. 

[15], where an experimental campaign conducted at the room level showed that a clayey earth 

plaster was more effective than a lime-based one, for stabilizing indoor RH. Thus earth-based 

plasters appear extremely appealing thanks to the additional benefits given by the low 

environmental impact and infinite recycling possibilities of earth [67]. 
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a. 

 

b. 

 

Figure 2.10. Simulation results of the moisture behaviour of the four plasters for each study case: (a) moisture 

content per unit of surface (mw/S) during the entire winter period; (b) moisture content variation per unit of 

surface (Δmw/S) during two periods of 2 days each, respectively starting on February 20 and March 21. From top 

to bottom, the graphics correspond to the results obtained considering the indoor climate recorded in case 

studies A, B, C and D. 

2.2.5 Conclusions 

This study presents the results obtained in an indoor hygrothermal monitoring campaign 

performed in four bedrooms of different buildings in Lisbon, during winter-time. The datasets 

obtained were analyzed, and characteristic ranges of temperature and relative humidity were 

defined. Mono-dimensional dynamic hygrothermal simulation tools were adopted to simulate 

the hygroscopic performance of four plasters, under the operational conditions measured on-

site.  

The outcomes of the indoor monitoring campaign allowed to define the following conclusions: 

• The microclimates of the four case studies are found to be well represented by the 

hygrothermal ranges of 63–76% RH and 17.5±1.5°C, which were defined considering the 

25th and 75th percentiles of the dataset distributions. 

• In terms of RH, the ISO 24353 sets the closest values to the characteristic ranges defined 

for the four case studies according to the monitoring. The standard adopts the condition 
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50% to 75% RH, differently to the NORDTEST procedure, which is typically used considering 

the range 33-75% RH. Overall, the humidity range adopted in the ISO standard appears 

more representative of the microclimates observed on-site. Indeed, the lower RH value 

adopted in the NORDTEST (33%) is rarely reached in the datasets presented in this study. 

RH below this value is observed for less than 5% of the time and only in two case studies.  

• Considering the temperature, the values prescribed in both the ISO 24353 standard and 

the NORDTEST protocol (22.5-23.5°C) are higher than those observed in the case studies 

during almost the entire wintertime. 

• In terms of indoor comfort, it was observed that the case studies are often out of the 

comfort area – over 50% of wintertime – mainly due to high relative humidity and low 

temperature. This outcome is consistent with the complaints of the bedrooms users. 

Furthermore, it is aligned with the literature concerning the inability of keeping residential 

spaces sufficiently warm in Southern Europe. 

Dynamic hygrothermal simulations allowed to give a rough evaluation of the moisture 

buffering ability of the plasters, under realistic operational conditions. The main remarks 

defined from the simulations results are the following: 

• The fluctuation in the moisture content of the plasters was qualitatively in agreement with 

the ranking based on the MBV determined by both the NORDTEST procedure, ISO 24353 

standard. Thus, the standard test procedures for evaluating the moisture buffering capacity 

of building materials might be representative also for the context of Southern European 

housing, despite its colder and moister indoor conditions. Further studies are needed to 

evaluate this point more in depth, accounting for the more accurate results obtainable 

through whole-building simulation models.  

• The earth-based plaster, above all, showed the widest fluctuations in water content under 

realistic operational conditions. This result suggests that this material could be promising 

for passive regulation of indoor relative humidity. 

Forthcoming studies will be focused to quantitatively evaluate the effect of the plasters on 

indoor RH regulation, by means of whole-building simulation tools. These evaluations will be 

used to further assess the suitability of standard tests to represent the hygroscopic behaviour 

of plasters in intermittently-heated/unheated spaces, typical of Southern European countries. 
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2.3 Article A2 - Relative Humidity Dependent Properties 

(the article has been published in the journal Construction and Building Materials 2021, 304, 

124595; https://doi.org/10.1016/j.conbuildmat.2021.124595) 

Laboratory characterization of relative humidity dependent properties for 

plasters: a systematic review 

Abstract 

An informed choice of plasters can contribute to improving the comfort and health of buildings 

users. Therefore, knowing the relative humidity dependent properties to consider when 

analysing the behaviour of different plasters appears as a fundamental for the selection 

process, as well as their hygroscopic intrinsic characteristics. A review was conducted on both 

the test methods and data obtained in literature for a benchmark of more than 200 mineral 

compositions based on clay, lime, gypsum, cement and combination of those binders. Overall, 

ranges of response for different plasters, gaps and differences in widespread methods and 

most common practices of characterization observed in literature were identified and 

discussed. 

Keywords 

Clay, gypsum, lime, moisture adsorption, moisture buffering, water vapour permeability. 

2.3.1 Introduction  

For almost 50 years, a big impulse on the study of all the elements of influence for Indoor Air 

Quality (IAQ) has been given due to the link found between a poor IAQ and people’s health 

[1], recognizing effects on occupants like the sick-building-syndrome and building-related 

illnesses. Relative Humidity (RH) of indoor environment influences thermal sensation and 

comfort, well-being and health of occupants, from irritation or drying of the mucous 

membranes to asthma, vocal problems and chronicle respiratory diseases. The desired level of 

indoor RH for ensuring the best conditions has been identified within the range of 40 - 60% 

[2]. In case of RH values above 80%, a higher risk of biological growth has been pointed out, 

which can not only be negative for occupant’s health or induce distress, but also reduce, in 

some cases, the expected life time of the building [3]. Furthermore, a passive RH regulation is 

required in a scenario demanding more and more frequently low energy consumption, 

embodied and operational. RH indoors depends on several parameters, such as outdoor 

hygrothermal conditions, occupancy (i.e., period, number of people, kind of activities), 

https://doi.org/10.1016/j.conbuildmat.2021.124595
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ventilation rate, specific constructive solutions, rain penetration, rising dump or built-in 

moisture. RH regulation can be controlled passively by natural ventilation but, during heating 

season, this ventilation is commonly minimized not to lose heat. There are evidences that 

coating materials can be used to moderate the amplitude of RH fluctuation. For these reasons, 

RH dependent properties of building materials [4] have been studied in the last decades.  

Plastering mortars, that based on EN 998-1 [5] are “a mix of one or more inorganic binders, 

aggregates, water and sometimes admixtures and/or additions” for indoor applications, have 

an important role both for being widely used and for covering large areas in contact with 

indoor air. Plastering mortars are commonly composed by a binder, an aggregate and water. 

Therefore, plasters are building composites. Sometimes their composition includes the 

presence of bio-products, such as natural fibers, and other additions to improve their 

properties. A plaster can be applied in one or more layers, with different thicknesses, and often 

it is coated with finishings, such as a paint system [6-8]. All these factors have influence on the 

hygroscopic behaviour and permeability of the all-coating system, together with boundary 

conditions related to the substrate where it is applied, and indoor environment of exposure.  

The present study aims to analyse applied methods and respective results for laboratory 

characterization of RH dependent properties for plasters since in literature a considerable 

heterogeneity of procedures was detected. For example, hygroscopic behaviour of plasters is 

related to intrinsic properties of materials like porosity, pore size distribution and bulk density, 

to properties like surface texture, that are related to application, as well as to RH dependent 

properties. The latter properties are of more uncertain assessment due to their dependence to 

indoor microclimatic conditions (RH, T) and time of exposure. The lack of an only protocol for 

plasters does not promote their homogeneous analysis and, in some cases, affects 

comparability of results. How to comprehensively characterize plasters response to RH? Which 

are the methods currently applied and procedures most performed by researchers? What 

results do we have from literature for different plasters? Are the tendencies of each 

characteristic similar for the same type of mortars when evaluated by different methods? 

Therefore, after stating the research questions, eligibility criteria are set to decide inclusion or 

exclusion of each study. At the end of the selection step, data from 42 articles have been 

extracted and analysed. Results from about two hundred different plasters were processed and 

conclusions about the state of art and gaps in literature were lastly presented.  
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2.3.2 Review criteria of selection 

This study collects and analyses articles responding to the following criteria: 

• Year of publication - Although previous studies exist long ago, it was decided to collect 

from the publication of Moisture Buffering of Building Materials, by Rode et al. [9] in 2005, 

which set the NORDTEST method, until June 2020.  

• Topic - Studies on plasters based on mineral binders such as lime, clay, gypsum and 

cement, or a combination of those binders were selected. Plaster with special additions like 

Phase Changing Materials or Super-Absorbent Polymers were excluded since results are 

considered out of range when compared with plasters with no special addition. 

• Methods - If the study met the previous criteria, a laboratory test to determine one or more 

RH dependent parameters must had been run, to definitively include the article in the 

review. 

The research was conducted on Web of Science database with the keywords plaster, 

experimental, moisture, MBV, WVP, adsorption. According to these search settings, 137 results 

were found. Applying the referred criteria of selection, 20 of the 137 screened articles were 

finally selected. To include a larger number of studies, then, the reference list of the already 

selected articles was checked and, according to the same criteria of exclusion, 22 more articles 

were included. This implementation method is less time-consuming and permits to include a 

higher number of articles, although the risk of bias was not assessed. For example, some of the 

articles included were referenced in other articles of the same research group. Although the 

risk of slightly affecting statistics, all articles have been included as far as they met the referred 

criteria. Table 2.3 presents a synthesis of the 42 articles finally included in the review.  

 

Table 2.3. Synthesis of articles characterizing plasters for RH dependent properties selected for the review. 

n Journal/conference proceeding Year Country of 1st 

author 

Main 

binder 

Tested 

properties 

Testing 

methods 

[9] Technical University of Denmark. 

BYG Report 

2005 Denmark gypsum MBV NORDTEST 

[10] Experimental Thermal and Fluid 

Science 

2005 Italy cement WVP EN 12086 

[11] Construction and Building Materials 2006 Czech Republic lime S.I. 

WVP 

ISO 12571 

ISO 12572 

[12] 1st  Historical Mortars Conference 2008 Portugal lime WVP EN 1015-19 

[13] Building and Environment 2009 Estonia clay S.I. - 

[14] Construction and Building Materials 2010 Portugal gypsum S.I. ISO 12571 
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lime MBV 

WVP 

NORDTEST 

ISO 12572 

[15] Applied Thermal Engineering 2011 Egypt clay S.I. ISO 12571 

[16] XII DBMC- International Conference 

on Durability of Building Materials 

and Components 

2011 Portugal gypsum 

lime 

S.I. 

WVP 

- 

EN 1015-19 

[17] Construction and Building Materials 2012 Czech Republic lime WVP - 

[18] Construction and Building Materials 2012 Czech Republic lime WVP - 

[19] Building and Environment 2013 Italy clay S.I. 

WVP 

- 

ISO 1015-19 

[20] 4th European Conference of 

Mechanical Engineering, 

2013 Czech Republic lime WVP - 

[21] HMC13 - 3rd Historic Mortars 

Conference 

2013 Portugal lime WVP ISO 12572 

[21] Energy and Buildings 2014 Portugal cement 

lime 

MBV 

WVP 

NORDTEST 

EN 1015-19 

[22] 5th International Conference on 

Non-conventional Materials and 

Technologies 

2015 U.K. clay MBV ISO 24353 

[23] Construção magazine 2015 Portugal clay S.I. 

WVP 

DIN 18947 

- 

[24] Building and Environment 2016 France lime S.I. 

MBV 

WVP 

ISO 12571 

NORDTEST 

ISO 12572 

[25] International Journal of Heat and 

Technology 

2016 Italy clay S.I. 

WVP 

ISO 12571 

EN 1015-19 

[26] Applied Clay Science 2016 Italy clay S.I. UNI 11086 

[27] Key Engineering Materials 2016 Portugal clay S.I. DIN 18947 

[28] Journal of Materials in Civil 

Engineering 

2016 Portugal clay S.I. 

WVP 

DIN 18947 

- 

[29] RILEM Bookseries 2016 Portugal clay S.I. DIN 18947 

[30] II Simpósio de Argamassas e 

Soluções Térmicas de Revestimento 

2016 Portugal clay S.I. DIN 18947 

[31] Energy and Buildings 2016 Czech Republic cement MBV 

WVP 

- 

- 

[32] Building and Environment 2016 Spain clay MBV 

WVP 

NORDTEST 

ISO 12572 

[33] 4th Historic Mortars Conference 

(HMC 2016) 

2016 U.K. lime WVP EN 12086 

[34] Materials and Structures/Materiaux 

et Constructions 

2017 France clay S.I. 

WVP 

ISO 12571 

ISO 12572 
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[35] Energy Procedia 2017 Estonia clay S.I. 

MBV 

WVP 

ISO 12571 

- 

EN 1015-19 

[36] Materials 2017 Italy cement MBV 

WVP 

NORDTEST 

EN 1019-15 

[37] International Journal of 

Architectural Heritage 

2017 Italy clay WVP - 

[38] Cold Climate HVAC 2018 2018 Estonia clay S.I. 

WVP 

ISO 12571 

EN 1015-19 

[39] Building and Environment 2018 U.K. clay MBV 

WVP 

ISO 24353 

ISO 12572 

[40] Construction and Building Materials 2018 Italy clay S.I. 

WVP 

ISO 12571 

EN 1015-19 

[41] Building and Environment 2019 China gypsum S.I. 

MBV 

WVP 

ISO 12571 

NORDTEST 

ISO 12572 

[42] 3rd International Conference on 

Bio-Based Building Materials 

2019 France clay MBV NORDTEST 

ISO 24353 

[43] IOP Conference Series: Materials 

Science and Engineering 

2019 France clay MBV NORDTEST 

[44] IOP Conference Series: Materials 

Science and Engineering 

2019 Czech Republic cement 

lime 

WVP ISO 12572 

[46] Construction and Building Materials 2020 U.K. clay S.I. 

MBV 

DIN 18947 

NORDTEST 

[47] Construction and Building Materials 2020 U.K. clay 

gypsum 

lime 

S.I. 

MBV 

WVP 

- 

NORDTEST 

ISO 12572 

[48] Construction and Building Materials 2020 Portugal clay 

cement 

gypsum 

S.I. DIN 18947 

[49] International Journal of 

Architectural Heritage 

2020 Portugal clay S.I. DIN 18947 

[50] Materials Letters 2020 Italy gypsum WVP ISO 12572 

Notation: S.I. – sorption isotherms; MBV – moisture buffering value; WVP – water vapour permeability. 

The journal with higher number of publications included in the review is Construction and 

Building Materials, covering 19% of the studies, followed by Building and Environment with 

14%. Still, 26% of the studies are from conferences proceedings. Moreover, 29% of affiliation 

institution of the first author are located in Portugal, 20% in Italy, 15% in Czech Republic, 12% 

in UK, 10% in France and 7% in Estonia. A predominance of European Mediterranean countries 
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exists, that may be linked to energy poverty as those countries have a large number of 

buildings with lack of thermal insulation. The number of articles testing the considered 

properties has increased mostly from 2016 on, as displayed in Figure 2.11(a), most probably 

related with increased concern with indoor comfort and energy efficiency. 

The characterization of RH dependent properties for plasters commonly passes through the 

evaluation of adsorption and desorption mechanisms, moisture buffering capacity and WVP. 

Other connected characteristics are sometimes investigated, such as pore size distribution, 

surface film resistance [35], moisture penetration depth [40] or moisture diffusivity [25]. 

Although not all the studies consider all mechanisms at once, they frequently report a 

combination of several of those.  

 

(a)  

 

(c)  

 

(b) 

  

Figure 2.11. Temporal distribution of selected articles (a); analysed properties: SI – sorption isotherms; MBV – 

moisture buffering value; WVP – water vapour permeability (b); percentage distribution of detected plastering 

mortar by binders (c) 

As displayed in Figure 2.11(b), around 22% of considered articles test only adsorption 

mechanism (in some cases combined with desorption), the same percentage of articles only 

WVP, 17% both these properties, and circa 15% water vapour adsorption, permeability and 
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moisture buffering together. Regarding the binders selected by authors, the percentage 

distribution is displayed in Figure 2.11(c): plasters based on clay are prevalent, covering 45% 

of the studies though gypsum and lime-based plasters are observed at 13% and 15%, 

respectively. Stabilized earth plasters and multi-binder based ones cover only small 

percentages. The clay plaster is observed in a high number of studies probably due to its 

acknowledged high hygroscopic capacity, already discussed by Padfield [51] 20 years ago. 

2.3.3 Observed methods for characterization 

The response of plastering mortars to indoor air RH fluctuations in isothermal conditions can 

be investigated and described through several methods. Sorption isotherms display moisture 

adsorption and desorption as a function of the exposure time or of the increasing RH. The 

procedure would test adsorption for an increase of RH and, otherwise, desorption. Methods 

apply a RH variation to a specimen already stabilized at another RH stage and quantify the 

moisture content adsorbed or desorbed. These procedures would give a partial information 

about the hygroscopic behaviour of the material. In the attempt to approximate real 

conditions, also stress must be included in the study. This parameter is introduced by the 

characterization of moisture buffering. The ability of the material to adsorb and desorb 

moisture in this case is tested through cycles repeated several times. One cycle consists in 

adsorption and desorption. The methods prescribe a determined duration for each cycle phase, 

the RH conditions and the minimum number of cycles. Thus, through moisture buffering it is 

possible to know which would be the response of the material under repeated phases of 

adsorption and desorption, namely if hysteresis occurs. The moisture behaviour of a plaster 

would depend on many intrinsic properties, i.e. dry bulk density, porosity, pore size distribution, 

but to be tested in a correct way it is important to evaluate the thickness involved in the 

mechanism of moisture penetration. In fact, the specimen has to be thick enough to allow the 

mechanism being fully activated. The water vapour permeability will give knowledge of the 

thickness involved in the moisture penetration mechanism. Thus, this property is also 

considered specific of hygroscopic behaviour. More details on the methods and discussion will 

be presented. 

2.3.3.1 Sorption isotherms   

The sorption isotherms are curves displaying the moisture adsorption and desorption of a 

material tested at a fixed temperature. Moreover, it is possible to test the material at one RH 

increase (and vice versa) for a determined period of time or at multiple increasing RH steps, 
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each one kept until constant mass is achieved. The first procedure can be referred as a one-

step or single-cycle method, the second one as a multi-step. Although both procedures aim to 

describe sorption behaviour of materials, the duration of the test is fixed in one-step method 

and unknown (depends on materials’ response) in multi-step procedure. This first difference 

can have, eventually, an impact on the choice of one method or the other, i.e. in case of short 

time available for laboratory characterization, one-step can be more suitable. Even if single and 

multi-step methods are both used for testing moisture sorption, they cannot be considered 

equivalent as a direct result. They are rather complementary since one sets out equilibrium 

moisture content for given RH stages and the other permit to know the moisture content after 

a determined period of exposure to one selected RH step. Usually these last two parameters 

(time of exposure and RH conditions) depend on the environment. A short description of 

existing methods is here presented to enable the comparison.  

The DIN 18947 [52], was found in 34.8% of the cases, the ISO 12571 [53] was adopted by 43.5% 

of the studies and the ISO 24353 [54] was not observed in the selected literature. Moreover, 

8.7% of the articles did not specify the standard adopted and the rest (13%) referred to other 

methods. Approximately 70% of works testing adsorption also perform desorption. 

Furthermore, in the section 3.1.2 some differences of execution for the same test method are 

referred. 

2.3.3.1.1 Methods for sorption isotherms  

DIN 18947 

The German standard DIN 18947 [52] describes a one-step procedure specifically defined for 

earth plasters. After preconditioning the specimens at 50% and 23°C, temperature is kept 

constant and RH is set at 80% and maintained for the exposure time of 12 h. During the 12 h 

the standard prescribes five weighing at different, specified, times, and the class of plasters´ 

hygroscopicity is achieved by comparing the mass increase of the specimens, 15 mm x 200 mm 

x 500 mm, on metallic moulds, per exposed area (of 1000 cm2) with limits defined by the 

standard along the period of test. 

ISO 24353 – part for one step method 

The ISO 24353 [54] standard describes a single cycle procedure. The prescribed dimension for 

specimens is at most 250 mm x 250 mm but not less than 100 mm x 100 mm. Thickness is not 

specified, deferring to the thickness of the product under test. The standard considers three 

RH conditions: low, middle and high RH. Temperature should be set at 23±0.5 °C and RH for 
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preconditioning can be 30%, 50% or 70% depending on the RH condition chosen for the test. 

After a period of preconditioning, when constant mass is reached (the rate of increase in mass 

does not exceed 0.01g in 24 hours), the adsorption process can start (55%, 75% or 95% RH) 

and lasts 12 hours. At the end of the 12 hours the desorption process should start with RH set 

at lower levels (namely 30%, 50% and 70%). Consecutive weighing (10 min intervals) is 

prescribed. The water vapor surface resistance when running the test should be set equal to 

13.3 ±1.3 m2·h·Pa/μg. This parameter was found strongly influencing the response of bio-based 

and earth-based building materials [35] and its inclusion in the standard has a relevant role in 

homogenizing results.   

ISO 12751 

The ISO 12751 [53] standard is addressed to building materials and products for the 

determination of hygroscopic sorption properties. The prescribed dimension for specimens is 

a minimum mass of 10 g and, for materials with low dry density, a minimum area of 100 mm x 

100 mm is defined for specimens. Two conditioning methods are accepted: desiccator and 

climatic chamber. Results can be expressed as moisture content mass by mass, mass by volume 

and volume by volume. Starting conditions of specimens is constant dried mass for adsorption 

phase and 95% RH for desorption. A minimum of four steps in the range of 30% to 95% RH is 

prescribed, each one kept until constant mass of the specimen is reached. Desorption process 

is ended with specimens dried to constant mass. Temperature of testing is 23±0.5 °C or 27±0.5 

°C in tropical countries although other temperatures are accepted for testing specific 

conditions.  

2.3.3.1.2 Discussion on sorption isotherms  

One-step methods are chosen from 39% of the selected literature testing sorption mechanism. 

The majority of the collected articles applying one-step methods adopts a modified version of 

DIN 18957 [52], adding the same procedure (inverted) to test also desorption [30] evidencing 

a lack of the standard. Another important adjustment observed regards the duration of 

moisture loading phase (and unloading, when tested): nearly half of the sources are keeping 

RH level for 24 h instead of only 12 h. Probably the reason is that testing clayish plasters their 

hygroscopic capacity is not saturated after the prescribed 12 h and neither after 24 hours [24]. 

This detected practice can indicate that the adsorption period must be extended to completely 

describe earth plasters potential moisture adsorption. However, the duration of the loading 

phase can depend on observed indoor RH fluctuations (namely 12 h as a maximum), in which 
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case the introduction of the desorption phase and other RH conditions may be suggested.  

Adsorption results of one-step method found in literature are all expressed in g/m2 and 

dimensions of the specimens are mostly 500 mm x 200 mm x 15 mm with only one face of 

1000 cm2 exposed [52]. These are big specimens, that occupy large space in climatic chambers 

and that need stable molds not to be damaged when handling. In Table 2.4 some parameters 

referring to experimental setting conditions are summarized.  

Multi-step methods are chosen by 60% of the authors, 71% of which follow the ISO 12571 [53] 

test procedure. The curve is displayed starting from dry state [25,35,47] or equilibrium at 30% 

RH [14,16,41] and the highest RH is observed in the range 80-97% [41,42]. The duration of the 

test mainly depends on the specimen (size and plaster composition). Observed specimens are 

very heterogeneous in terms of thickness, shape and dimensions of the exposed exchanging 

surface: cylinder with diameter of 100 mm and thickness of 24 mm [36] or diameter and 

thickness measuring the same (70 mm) [25], prisms of 60 mm side and 6 mm thickness [14] or 

40 mm side and 10 mm thickness [26]. The methods adopted to run the test are indistinctly 

desiccator and climatic chamber, at times together (very high and low RH levels reached by 

desiccator and middle ranges by climatic chamber). When water vapor film resistance is not 

considered the wide variation of specimens’ size as well as the free interchanging of equipment 

can affect results. Also, heterogeneous expression of results has been reported. The observed 

outputs are moisture content percentage (%) in 53.3% of the studies, mass by volume (kg/m3) 

in 26.7% of the cases, mass by surface (g/m2) in 13.3% of the studies, and mass by mass (kg/kg) 

in the remaining 6.7% cases.  

Table 2.4. One-step and Multi-step methods observed conditions (referenced in Table 2.3). 

2.3.3.2 Moisture buffering  

The moisture buffering performance of a plaster in an indoor environment is the ability of the 

building material to capture and release water vapor from the air. It is related to the exposed 

  Areaspecimen 

[mm2] 

Dimensionspecimen 

[mm] 

Thicknessspecimen 

[mm] 

T 

[°C] 

RH 

[%] 

Duration 

[h] 

One-step min 6362 ø 90 10 20 50 12 

max 100000 500x200 20 23 80 36 

mode 100000 500x200 15 23 - 12 

Multi-step min 300 10x30 6 20 0.0 Until steady-state 

max 24025 155x155 70 25 97.3 Until steady-state 

mode 7854 ø 100 10 23 97.0 Until steady-state 
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surface and thickness of the material combined with the moisture production of the room and 

air change ratio [9]. To test this performance, many procedures have been developed: the 

NORDTEST [9] which has been adopted for the majority of the studies (71.8%); the Japanese 

standard JIS A 1470-1 [56], not observed in selected articles; the standard ISO 24353 [54] used 

in 15.6% of the cases.  

2.3.3.2.1 Methods for moisture buffering  

NORDTEST protocol 

The method was developed running a round-robin test in laboratories of four universities 

partners of a project, proving the reliability of the procedure. The test applies RH variation from 

33% (16 hours) to 75% (8 hours) with a temperature fixed at 23°C, simulating the daily use of 

a room (8 hours sleeping; 16 hours woke up) in North European countries. The test requires a 

minimum of three stable cycles (mass variation not exceeding 5% from one day to another) to 

calculate the final value. Furthermore, the protocol points out 5 different levels of MBV 

classification, from negligible to excellent, producing a simple scale for comparison (Table 2.5). 

Besides this cyclic test to calculate MBV in a practical way, the protocol developed a method, 

based on heat transport theory, to calculate an ideal MBV through some material properties 

(dry density, water vapour permeability) determined at equilibrium under stationary conditions. 

The ideal MBV is calculated from moisture effusivity bm (kg/(m2∙Pa∙s1/2), which depends on 

WVP. Additionally, when calculating MBVideal the thickness must be higher than moisture 

penetration depth and, to guarantee that ideal and practical MBV are similar, it is 

recommended that the tested material is homogeneous and thickness exceeds penetration 

depth in both cases. 

Table 2.5. MBV classification from NORDTEST [9] method. 

MBV class Negligible Limited Moderate Good Excellent 

Minimum MBV 

[g/(m2∙ %RH)] 
0 0.2 0.5 1.0 2.0 

Maximum MBV 

[g/(m2∙ %RH)] 
0.2 0.5 1.0 2.0 >2.0 

For that, preliminary data on penetration depth of different binder-based plasters will be 

needed. The protocol also gives prescription on the surface film resistance, recommended to 

be 5.0 x 107 m2·s·Pa/kg.  

ISO 24353 – part for moisture buffering 
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For cyclic test the standard follows the same prescriptions for specimens, apparatus and water 

vapour surface resistance described for single test in section 3.1.1. Temperature should be set 

at 23±0.5 °C and RH for preconditioning can be chosen between 43%, 63% or 83% 

corresponding to low, middle and high RH levels, respectively. According to RH condition 

chosen, adsorption should be run at 55%, 75% and 95% RH and desorption at 30%, 50% and 

70% RH. Each cycle must be performed at constant temperature and keeping each RH level 

during 12 hours’ adsorption and 12 hours’ desorption. The standard prescribes to run four 

cycles. Weighing follows the same prescriptions than the single cycle procedure. Results are 

expressed as moisture adsorption content (kg/m2), desorption content (kg/m2) and difference 

between these two contents (kg/m2). Thus, only the desorption of the third cycle and 

adsorption and desorption of the fourth are considered by the standard and only under the 

three RH conditions referred. 

JIS A 1470-1 

The Japanese Industrial Standard JIS A 1470-1 [56] firstly introduces loading/unloading phases 

of the same duration (24 hours each) and specifies three alternative humidity conditions. It 

gives prescriptions about the material surface film resistance to be equal to 4.8±0.48 ∙107 

m2.s.Pa/kg [4] and thickness of specimen to be the same as the recommended application 

thickness of the tested product. Preconditioning is the same than for ISO 24353 [54] and, 

keeping constant temperature, RH steps can be 33-53%, 53-75% or 75-93%, according to the 

chosen RH condition. 

2.3.3.2.2 Discussion on moisture buffering methods  

The NORDTEST protocol introduced the moisture buffering value and its classification scale. 

Moreover, it is the only method that provided a way to calculate a practical value for every 

chosen step of RH. Thus, following this protocol, the results are expressed as moisture 

adsorption or desorption content referenced to the ΔRH applied. The moisture buffering value 

is, therefore, less influenced by the chosen RH conditions and comparison of values is easier. 

Furthermore, it needs to be investigated if the mechanism of moisture behaviour is similar 

when tested at different RH steps for plasters. The totality of the articles when applying 

NORDTEST [9] used the same RH conditions than the protocol (33-75% RH) which correspond 

to low humidity according to ISO 24353 [54], representative of indoor for Nord European 

countries. Another innovation introduced by the protocol is the prescription for the specimens’ 

thickness to be fitting its moisture penetration depth. To know the moisture penetration depth 

of specimens, some researchers run NORDTEST at different thickness [35,43,46] and results are 
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discussed in section 4.2. From the analysed literature, thickness and exposed area of the plaster 

samples are found quite variable from an experiment to another. The most common 

dimensions for plasters are squared area of 150 mm side and thickness of 20 mm (Table 2.6).  

The ISO 24353 [54] is observed in less cases and, when followed, the middle RH condition is 

the most commonly used. The shape and size of specimens are found homogeneously as 

squares of 150 mm side (Table 2.6). The thickness is found quite variable and the same 

discussion on optimal thickness introduced by NORDTEST can be found [40]. Moreover, one 

of the analysed articles [43] applied both NORDTEST [9] and ISO 24353 [54] methods, recording 

some differences in results: for the same clay-based plaster, MBV values correspond to 1.5 

g/(m2∙%RH) if run by NORDTEST and 1.9 g/(m2∙%RH) when run by ISO procedures. 

Table 2.6. NORDTEST [9] and ISO 24353 [54] methods observed conditions (referenced in Table 2.3). 

  Asample 

[mm2] 

Dimensions 

sample [mm] 

Thickness  

sample [mm] 

T 

[°C] 

RH 

[%] 

n°  

cycles 

NORDTEST max 62500 250x250 80 23 75 20 

min 7854 ø 100 10 11 33 4 

mode 22500 150x150 20 23 - 4 

ISO 24353 max 22500 150x150 40 23 75 4 

min 22500 150x150 2 23 50 4 

mode 22500 150x150 20 23 - 4 

Some studies apply a controlled airflow rate when testing moisture buffering of materials, as 

referred in Table 2.7. In fact, this parameter could affect MBV. Cascione et al. [47] refer 

important differences between laboratory steady-state conditions and real ones (simulated by 

modelling) where ventilation, moisture transport and other mechanisms are considered. Shi et 

al. [42] analyze different responses obtained undergoing four different airflow settings (0.0 m/s, 

0.5 m/s, 1.0 m/s, 1.5 m/s) with horizontal or vertical oriented specimens. Adsorption for the 

vertical group of specimens was higher than for the horizontal ones, especially under maximum 

airflow conditions. Also, desorption process was influenced by the airflow rate: the higher the 

flow, the higher the desorption, whereas no big differences between horizontal and vertical 

position were detected in this phase. For testing plasters, mainly used on vertical surfaces 

except the ones on ceilings, the experience of Shi et al. [42] should be taken into account as 

vertical position and controlled settings of airflow rate could lead to different values of 

adsorption and desorption. 
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Table 2.7. Air velocity with plaster specimens placed horizontally, vertically or undefined, in literature studies. 

Reference (Rode et al. 2005) (Mazhoud et 

al. 2016) 

(Jiang et 

al. 2020) 

(Cascione 

et al. 

2020) 

(Shi et 

al.,2019) 

(Thomson 

et al. 

2015) 

Vair,h 

[m/s] Vair 

[m/s] 

0.05-

0.10 
0.6  

0.50-

0.59 

0.1-

0.3 

0.1–0.4 0.1–0.4 

< 0.1 
0.0; 0.5; 

1.0; 1.5 
0.1 

Vair,v 

[m/s] 
0.07–0.14 < 0.15 

2.3.3.3 Water vapour permeability 

Considering the water vapour transport mechanisms in plasters, WVP (δ) is combined with the 

analysis of the hygroscopic behaviour nearly in 46% of the total considered studies. The 

standards more often referred are ISO 12572 [57] and EN 1015-19 [58], present respectively in 

about 39% and 28% of the articles. The remaining 33% is divided between some articles not 

specifying which standard is used and others referring to EN 12086 [59] or to EN 15803 [60] 

[24,33]. The last two European standards are specific for thermal insulating products and 

cultural property and will be no further discussed. Thus, for the numbers of data available, only 

testing procedures of ISO 12572 and EN1015-19 have been here summarized. 

2.3.3.3.1 Methods for water vapour permeability 

ISO 12572  

Standard ISO 12572 [57] aims to determine water vapour permeance and/or permeability of 

building materials and products. It describes the cup test method performed in wet or dry 

conditions. Circular or square specimens with thickness similar to plasters are used, placed on 

a cup and sealed. The interior side of the specimen is exposed to a wet or dry conditions, while 

the assembly is placed in climatic chamber and the other side of the specimen is exposed to a 

specified RH condition. The exposed area is prescribed to be at least 0.005 m2 and twice the 

thickness of the specimen. The thickness can be the same of the recommended application 

thickness of the product, and in case of homogeneous materials not exceeding 100 mm. The 

expression of results could be reported as water vapour: permeance w (kg/(m2∙Pa∙s), 

permeability δ (kg/(m∙Pa∙s)), resistance factor µ (-) and diffusion-equivalent air layer thickness 

Sd (m). Furthermore, it has been observed that the ISO 12572 [57] refers to Schirmer formula 

to calculate the WVP of the air, δa, required to calculate the water vapour resistance factor 

(µ=δa/δ), as equation 1:     
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𝛿𝑎 =
0.083 ∙ 𝑝0

𝑅𝑉 ∙ 𝑇 ∙ 𝑝
∙ (

𝑇

273
)

1.81

 
(1) 

where p0 is the standard barometric pressure, 1013.25 hPa; Rv is the gas constant for water 

vapour, 462 N∙m/(kg∙K); T is the temperature of the experiment, expressed in K; p is the mean 

barometric pressure, expressed in hPa.  

The ISO 12572 [57] also provides a graph for deducing δa at 23°C as function of the barometric 

pressure.  

Nevertheless, in the analysed studies the procedure to calculate δa is not always expressed and, 

when it is, sometim 

es other equations are reported, as the equation 2 from Künzel [64] defined by McGregor et 

al. [35]: 

or equation 3 from ASTM E96/E96M-10 [61] or EN 15803[60]: 

    

𝛿𝑎 =
2.3056 ∙  10−5 ∙  𝑝0

𝑅 ∙ 𝑇 ∙ 𝑝
 (

𝑇

273
)

1.81

 
(3) 

where p0, T and p are the same parameters than in equation 1 and R is the gas constant for 

water vapour, 462 N∙m/(kg∙K).  

The value of δa calculated using the referred equations, with conditions of 296 K temperature 

and standard barometric pressure, would be floating between 1.95 and 2.05 E-10 kg/(m∙Pa∙s).   

EN 1015-19 

The European standard [58] specifies a method for evaluating water vapour permeability of 

hardened rendering and plastering mortars, unlike the methods introduced so far. Sampling, 

preparation and storage of specimens is accurately described, due to its specificity for mortars. 

The specimen is set in test cup and sealed. The area of the circular cup has to be approximately 

0.02 m2 that correspond to approximately 16 cm diameter. Test is run at 20±2°C and 50±5% 

RH inside a climatic chamber, while inside the cup a saturated solution of KNO3 (93.2%) for 

upper hygroscopic range in wet conditions or of LiCl (12.4%) for lower hygroscopic range in 

dry conditions is used. An air gap of 15±5 mm should be left between the specimen and the 

surface of the solution. No prescriptions are given about thickness of the test specimen. The 

assembly (cup + specimen) is weighed at appropriate time intervals until the quantity of water 

𝛿𝑎 ≈ 2 ∙  10−7
𝑇0.81

𝑝0
 

(2) 
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vapour passing through the specimen is constant. Calculation and expression for permeance 

and permeability are reported in the standard. 

2.3.3.3.2 Discussion on water vapour permeability methods  

The ISO 12572 [57] was found equally performed in dry or wet cup, with only few works 

publishing results for both. In Table 2.8 the experimental conditions for various studies are 

reported. The most common RH used in the dry cup test is 0-50% and in the wet cup is 93-

50% (interior-exterior of the cup). The shape and dimension of specimens was observed mainly 

as circular with a diameter of 100 mm but also square specimens of various size were found. 

The characterization following EN 1015-19 [58] shows always circular specimens with big 

differences in specimens´ dimensions (area and thickness, that may be justified by the 

specimen dimensions defined in a previous version of the standard, where smaller specimens 

were used) and RH settings among published articles (Table 2.8). Following one standard or 

the other, the dry or wet cup test procedures are considered equally valid, representing 

different test methods to calculate the same material property. However, what happens in the 

open pores of the specimen from a sorption point of view is not the same: the mechanism 

changes from molecular adsorption at lower RH levels to capillary condensation at high RH. 

Exposure at 0-50% or 95-50% RH can introduce differences in response of some hygroscopic 

plasters, also if based on the same binder [35]. Therefore, results using the wet and dry cups 

should not be directly compared. 

Table 2.8. ISO 12572 [57] and EN 1015-19 [58] observed conditions (referenced in Table 2.3). 

  Aspecimen 

[mm2] 

 

Dimensionspecimen 

[mm] 

Thicknessspecimen 

[mm] 

T[°C] ΔRHdry 

[%] 

int-ext 

ΔRHwet [%] 

int-ext 

ISO 12572 max 44100 210x210 50 23 23-60 95-50 

min 7854 ø 100 10 20 0-23 85-60 

mode 7854 ø 100 20 23 0-50 93-50 

EN 1015-

19 

max 17671 ø 150 38 23 12.4-50 100-40 

min 7854 ø 100 10 20 0-50 93.2-50 

mode - - - 20 - 93.2-50 

The values of WVP of air (δa) calculated from the literature are found as minimum 1.675 E-10 

and maximum 2.052 E-10 kg/(m∙s∙Pa)). The highest and lowest water vapour resistance factor 

corresponding to each value of permeability has been therefore displayed through error bars 

in Figure 2.12. The lowest the water vapour permeability of the material, the widest the error 

when expressing water vapour resistance factor. 
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Figure 2.12. Correlation between water vapour permeability and resistance factor. 

Results obtained from dry and wet cup tests for the same specimens of air lime or clay-based 

plasters [41, 17,18-20] are considerably different, probably due to capillary condensation in the 

pores when performing the wet cup test. Figure 2.13 presents in light grey values obtained 

running the wet cup test, compared with full columns in dark grey representing results of the 

same experiment but with dry cup. The closest pair of values observed for water vapour 

resistance factor run in both test methods is 9.1-15.1 (about 165% of increase in the dry cup) 

and the furthest is 10.95–37.12 (about 340% of increase in the dry cup). Nevertheless, two out 

of the three studies here referred were conducted by the same research team on plasters based 

on lime with additions (metakaolin or grinded bricks) but a greater number of studies is 

desirable to validate the hypothesis that the two methods are not equivalent for plasters. 
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Figure 2.13. Water vapour resistance factor (µ) for wet and dry cup test procedures. 

2.3.4 Data meta-analysis 

2.3.4.1 Sorption isotherms 

The one-step method is mainly used for clay plasters since the DIN 18947 [52] is addressed to 

this type of plasters but, within the references, also some other binder-based plasters have 

been tested for comparison [48]. In Figure 2.14(a), results (in g/m2) are reported together with 

DIN [52] limits for different time of adsorption exposure (6h, 12h, and further for 24h and 36h). 

In Table A.1 of Supplementary materials more information is reported about considered studies 

for sorption isotherms.  Inside the group of clay plasters there are important differences in 

terms of compositions. Differences could depend on clay mineralogy [49], addition of bio-

aggregates as plant powder [46] or fibers [30,13], sand grain size distribution [28] or added 

content of other binders [30]. Moreover, some studies were testing the same plaster prepared 

in different shapes or dimensions [29] or combining more than one of the referred factors [24]. 

In literature the effect of binders’ addition to clay based plasters was found to reduce their 

adsorption and desorption capacity. Thus, the results reported are in agreement with the 

expected behaviour, displaying a higher moisture capacity of the unstabilized clay based 

plaster compared with the stabilized ones. Furthermore, the displayed values of adsorption do 

not represent the maximum moisture content of clay plasters neither at 36 hours, when the 

material is still not saturated. Gypsum and cement based plasters, on the contrary, were no 
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longer adsorbing after 12 hours. Maybe 36 hours’ duration of loading phase is not considered 

a realistic simulation, but in winter season under free running conditions in specific areas of 

unheated buildings in Mediterranean countries, it could happen that RH level is kept around 

80% for longer periods [62].    

(a) (b) 

  

Figure 2.14. Adsorption of plasters with different binders for: (a) one-step method and limits of DIN 18947 [52] 

classes WSI to WSIII at different exposure time; (b) multi-step methods at different RH. 

Multi-step tests are run with different levels of RH, chosen by each author from the range 

suggested by the standard. In some cases a real scenario of indoor environment [36] with 

different occupation and ventilation settings is considered; in other cases standard 

prescriptions are followed and RH is pushed to 95-97%, values hardly observed in common 

indoor environment. Values of uptaken moisture (kg/m3) at successive RH steps of stabilized 

and unstabilized earth plasters are reported in Figure 2.14(b). There is an evident rise in the 

slope of the curves above 80% RH, emphasized when lime is added, probably due to the 

activation of another mechanism besides adsorption. Indeed, adding a 5% wt. of lime to a clay 

based plaster results in an increase of moisture adsorbed, namely about a 30% higher than in 

the plaster without any lime, when the step 85 to 96% RH is considered [19]. The change in the 

slope often involves hysteresis in desorption, when tested [41,25,35]. This phenomenon, mainly 

observed for lime or gypsum plasters, has been related by some authors to capillary 

condensation and possibly to change of microstructure due to additional carbonation of lime 

[47,14,25]. Moreover, the influence of temperature on the mechanism was rarely investigated; 

Ashour et al. [15] tested various formulations of plasters based on clay with fibers addition, all 
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showing equilibrium moisture content as inversely proportional to temperature. Thus, a small 

addition of gypsum or lime in plasters can be considered to improve adsorption behaviour of 

those exposed to high RH and T environmental conditions. Nevertheless, the desorption 

behaviour should always be tested to ensure there is no decay in moisture buffering capacity 

when continuous cycles are run. 

2.3.4.2 Moisture buffering  

Dimension of exposed surfaces and RH settings are more homogenous within the analysed 

literature for MVB evaluations in comparison to all other procedures analysed. A linear 

correlation between temperature and MBV is observed [25] probably due to the influence of 

temperature on saturation vapour pressure [14]. To profit all the plaster capacity and provide 

a correct estimation of MBV, the thickness of the specimens has to be equal or higher than 

their moisture penetration depth. Laboratory characterization [40] is often conducted to 

determine the optimal thickness of a plaster. Phelipot-Mardelé et al. [43], testing clay-based 

plasters with addition of hemp powder and pumice sand, conclude that in specimens 70 mm 

thick, the phenomenon of moisture penetration is still uncompleted, demanding to further 

testing campaign. On the contrary, according to Jiang et al. [46], a clay-based plaster 

incorporating hemp powder shows only plus 15% of MBV when its thickness is increased from 

10 mm to 70 mm, concluding that the first 10 mm of material are responsible for the biggest 

part of the mechanism. McGregor at al. [35], also testing clay-based plasters, referred the 

optimal MPD for “fine calcareous-clay” in between 20 and 40 mm and for “kaolinitic clay” in 

between 10 and 20 mm. Since thicknesses of the tested specimen influences the moisture 

buffering, in Fig. 5 the MBV (practical) and MBVideal of observed plasters are presented in 

function of it. The ideal value of MBV is presented only in five of the considered studies 

[14,19,32,41,42] following the method proposed from Rode et al. [9]. Despite the limited data, 

MBVideal was however included and its values are found in the range of the corresponding 

practical ones.  Based on the literature results, MBV of gypsum plasters is greater for 20 than 

10 mm thicknesses, making the former preferable. Instead, lime based plasters keep the same 

value both for thicknesses of 20 mm as of 80 mm. Thus, 20 mm for application would be 

advisable to optimize their moisture buffering using the lowest thickness. The same choice 

applies to clay based plasters, which highest values of moisture buffering are observed for 

thicknesses of 20 mm. Thus, 20 mm of thickness corresponds to common application practice 

for a plaster and for the three binders referred can be consider the optimal one for moisture 

buffering, unless MPD is calculated.  
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Figure 2.15. MBV and MBVideal (*) for plaster specimens with different thicknesses. 

According to NORDTEST [9] classification (Table 2.5) and based on Figure 2.15, it appears that, 

within the referred literature, there are no plasters with negligible MBV; plasters based on 

gypsum and gypsum-lime have mainly a moderate behaviour whereas based on lime and clay-

lime correspond to good behaviour according to the classification. From the collected 

significant amount of data regarding clay-based plasters, it is visible that it covers different 

classes of behaviour, but it is the only material reaching excellent classification. 

2.3.4.3 Water vapour permeability  

The WVP test is used in some articles to determine MPD, as referred in the previous paragraphs, 

or to investigate the property itself as another RH dependent-one. Permeability (δ) and 

resistance factor (µ) observed are resumed in Figure 2.16. Some of the reported values have 

been calculated from the published data available, using a WVP of air (δa) of 19.50 E-11 

kg/(m∙Pa∙s). The addition of lime or gypsum to the clay based plaster appear to slow down its 

water vapour permeability. Instead, combination of cement and air lime, often taken with a 

weight ratio 1:1 [21,44], shows an enhancement of WVP. Thus, the addition of lime can be a 

tool to improve the poor permeability of cement. Not many results were found for blended 

binder-based plasters, requiring further investigation.  
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Figure 2.16. Water vapour resistance factor µ (a) and permeability δ (b) for different binder plasters (referenced in 

Table 2.3). 

2.3.5 Results and discussion 

A resume of existing test methods for characterization of RH dependent properties, their 

most common practices of application and a meta-analysis of results present in literature, has 

been presented. Moreover, a database of results has been created (Table A.1 - A.3 of 

Supplementary Materials). Methods have been presented and discussed in section 3 and some 

strengths and errors have been identified.  

DIN 18947 [52] and ISO 24353 [54] were presented as one-step methods, addressed to 

evaluate the materials’ moisture adsorption in a determined period of time and for a chosen 

RH variation. The ISO standard is considered the most suitable to describe the moisture 

behaviour of plasters because it admits three different humidity conditions, gives prescriptions 

on the surface film resistance and includes adsorption and desorption. The German standard, 

instead, only admit adsorption for a duration of 12 hours. Desorption is not covered by the 

standard. Thus, the duration of moisture release and the eventual residual moisture content 

are not investigated when using the DIN18947 [52]. However, the mechanisms of desorption 

and possible hysteresis of the material are important to fully understand its response to RH 

fluctuations and were, indeed, implemented in many of the studies. Moreover, only one range 

of RH condition is considered by the DIN standard (most probably common in German 

buildings) whereas indoor microclimate can present many different scenarios in other 

countries. Nevertheless, a more detailed prescription on thickness of the tested product in case 

of plasters, recommending it to be higher than the moisture penetration depth, should be 

added to the recommendations of both standards. Moreover, to facilitate comparison of results 
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from different studies it could be preferable the expression of results in terms of gained mass 

per volume (rather than area). Multi-step methods aim to describe the moisture behaviour at 

equilibrium moisture content of materials. The ISO 12571 [53] prescribes the range of RH 

exposure 0-95% and admit the use of climatic chamber or desiccator indiscriminately. 

Nevertheless, to reach low and high stages of RH, is common practise the use of desiccator 

due to technical difficulties in reaching this values of RH by the climatic chamber. This turns 

the use of both in the same laboratory characterization a widespread practice, although in 

climatic chamber the air velocity would be higher than in desiccator and it was already 

observed [55] that the air flow can have big effects on adsorption and desorption properties 

of some hygroscopic materials. A prescription on the air flow inside the chamber would be 

recommended to ensure a better comparison of the test results. The characterization of 

moisture buffering introduces the material stress factor in the study. Both NORDTEST protocol 

[9] and ISO 24353 [54] observed in the analysed literature consider the surface film resistance 

but NORDTEST implemented prescription on the thickness of the specimen, not present in the 

international standard. Moreover, the calculation of the value introduced by the protocol, 

makes the results independent from the chosen RH conditions and gives a tool of easy 

comparison. Thus, the NORDTEST protocol is considered the most accurate of the two. This 

method, on the other side, is set on indoor hygrothermal conditions of Northern European 

Countries where, during winter, indoor temperature is considered 23°C and RH fluctuation in 

between 33% and 75%. However, there are many different situations, according to regional 

climate and access to energy, that the method may not represent, namely when energy poverty 

occurs and heating is not continuous during Winter. If water vapour loading and unloading 

time is considered a fixed parameter (16 hours of activity and 8 hours of sleeping at least for 

developed countries) the minimum and maximum indoor values of RH and temperature could 

variate from country to country. Representativeness of the test is questioned for different 

conditions and eventually different RH ranges. Testing water vapour permeability, both the two 

methods (ISO 12572 [57] and EN 1015-19 [58]) allow the use of dry or wet cup procedures 

indistinctly. When testing plasters, the two procedures were found to give different results. 

Although the ISO introduces the information that “at higher humidities the material pores start 

to fill with water” [57] and transport of liquid water increases, it seems reasonable that for 

plasters dry cup procedure should be recommended as conservative approach. The European 

standard [58] is addressed to hardened rendering and plastering mortars and, for this reason, 

contains more specifications on sampling, preparation and storage of the tested mortars. The 

circular shape prescribed from this standard seems more accurate for avoiding edges and 
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easily applicable to plasters, cast in moulds. On the other side calculation and expression of 

results is less meticulously described than in the ISO [57]. 

Furthermore, the application procedures of each method in the selected literature has 

been analysed and some heterogeneity observed. In Table 2.9 a summary of the parameters 

considered for the comparison is reported. Experimental conditions (T and RH), duration of the 

experiment and dimensions of specimens (surface and thickness) are the main variables 

considered. Comparability of results is calculated as the combination of the three previous 

parameters. The NORDTEST method [9] is the most homogeneous for hygrothermal 

conditions, test duration and dimensions of specimens. The poorest comparability is reported 

for hygroscopicity tested according to ISO 12751 [13], where shape, exchanging surface and 

thickness of the specimens vary a lot from one study to another, and a big diversity of RH steps 

is observed. All the other methods result mildly comparable. 

Table 2.9. Resume of characteristics for observed applications of methods to test RH dependent properties of 

plasters. 

Method Property Conditions Duration Dimensions Comparability Representativeness 

DIN 18947 
hygroscopicity 

+ - + moderate clay 

ISO 12571 - n.a. - poor diverse 

NORDTEST 
MBV 

+ + + good diverse 

ISO 24353 + + - moderate diverse 

ISO 12572 
WVP 

- n.a. + moderate diverse 

EN 1015-19 + n.a. - moderate diverse 

Table 2.10 reports ranges of results for the various plasters, as found in the reviewed literature. 

According to the German standard DIN 18947 [52] modified to 24 hours’ duration, clay plasters 

show the highest adsorption of 140 g/m2 [63].  

From the few results available on not-only clay based plasters, it appears interesting that the 

lowest value of adsorption (73 g/m2) for a specific clay plaster with 20% addition of gypsum 

[40] results 2 times higher than the lowest value of adsorption for another clay plaster with no 

addition. The variability of clays’ response largely depends on the different mineralogy, turning 

the observed range of results for this material quite wide. Moreover, expression of results does 

not consider the thickness of the tested specimen with the risk of providing an inaccurate data. 

Clay-based plasters show very good adsorption capacity at steady state too, although the 

highest value is observed for the hemp-lime plasters tested by Mazhoud et al. [25], with a 

hemp-lime mass ratio of 0.15. These plasters show a moisture content of 10% when stabilized 

at 97% RH. Without addition of hemp powder, lime plasters show lower hygroscopicity, thus 
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for this binder base it is observed the widest range in between all the reported plasters. 

Furthermore, it is important to remark the hysteresis phenomenon referred by many 

researchers particularly for lime-based plasters. Further investigation is suggested for gypsum-

lime plasters, once few data were found available and adsorption values appear too low 

compared with the range of plasters based on single gypsum and single lime. MBV values are 

all above 0.2 as referred already in section 4.2, with no plaster classified as negligible according 

to the NORDTEST [9] (Table 2.5). Still, as expected from adsorption results, clay-based plasters 

show the highest MBV. Ranges are very varied: more than 2 g/(m2∙%RH) for clay, 1 g/(m2∙%RH) 

for air lime and about 0.50 g/(m2∙%RH) for gypsum plasters. Just one result was found for 

cement plasters, whereas really small ranges are observed for plasters with more than one 

binder due to the small number of case studies. WVP is determined for all the different types 

of plasters, giving the opportunity of a fairer comparison. According to results here reported, 

the highest value of WVP is observed in clay-based plasters, followed by air lime, lime-cement, 

gypsum, gypsum-lime, clay-gypsum, clay-lime and cement. Cement shows the lowest WVP. As 

the low WVP of cement is commonly assumed, the improvement obtained from the 

combination with lime could be deeper investigated to increase its compatibility with 

traditional buildings. The lower range limit for gypsum, clay-lime and clay-gypsum plasters are 

all above 2 E-11kg/(m∙Pa∙s), that once more could be due to a lack of number of results or to a 

consistently permeable behaviour. 

Table 2.10. Value or range of values for adsorption, MBV and WVP from literature (referenced in Table 2.3). 

Property Unit  C AL G CE C-AL C-G G-AL AL-CE 

Adsorption* [g/m2] max 140 
- 22 40 24 

82 
- - 

min 35 73 

Adsorption** [%] max 6.30 10 3.10 
- - - 

0.98 
- 

min 0.10 0.03 0.08 0.16 

MBV [g/(m2∙%RH)] max 3.3 1.64 0.95 
0.30 - - 

0.47 1.19 

min 0.93 0.67 0.33 0.42 1.10 

WVP*’ E-

11[kg/(m∙Pa∙s)] 

max 7.60 6.50 2.92 1.40 2.41 2.47 2.89 3.55 

min 0.8 0.48 2.06 0.49 2.05 2.28 1.36 0.94 

AL - air lime; C - clay; CE - cement; G - gypsum; L - lime; *according to DIN 18947 [52] adsorption at 24 hours; 

**according to ISO 12571 [53]; *’ according to ISO 12572 [57] and EN 1015-19 [58] by wet and dry cup all together. 

The methods and results until here discussed pave the way for some considerations. The 

thickness of specimens should be set according to moisture penetration depth. For clay based 

specimens the thickness is found equal or above 20 mm [35], compatible with common plaster 

thickness. The referred value could be chosen also for other based plasters where MPD is 
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proved lower or equal than the value and no specific design purposes occur. The round shape 

attends standard prescription for WVP and remove possible dispersions in sealing the edges 

while testing adsorption/desorption mechanisms in static and/or dynamic settings. A diameter 

of 100 mm is here suggested, since it is widely used for WVP and for adsorption/desorption 

isotherms in multi-step method tests. Moderating and unifying the dimensions of the 

specimen can improve the efficiency of production and simplify the execution of the tests, i.e. 

a higher number of specimens can be simultaneously placed in a climatic chamber, quicker 

response to each step in case of multi-step adsorption/desorption test, higher manoeuvrability. 

When a dynamic test is run the surface film resistance should be set according to ISO 24353 

[54]. 

2.3.6 Conclusion 

Indoor moisture passive control performed by plasters is considered nowadays an important 

goal to improve comfort of occupants, avoid health diseases linked with bad quality of indoor 

air, and save energy. Thus, it is desirable to consolidate the methods used to characterize 

plasters in that regard. The present study analyses the principal existing methods for 

characterization of relative humidity dependent properties, points out variability in the 

procedures most performed in literature and synthetizes ranges of results for different binder-

based plasters.  

ISO 24353 and DIN 18947 are the two standards used to characterize adsorption/desorption 

behaviour by one-step procedure. The first is recommended, as it is found more complete, 

preferably adding the calculation and use of the optimal specimen thickness. The standard ISO 

12571 is used to describe equilibrium moisture content at steady state. Doubts are raised on 

the representativeness of real conditions for some of the steps prescribed by the standard as 

they are found really low or high. Furthermore, the standard allows using climatic chamber and 

desiccator methods indistinctly. This indication results in having the two methods adopted 

within the same test procedure in common practice, which may provide a poor accuracy of 

results because of the different air velocity affecting the two environments. For testing moisture 

buffering the most suitable method is the NORDTEST although further investigations are 

believed to be necessary to evaluate the validity of this method for different environmental 

conditions (different duration of exposure and RH levels) that can be typical of non-Northern 

European Countries. Methods for water vapour permeability are found quite similar, although 

the European standard EN 1015-19 is addressed to hardened rendering and plastering mortars, 
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thus providing more detailed specifications for plasters. On the other side, the ISO 12572 

accurately describes all results calculation and properties that can be determined in relation to 

the permeability or resistance of building materials to water vapour diffusion. Both standards 

allow for the use of wet and dry cup indiscriminately. The dataset obtained from literature 

clearly indicates that for hygroscopic materials the results from one procedure or the other are 

very different. Hence, the dry cup is preferable as it gives the results in the worst case scenario, 

i.e. the lowest vapour permeability among the two cup tests. Anyway, it seems that some 

indication should be provided in both standards, concerning which type of cup should be used 

or defining that the results must always be provided together with the specific indication of 

the test condition used, namely the RH inside the cup or, at least, the type of test-cup. 

Results from one-step and multi-step methods confirm the high adsorption capacity of clay-

based plasters. Cement and gypsum based plasters, instead, show the lowest value of 

adsorption and the quickest saturation. The influence of the addition of low content of lime or 

gypsum in clay plasters should be further investigated. Indeed, if it may appear to slightly 

reduce adsorption capacity when exposed to 80% RH, for higher RH exposures it can introduce 

an increase in moisture adsorption. Nevertheless, desorption of stabilized clay plasters should 

be more investigated since the lime and/or gypsum added can cause hysteresis and reduce 

the moisture buffering. However, most analysed plasters are classified as good according to 

the NORDTEST classification. For clay, lime and gypsum based plasters a thickness equal to 20 

mm is found suitable, in case the moisture penetration depth is not calculated. Water vapour 

permeability of clay, gypsum and lime was found, as expected, better than cement. Thus, 

cement shows the lowest permeability, which can be significantly improved by adding lime, 

according to some results.  

In order to have consistent results for the most significant RH dependent properties of plasters, 

apart from the methods selection and improvement suggested, some homogenization of test 

methods and shapes of specimens should be considered. Specimens with cylinder shape of 

about 100 mm diameter and 20 mm thickness, when greater than moisture penetration depth, 

could be adequate for the overall study of RH dependent properties of different types of 

plasters. However, the application of a plastering mortar on a substrate may change its 

microstructure and, therefore, its performance when tested for RH related properties. Thus, 

specimens demoulded after having being moulded in contact with a substrate should also be 

tested and validated. 

Concluding, for reducing energy consumption while improving indoor air quality and comfort, 

the contribution of plasters for RH related properties can be considered. Furthermore, to 
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permit a fairer comparability of different plastering solutions, it emerges the need of a 

standardised protocol designed to fully describe plasters in their dependence on the 

considered RH conditions. Finally, the use of clay-based plasters appears very promising in this 

regard. 
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2.4 Additional Considerations 

From the first study (section 2.2) emerged that passive moisture regulation can be an important 

tool for contributing to users' comfort in intermittently heated and/or unheated indoors, very 

common in Southern European Countries. The general outcome put emphasis on the 

comparison between real RH fluctuation and tests conditions. The research question behind 

the study is, thus, designed: is the hygroscopic response of plasters, evaluated through 

widespread methods and protocols, representative of their behavior under real conditions 

indistinctly? Namely, which possibility these coatings would have to act as described by the 

methods if the RH range is different from what expected? A higher low level of RH under real 

conditions (63% instead of 33%) could affect the release of moisture and the successive uptake, 

decreasing the real moisture control? Nevertheless, comparisons between various binder-

based plasters according to different testing methods are consistent even if absolute values 

are changing. Results point the middle humidity level condition (ΔRH 50%-75%) of ISO 24353 

(2021) as the closest one to the monitored microclimates. The simulations run applying clay, 

air lime, NHL and cement (calibrated using results from mortars' laboratory characterization) 

under real microclimatic conditions (in the four monitored study cases) are consistent with 

results expected from the MBV calculated with both methods. The (simulated) clay-based 

plaster shows the highest variation in moisture content under real RH fluctuations. Indeed, in 

terms of reactivity to moisture variations, it is confirmed a very promising plastering mortar.  

Moreover, from the literature review (section 1.1) emerged the need of a greater 

homogenization of test methods. In fact, it was found that, due to methodological differences, 

results from different studies (of the same property) cannot always be directly compared 

among them. Nevertheless, the use of ranges seemed reasonable for the scope and a synthesis 

of them is presented in Table 2.11.  
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Table 2.11. Synthesis of results for mortars RH dependent properties from literature. 

Property Unit  C AL G CE C-AL C-G G-AL AL-CE 

Adsorption* [%] max 6.30 10 3.10 
- - - 

0.98 
- 

min 0.10 0.03 0.08 0.16 

MBV** [g/(m2∙%RH)] max 3.3 1.64 0.95 
0.30 - - 

0.47 1.19 

min 0.93 0.67 0.33 0.42 1.10 

WVP*** E-11[kg/(m∙Pa∙s)] max 7.60 6.50 2.92 1.40 2.41 2.47 2.89 3.55 

min 0.8 0.48 2.06 0.49 2.05 2.28 1.36 0.94 

Notation: C - MBV - moisture buffer value; WVP - water vapor permeability; clay; AL - air lime; G - gypsum; CE - 

cement; * ISO 12571 (2013); ** NORTEST (Rode et al., 2005); *** ISO 12572 (2016) and EN 1015-19 (1998) by both 

wet and dry cup 
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3  

 

PASSIVE MOISTURE REGULATION OF 

PLASTERS 

3.1 Preamble 

The next study presented (section 3.2) is intended to better understand differences between 

plastering mortars based on gypsum, air lime, natural hydraulic lime, cement and clay. A fair 

comparison is given from results obtained applying the same test methods to all materials. The 

main objective is to build a dataset of values that includes plasters based on both traditional 

and modern binders. The studied properties are, according to the previous study (section 1.1), 

the relative humidity dependent properties of mortars: sorption isotherms, moisture buffering 

value and water vapor permeability. Results pointed out that some binders (like clay) are much 

more hygroscopic than others (gypsum or air lime).  

It is common practice to apply a paint system for coating indoor plasters and it is possible that 

the system impacts the properties here object of study. So, once all the different binder-based 

plasters were classified according to their potential to act as passive regulator of relative 

humidity, a complementary study (section 3.3) was included to quantify the effect of two paint 

systems on previous results, one specific for indoor application and other for comparison. The 

conclusions of the study pointed out a significative different effect of different binder-based 

paints applications on mortars' hygroscopic behavior and opened the way to multiple research 

questions for further studies. For example, which factors influence the hygroscopic behavior 

and water vapor permeability of the final system (plaster-paint)? The whole paint chemical 

composition? The kind of binder? Does the volume solid have a role in this? Why different 
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mortars are influenced differently by the same paint application? Is it linked to surface 

properties or to physical properties of the mortars, such as roughness or as open porosity? Is 

it more a matter of surface chemical reactivity to the paint? Further studies are needed to seek 

for answers. 
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3.2 Article B1 - Relative Humidity Passive Regulation of Plasters 

(the article has been published in the journal Heritage 2021, 4, 2337–2355; 

https://doi.org/10.3390/heritage4030132) 

Traditional and modern plasters for built heritage: contribution for relative 

humidity passive regulation 

Abstract  

Plasters cover wide surface areas of buildings since ancient time with the main purpose to 

indoor protection of the substrate on which they are applied. When no longer functional, they 

might need to be substituted by solutions which can combine compatibility with the substrate 

with the nowadays need of mitigating buildings emissions. Indeed, plasters can contribute to 

lowering buildings energy demands while improving indoor air quality and comfort of 

buildings’ users, as they can be used as passive regulators of relative humidity (RH). Hence, this 

study presents the relative humidity dependent properties of different plastering mortars 

based on clay, air lime and natural hydraulic lime, and plastering finishing pastes based on 

gypsum and gypsum-air lime, in all cases tested through small size specimens. A cement-based 

plaster is also analysed for comparison. The clay based plaster is the most promising material 

for RH passive regulation and can be applied to repair and replace plasters in different types 

of buildings. Pastes based on air lime-gypsum can be applied as finishing layers, namely on 

traditional porous walls. The sorption behaviour of cement plaster appeared interesting; 

however, its water vapour permeability was found the lowest, as expected, discouraging its 

application on historic walls. 

Keywords  

Air lime; Clay; Gypsum; Hygroscopicity; Moisture passive regulation; Mortar; Natural hydraulic 

lime; Paste; Plaster; Water vapour permeability. 

3.2.1 Introduction 

Plasters are “a mix of one or more binders, sand, water and sometimes additives” [1] that have 

been used for covering interior walls and ceilings since ancient times. Thus, traditional plasters 

cover a large surface of historical buildings and represent themselves part of the built heritage. 

The old plasters were commonly based on clayey earth, air lime and gypsum [2,3]. Only in the 

late 19th century those materials started to be replaced with hydraulic binders, as hydraulic 

lime, natural cement and Portland cement [4]. Thus, during the 20th century, many 

interventions oriented to the repair and conservation of old buildings were carried out with 

https://doi.org/10.3390/heritage4030132
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complete substitution of original mortars by new binders-based ones [5], which frequently 

contributed to speed up the degradation process of the built heritage. 

The main role of plasters is to protect the substrate they are applied on, but also to improve 

living conditions. Nowadays, aspects related to respect the eco-efficiency of interventions are 

also demanded. Hence, the intervention on historical buildings must consider compatibility 

criteria, i.e. physical, chemical and mechanical compatibility [6], but include also the aim to 

improve indoor air quality and to decrease energy demand of buildings. The passive regulation 

of relative humidity (RH) performed by plasters [7-9] has been largely discussed during the 

present century, since the interest on human health [10], indoor air quality (IAQ) [11] and 

perceived air quality [12] has spread together with the aim of adapting historical buildings to 

climate change [13]. Moreover, the optimization of passive RH regulation represents an 

opportunity for improving indoor comfort while reducing the need for HVAC systems, thus 

improving energy efficiency in historic buildings [14,15] and lowering their environmental 

impact and operational costs, which is fundamental to mitigate climate change [16] and reach 

a climate-neutral Europe by 2050 [17]. 

The assessment of the hygroscopic behaviour of plasters depends on some intrinsic properties 

of the plasters like bulk density, pore size distribution and porosity, combined with others like 

the surface texture (partially related to application) and to some properties that can be 

quantified only as a function of the RH fluctuation. To better understand the response of 

plasters when exposed to a change of hygrothermal conditions for a given period, the present 

study tests the RH dependent properties of eight different plastering mortars and pastes, based 

on traditional binders and newer hydraulic ones. 

It is well-known that cement-based plasters present low compatibility with built heritage, due 

to their high mechanical resistance, low capillarity, low water vapour permeability, and also 

high soluble salt content [18,19]. Moreover, while many studies have been run on the 

contribution that innovative plasters might provide to occupants’ health and comfort, the same 

has been rarely assessed for traditional ones. Thus, the aim of the study is to characterize and 

quantify the response to RH variations of mortars and pastes based on traditional and 

contemporary binders, in order to assess compatibility and define possibilities of RH passive 

regulation. 
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3.2.2 Materials and methods 

3.2.2.1 Materials and fresh state characterization 

In order to assess RH dependent properties of a wide variety of plasters, seven different mortars 

and pastes were tested using specimens resulting from previous experimental campaigns [14–

17] together with one clay-based plaster specifically produced for this campaign. The 

characterization of the clay-based plaster is presented and compared with the other plasters 

as described by their authors. Hence, the mortars and pastes included in the study are: 

• A commercially available earthen plastering mortar (E) made of clayish earth, mixed grade 

sand of 0-2 mm and barley straw fibers cut with less than 30 mm [20] mechanically mixed 

in laboratory with addition of 20% by mass of water (Fig.1a), as recommended by the 

producer (Embarro).  

• Three pastes designed as finishing restoration products [21] for ancient Portuguese interior 

finishings based on hydrated lime powder CL90-S (CL) and calcium sulphate hemi-hydrate 

- gypsum (G): CL70_G20, CL50_G50 and G. The CL70_G20 was formulated with 70% of 

hydrated lime, 20% of gypsum, 10 % of calcitic aggregate (< 45 µm) and an addition of 

0.1% of a water-retaining agent methylcellulose-based and of 0.02% of set retarder to 

assess a required workability. The same retarder, in the same proportions, was added to 

CL50_G50 (50% of hydrated lime and 50% of gypsum) designed to mould on-site elements 

for gypsum plasters decoration. G was produced for restoration of precast elements with 

100% of calcium sulphate hemi-hydrate. All the percentages are by mass. 

• One plastering mortar made of hydrated lime (CL) and one made of natural hydraulic lime 

3.5 (NHL), both mixed with siliceous sand from Tagus river (0-4 mm) with volumetric ratio 

1:3, corresponding to 1:13 and 1:6.7 by mass, respectively [22].  

• Two cement plastering mortars [23,24] produced with CEM II/B-L 32.5 N and siliceous sand 

from Tagus river (0-2 mm) with volumetric ratio 1:4, corresponding to 1:6 (C_1.3) and 1:5 

(C_0.9) by mass. 

The fresh characterization of the earthen mortar and of all the other mortars and pastes, as 

reported by each author [21-24], is summarized in Table 3.1. 

The amount of mixing water was determined by each author in order to ensure the good 

workability of the mortar. The water content defined by the producer and used for the E plaster 

has shown a flow within the limits of DIN 18947 [25] for earth plasters. The plaster/water ratio 

of the gypsum paste (G) was decided according to EN 13279-2 [26] while for lime-gypsum 

pastes (CL_Gs) and all the mortars the flow table consistency method [27] was used [21]. Santos 
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[22] refers that the amount of water added to CL and NHL mortars was quantified to ensure a 

flow table consistency of 150 ± 5 mm [27]. 

Table 3.1. Synthesis of fresh characterization of selected plastering mortars and pastes. 

Pastes and  

mortars 

Ref Month-year of  

production 

Binder Aggregate b/a 

ratio 

w/b  

ratio 

Flow 

[mm] 

BD 

[kg/dm3] 

G [21] 04-2012 G(100%) – – 0.7 190 ± 5 nf 

CL50_G50 [21] 03-2012 G(50%) CL(50%) – – 0.8 165 ± 5 nf 

CL70_G20 [21] 03-2012 G(20%) CL(70%) CA(10%) – 1.0 165 ± 5 nf 

E – 02-2020 IE SS02 nf 0.2' 171±10 1.95 

CL [22] 03-2016 CL 90-S TR04 1:3 2.8 151 ± 5 nf 

NHL* – 03-2016 NHL 3.5 TR04 1:3 1.4 150 ± 5 nf 

C_0.9 [23] 10-2018 CEM II/B-L 32.5N SS02 1:4 0.9 140 ± 3 2.00 

C_1.3 [24] 07-2017 CEM II/B-L 32.5N SS02 1:4 1.3 161 ± 1 1.97 

Notation: b/a – binder/aggregate; w/b – water/binder; Flow – flow table consistency; BD – wet bulk density; G – 

Hemihydrate gypsum; CL – calcitic hydrated air lime; CA – fine calcitic aggregate; IE – illitic clay earth; SS02 – natural 

siliceous sand 0-2 mm; TR04 – Tagus river sand 0-4 mm; nf – not found; % values are by mass; * – unpublished 

result; ’ – water/mix ratio; ± values for standard deviation. 

The flow table consistency was fixed at 140 ± 2 mm for C_0.9, that is quite a low value for 

cement plasters, and 165 ± 5 mm for C_1.3. Only the earth plaster E and the cement C_0.9 [28] 

and C_1.3 [24] were characterized also at fresh bulk density [29]. 

3.2.2.2 Hardened state general test methods 

All the selected mortars and pastes were cast in prismatic moulds of 40 mm x 40 mm x 160 

mm and cured. As reported by the respective authors: cements and NHL mortars were moulded 

and cured according to EN 1015-11 [30]; the G and CL_Gs were moulded according to EN 

13279-2 [26]; the air lime mortar CL was cured five days at 20 ± 2 °C and 65 ± 5 % RH and after 

demoulding was kept in the same conditions. The E specimens were cured seven days in the 

moulds at 20 ± 2 °C and 65 ± 5 % RH, then demoulded and kept in the same environment for 

four months (Figure 3.1a). 

After drying, the bulk density was geometrically determined [31]. Flexural strength was 

evaluated for three prismatic specimens with a 2 kN loading cell and 10 N/s loading speed. 

Compressive strength of the six semi-prisms of approximately 40 mm x 40 mm x 80 mm derived 

from the flexural test (Figure 3.1b) was performed [30] with a 2 kN loading cell and 50 N/s 

loading speed. 
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(a) (b) 

Figure 3.1. Clay-based mortar samples: (a) when drying; (b) after flexural test. 

A universal force equipment ETI - HM-S/CPC from PROETI was used for the tests. Dynamic 

modulus of elasticity was assessed according to EN 14146 [32] using an equipment of 

frequency of resonance ZRM ZEUS 2005 on prismatic specimens. The dry bulk density, flexural, 

compressive strength and dynamic modulus of elasticity of all the other plasters and pastes 

[21–24] were tested following the same standards used for the earth plaster with loading cells 

and speeds suitable for each plaster. Open porosity for cement and lime mortars were 

measured [22–24] by hydrostatic method [33] and for CL_G and G [21] by Mercury Intrusion 

Porosimetry (MIP). Capillarity by water absorption was tested based on EN 1015-18 [34] by 

Freire [21], Pederneiras et al. [23], Farinha et al. [24] and EN 15801 [35] by Santos [22]. 

3.2.2.3 Preparation of the specimens 

For each coating material, the hardened prismatic specimens were mechanically cut and five 

specimens of approximately 40 mm x 40 mm x 20 mm (Figure 3.2) obtained (Table 3.2). 

Thereafter, the new specimens were prepared to be tested to water vapour permeability [36], 

adsorption/desorption [25,37] and moisture buffering [8]. The surfaces resulting from the cut 

were selected to be exposed during the tests. 
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(a) (b) 

Figure 3.2. (a) Prismatic samples of C_1.3; (b) sliced to obtain specimens 40x40x20 mm3. 

Table 3.2. Dimensions and mass (average value of 5 specimens) of plaster specimens at the beginning of the 

experimental campaign. 

Pastes and mortars Specimens 

S1 [mm] S2 [mm] d [mm] Mass [g] 

G 40 40 21 34 

CL50_G50 40 40 21 34 

CL70_G20 38 38 21 29 

E 39 40 22 58 

CL 40 40 23 57 

NHL  40 40 21 55 

C_0.9 40 40 22 64 

C_1.3  40 40 22 60 

Notation: S1 – side 1; S2– side 2; d – thickness mean value. 

3.2.2.4 Relative Humidity dependant properties test methods 

3.2.2.4.1 Water Vapour Permeability 

Five specimens for each mortar and paste, preconditioned at 20±2 °C and 65±5 % RH, were 

sealed on their thickness by aluminium tape and then placed on top of plastic boxes (65 mm x 

55 mm x 40 mm) in which a cut of 35 mm x 35 mm was performed. The basis (40 mm x 40 mm) 

of the specimens was then sealed by paraffin with the top of the box (Figure 3.3a). Dry cup 

method according to ISO 12572 [36] was followed and 0% of RH inside each box was obtained 

with 30 ml of calcium chloride (CaCl2) as desiccant, ensuring the 15±5 mm air space between 

the desiccant and the lower surface of the specimen. The closure of the box was sealed by 

paraffin (Figure 3.3b). Before starting the experiment, the assembly (box + specimen) was 
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weighed and the starting mass, m0, determined. Balance of 0.001 g resolution was used. The 

specimens were put into the climatic chamber FITOCLIMA 700EDTU at 50±5 % RH and 23±5 

°C and weighed every 24 h until three successive daily determinations of the weight agree to 

within 5% and the curve of change in mass against time displayed a constant mass change 

rate. 

3.2.2.4.2 Adsorption/desorption 

The same specimens were used to perform adsorption/desorption according to a simplified 

version [38] of DIN 18947 [25]. After preconditioning in a climatic chamber (FITOCLIMA 

700EDTU) at 50±5 % RH and 23±5 °C until constant mass, the specimens were weighed and 

the starting mass, m0, determined. A balance of 0.001 g resolution was used. RH was increased 

to 80±5 % and specimens were weighed after 1, 3, 6, 12 and 24 h. The weighing at 0.5 h 

prescribed from the standard was not performed to ensure the chamber was stabilized at 80% 

RH a substantial period of time before the weighing. The adsorption phase was extended until 

24 h, according to the amplified version, to better understand the adsorption behaviour of the 

highly hygroscopic plasters. After 24 h, the climatic chamber was set at 50±5 %, 23±5 ⁰C, and 

desorption was run following the same weighting intervals. The results are displayed in g/m2 

against time. 

3.2.2.4.3 Sorption Isotherms 

The hygroscopic curve was determined according to ISO 12571 [37]. Five specimens for each 

plaster were sealed on their thickness and their basis by aluminium tape (Figure 3.3c), ensuring 

only one exchanging surface exposed. They were dried at 60 °C until constant mass and then 

placed in a climatic chamber. During adsorption, five RH steps (30%, 50%, 70%, 80%, 95%) until 

equilibrium of the specimens were performed at the constant temperature of 23±5 °C. 

Equilibrium at each stage was reached when the change in mass of three successive weighting, 

every 24 hours, was less than 0.1%. Once completed adsorption, desorption was performed 

fallowing the same RH steps from 95% to 30%. Sorption isotherms were obtained from the 

equilibrium moisture content of each step. 

3.2.2.4.4 Moisture Buffering Value 

Determination of Moisture Buffering Value (MBV) followed the NORDTEST protocol [8]. The 

same five specimens for each plaster were dried at 60° and starting mass, m0, was determined. 

The specimens were then placed in a climatic chamber inside a laboratory tray (Figure 3.3d) to 

avoid direct air flow. Temperature was fixed at 23±5 ⁰C and four daily cycles of 33–75% RH 

were run. The last three cycles were considered to calculate the value. According to the method, 
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loading and unloading phases were kept respectively 8 h and 16 h, simulating the daily use of 

one bedroom. MBV was then calculated as the average value of the last three cycles of 

adsorption and desorption. Results are expressed in g/(m2∙%RH). 

  

(a) (b) 

   

(c) (d) 

Figure 3.3. Specimens: (a) sealed on the top of the plastic boxes filled with the desiccant; (b) zoom of the sealing 

for the water vapour test; (c) sealed by aluminium tape; (d) placed in a laboratory tray. 

3.2.3 Results 

3.2.3.1 Plasters general characteristics 

Table 3.3 shows the synthesis of the general characteristics of the three pastes and five mortars 

and refers general requirements for compatible plastering substitution mortars for ancient 

buildings [18]. The ranges referred are meant to be used for a first assessment of compatibility 

when no deeper knowledge of the substrate and/or the plaster to replace is available.  

The open porosity (OP) and dry bulk density (BD) of the pastes and the mortars differ very 

much. According to the WTA directive 2-9-04/D (cited by Pavlíková et al. [39]) for restoration 

renders the dry bulk density should be guaranteed below 1400 kg/m3 and the open porosity 

above 40%. Thus, if applying these limits to the analyzed plasters, only the three pastes would 

fulfil the requirements. Moreover, the cement-based mortars present the highest values of 

compressive strength, as expected, followed by the gypsum-based pastes, the clay, the air lime 

and the natural hydraulic lime mortars. All the plastering mortars fulfil general requirements of 
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compressive strength [1] within different classes except the NHL plaster which is slightly below 

the lowest class CSI (0.4 to 2.5 N/mm2). 

Table 3.3. Synthesis of hardened characterization of plasters. 

Pastes and 

mortars 

Ref 
Test 

age 

OP 

[%] 

BD 

[kg /m3] 

Fs 

[MPa] 

Cs 

[MPa] 

DME 

[GPa] 

CC 

[kg/(m2

min0.5)] 

W24h
1 

[kg/m2] 

G [21] 2 y 46.1 1128 2.42±0.11 5.19±0.27 5.04±0.01 6.42 71.26 

CL50_G50 [21] 2 y 48.4 1104 1.61 3.24±0.31 2.35±0.01 6.23 76.26 

CL70_G20 [21] 2 y 50.7 1031 1.55 3.03±0.40 1.87±0.00 4.49 78.92 

E – 120 d – 1743±0.01 0.45±0.04 0.82±0.05 3.50±0.01 – – 

CL [22] 90 d 25.8 1720 0.39 0.55 2.72 1.71 31.00 

NHL * – 90 d 26.2 1780 0.15±0.02 0.35±0.002 1.86±0.07 2.4 36.50 

C_0.9 [23] 28 d 20.2 1919 2.56±0.21 9.66±0.11 16.2±0.9 0.43* 24.30* 

C_1.3 [24] 2 y 22.4 1875 2.00±0.31 5.98±0.79 10.1±0.8 1.55 (1y) 17.472 (1y) 

Requirements [18] – – – 0.20–0.70 0.40–2.50 2.00–5.00 – – 

Notation: OP – open porosity; BD – bulk density; Fs – flexural strength; Cs – compressive strength; DME – dynamic 

modulus of elasticity; CC – capillary water absorption; W24h – water absorption at 24 hours; d – days; y – years; ± 

values for standard deviation; * – unpublished result; 1 – dimensions 40 x 40 x 160 (mm); 2 – dimensions 40 x 40 x 

80 (mm). 

If considered to be used as restoration products, instead, only E and CL would fit the 

compatibility range, with NHL placed slightly below and all the other pastes and mortars above 

the range. As for the compressive strength, the highest value of dynamic modulus of elasticity 

is observed for the C plasters and the lowest for the NHL one. Only the CL_G pastes present a 

lower value than expected from the observation of their mechanical properties. The values 

could depend on their different pores structure. The pastes capillary water absorption 

coefficient is very high and so is the free water saturation. The predominance of the capillary 

pores in their pore structure, characteristic of the permeable binders used and linked to the 

absence of sand, may justify the high capillary rise. Between the mortars, the highest capillary 

water absorption coefficient is observed for the NHL and the lowest for the cement mortar. 

Considering the range of values suggested for compatibility, mechanical behaviour of E, CL 

and NHL plasters fulfil the requirements unlike both cement plasters, as expected. Hence, if 

applying these cement mortars as substitutive interior plasters, they could transmit to the pre-

existing material a higher stress and speed up degradation phenomena. The physical 

compatibility concerns the behaviour to the liquid and vapour phases of water, once retention 

of water in the substrate or in the pre-existing mortars could trigger new degradation 

mechanisms, especially if soluble salts are introduced with the repair mortar. Capillary water 
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absorption and water vapour permeability should be high enough to guarantee water 

migration and evaporation. Thus, considering the inferior limit of 1.0 kg/(m2min0.5) of capillary 

water absorption suggested for renders [18], the C_0.9 would not fulfil requirement of physical 

compatibility, being the less feasible choice for substitution in ancient buildings. 

3.2.3.2 Water Vapour Permeability 

Table 3.4 shows the main values for water vapour permeability (WVP) of the analysed coating 

materials and for resistance factor calculated as the ratio between WVP of air and plaster 

(δa/δp). The WVP of air (δa) refers to Shirmer formula, equal to 1.951 E-10. The combinations of 

air lime and gypsum, namely CL70_G20 and CL50_G50, show the highest value of WVP (δp), 

followed by gypsum and air lime based ones. The high WVP of gypsum and gypsum-lime agree 

with the study of Ramos et al. [9], in which the same test procedure was applied to bigger 

specimens (210 mm x 210 mm, with a thickness of 20 mm and 10 mm respectively). Lower WVP 

is observed in mortars based on NHL and illitic earth. The lowest values refer to cement 

mortars. The C_1.3, with higher w/b ratio and longer curing, shows higher permeability than 

the C_0.9, that can be justified by a more porous microstructure of the former. Furthermore, 

considering the limit of 0.10 m thickness of equivalent air layer (Sd, d=10mm) recommended 

for substitution plasters in ancient buildings [18], none of the cement-based plasters is suitable 

for this kind of application.  

Table 3.4. Synthesis of results of WVP for all the plasters. 

Pastes and 

mortars 

d 

[mm] 

ΔM 24h 

[g] 

Q 

[(kg/s ) x 10-9] 

Wp     

[ng/m2∙s∙Pa] 

WVP 

[kg/(m∙s∙Pa)]∙10-12 

µ 

[-] 

Sd 

[m] 

G 20.69 0.30 3.43 1718 35.53 5.49 0.055 

CL50_G50 21.06 0.30 3.54 1775 37.36 5.22 0.052 

CL70_G20 20.91 0.29 3.38 1802 37.68 5.18 0.051 

E 22.43 0.15 1.69 960 21.50 9.07 0.091 

CL 22.52 0.20 2.31 1166 26.24 7.43 0.074 

NHL 21.12 0.17 1.97 991 20.92 9.32 0.093 

C_0.9 22.01 0.07 0.86 434 9.55 20.42 0.204 

C_1.3 21.59 0.11 1.25 624 13.48 14.48 0.144 

Notation: d – thickness; ΔM – daily change in mass; Q – water vapour flow; Wp – water vapour permeance; WVP – 

water vapour permeability; µ – water vapour resistance factor; Sd – thickness of the equivalent air layer (for d 10 = 

mm). 

Also the EN 998-1 [1] and WTA directive 2-9-04/D (cited by Pavlíková et al. [39]) define a limit 

for WVP, requiring a water vapour resistant factor (µ) ≤ 15 and < 12, respectively, for renovation 
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mortars. Hence, the requirement would not be fulfilled by both cement mortars if considering 

the directive and only by C_0.9 according to the standard. 

The dimensional variation of specimens from the WVP standards´ [36] requirements mostly 

concerns the exposed area. Indeed, the prescription is to use a specimen of diameter or side 

at least two times its thickness and with a minimum exposed area of 5000 mm2. The 20 mm 

thick and nearly 40 mm side specimens produced for the study complied with the first 

prescription. The exposed area, i.e. “the arithmetic mean of the upper and lower free surface 

areas” [36], instead, is roughly 3000 mm2. However, the dimension of specimens hugely differs 

from study to study, where the same testing method is applied and the exposed surface varies 

from a minimum of about 17318 mm2 [40] to a maximum of nearly 88200 mm2 [9]. The 

possibility of introducing uncertainties of measurement is higher for smaller specimens, thus 

the number of specimens was increased from three to five and comparison with previous 

studies was run to confirm accuracy of results. Hence, Table 3.5 reports values of WVP and 

resistance factor by dry cup from literature [40–50]. For clay and air lime-based plasters, the 

consistent difference between dry and wet methods has been already shown by some authors 

[43, 45-47], with values of resistance factor by dry cup two times higher than by wet cup, but 

no evidence of this difference was found for cement mortars. 

Table 3.5. Comparison with literature of water vapour permeability and resistance factor obtained by dry cup test 

method. 

Pastes and mortars WVP [10-12 kg/(m∙Pa∙s)]  Resistance factor µ [–] 

Result  Range* Result  Range* 

Gypsum 35.5 ▲ 21.9 – 29.2 5.5 ▼ 7.0 – 9.1 

Gypsum + lime 
37.4 

37.7 

▲ 

▲ 
28.9 

5.2 

5.2 

▼ 

▼ 
6.7 

Clay 21.5 ▲ 7.8 – 8.8 9.1  ▼ 22.1 – 25.0 

CL90 26.2 ▲ 5.3 – 16.0 7.4 ▼ 12.2 – 37.1 

NHL3.5 20.9 ▲ 9.9 9.3 ▼ 19.6 

Cement ** 
9.5 

13.5 

 
4.9 – 14.0 

14.5 

20.4 

 
13.9 – 40.0 

Notation: * Values from literature [33-44], due to the lack of results, permeability or resistance factor in some cases 

was calculated using δa of 19.50 E-11 [kg/(m∙Pa∙s)]; ▲ value above the range; ▼ value below the range; ** range 

from literature for cement is referred to wet cup. 

Therefore, due to the lack of results from dry cup found in literature, the cement mortar range 

refers to the wet cup test method. From the comparison, the WVP of the tested plasters is 

higher than the referred range (or value where only one study was found) and, consequently, 



92 

 

the resistance factor is lower except for cement. However, the composition of the mortars and 

pastes from literature show a consistent heterogeneity even if based on the same binders, due 

to additions of diverse materials and/or natural fibers, or even due to different w/b ratios. 

The pastes G, CL50_G50 and CL70_G20 are compared in Table 3.6 with values reported by Freire 

[21] testing WVP according to EN 1015-19 [51] by wet cup, at 90 days and 2 years of curing of 

the same. It is expected that wet cup gives higher values of WVP than the dry cup but pastes 

with presence of lime showed a higher permeability in the later test probably related to an 

increase in porosity over the time. Nevertheless, the equivalent air layer for 10 mm of thickness 

(Sd) complies with the limit of 0.10 m [18] either by wet and dry cup. 

Table 3.6. Comparison with results from the study of Freire [21] of water vapour permeability and equivalent air 

layer for a thickness of 10 mm tested by wet cup [51]. 

Pastes Test age WVP [kg/(m∙Pa∙s)] ∙ E-11 Sd [m] (d=10 mm) 

 wet cup dry cup (8y) wet cup dry cup (8y) 

G  
90 days 4.915 

3.553 
0.035 

0.055 
2 years 3.169 0.057 

CL50_G50 
90 days 2.036 

3.736 
0.100 

0.052 
2 years 2.397 0.083 

CL70_G20  
90 days 3.282 

3.768 
0.054 

0.051 
2 years 2.269 0.081 

Notation: WVP  – water vapour permeability; Sd –equivalent air layer; d – specimen thickness. 

3.2.3.3 Adsorption/desorption 

Figure 3.4 displays the mean curve of adsorption and desorption for each plaster and limits of 

the three classes defined by DIN 18947 [25]. The clay plaster E shows high hygroscopic 

behaviour adsorbing 74.4 g/m2 at 12 h, about 15 g/m2 higher than the highest class of the 

standard WSIII (≥60 g/m2). The maximum adsorption, at 24 hours, was found 99.3 g/m2 in 

accordance with another study testing the same premixed clay plaster [52]. The residual 

moisture content at the end of the test was 16.1 g/m2. The test was therefore extended and, 

after additional 48 h (96 h from the beginning of sorption phase), the residual moisture content 

was 4.7 g/m2. The temporal relation between adsorption and desorption could be 1 to 3 or 

more. The pastes based on air lime and gypsum (CL70_G20, CL50_G50) show higher 

hygroscopicity than pure G paste and CL mortar but a similar curve after the first 6 h. The low 

hygroscopic behaviour of the air lime mortar (CL) is evident, mainly when compared with the 

CL70_G20 paste. That should be due to the absence of sand and the different microstructure. 

The slope of their curve at the end of adsorption is lower than the cement based mortars, 
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probably able to adsorb more if longer loaded. After 48 h, at the end of desorption process, all 

the tested coatings show a residual value of uptaken moisture. C_0.9 and C_1.3 specimens 

show the slowest desorption, confirming a low hygroscopic performance of cement plasters. 

 

Figure 3.4. Sorption and desorption curve of plasters and hygroscopic classes WS defined by DIN 18947 [25]. 

In the test, not significative coefficient of variation (CV) was observed between specimens 

except for G and CL. The air lime specimens present a maximum CV of 14% at the end of 24 h 

of adsorption and the gypsum specimens of 61%. Thus, the gypsum paste displays a 

significative dispersion between the 5 specimens. The test was run two times and similar results 

were obtained. Based only on the similar response of three specimens, the average values of 

adsorption would be 17.6 g/m2 at 24 h and final moisture content at 24 h of desorption would 

be 2.1 g/m2, which would agree with studies of other authors [52]. The possible explanation is 

that the highest hygroscopic performance corresponds to specimens obtained from the top 

closest regions of the original sample, where the lowest corresponds to specimens obtained 

from the core of the prism. According to that, the highest value would better represent a real 

application. Anyway, an operational error has been excluded with the support of the repetition 

of the test, thus the average curve of Figure 3.4 includes all the samples. Table 3.7 compares 

results among several authors testing adsorption and desorption according to DIN 18947 [25] 

or the modified version of it (adsorption extended to 24 hours and inverse process for 

desorption). 
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Table 3.7. Synthesis of adsorption and desorption results (with standard deviation) and comparison with other 

studies from literature. 

Plaster Adsorption [g/m2] Desorption [g/m2] Ref 

  (12h) (24h) (12h) (24h)  

Clay Ep 
74.43 ± 4.42 99.35 ± 4.89 34.76 ± 1.56 16.10 ± 1.51 

Present 

study 

 <80 104 >10 and <20 <10 [52] 

>60 – ≈ 0 – [53] 

<130 – ≈ 60 – [53] 

67,7 – – – [54] 

68.5 – – – [54] 

105,3 – – – [54] 

Ef 

 

>60 and <80 – – – [55] 

>80 and <100 – <20 – [53] 

<70 ≈ 80 ≈ 12 ≈ 5 [56] 

>21 and <38 - 0 - [57] 

E 

 

>60 76 <10 <5 [52] 

≈ 80 – ≈ 0 – [53] 

≈100  ≈20  [53] 

≈60 >70 >10 <15 [58] 

≈70 ≈85 ≈18 >10 [58] 

≈80 <100 <25 >10 [58] 

≈85 ≈110 ≈30  [58] 

<70 ≈ 85 ≈ 20 ≈ 10 [56] 

≈80 ≈83 ≈ 10 ≈ 0 [59] 

≈60 ≈78   [59] 

60 70 >10 and <20 < 10 [38] 

30 – 0 – [57] 

EK 30 35 ≈ 0 0 [38] 

EB 110 140 >30 and <40 ≈ 10 [38] 

Cement  C 
34.49 ± 3.02 47.99 ± 7.79 16.45 ± 2.13 11.54 ± 2.14 

Present 

study 

 
40.21 ± 3.45 56.84 ± 5.27 26.59 ± 3.15 17.89 ± 2.06 

Present 

study 

 40 40 ≈ 0 ≈ 0 [52] 

Gypsum G 
25.54 ± 13.42 27.15 ± 16.62 3.90 ± 2.54 3.03 ± 1.96 

Present 

study 

G 22 22 ≈ 0 ≈ 0 [52] 

Notation: E – illitic clay mortar; Ef – illitic clay mortar with natural fibers; Ep – premixed illitic clay mortar; EK – kaolinitic 

clay mortar; EB – montmorillonitic clay mortar; C – cement mortar; G – gypsum mortar. Values reported using 

symbols “>”; “ <”; “≈” are taken from graphs; ± values for standard deviation. 

As the standard is addressed to earth plasters, only one study was found [52] testing premixed 

gypsum and cement mortars. All the other values are from earth-based plasters differing in 

clay mineralogy, sand granulometry and fibers. The largest part of the studies used specimens 
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with similar thickness (15–20 mm) and very different exposed area (500 mm x 200 mm) when 

compared to the present study. Although the difference in specimen dimensions, results 

obtained from the campaign are in agreement with the ones found in literature, inducing that 

using smaller specimens may be a viable option. 

3.2.3.4 Sorption Isotherms 

The average change in mass (u) of each plaster for every RH step is presented in Figure 3.5. 

The dry state was chosen as starting point for adsorption but in desorption phase 0% RH was 

not possible to be reach, thus the curves are not closed. Results of CL70_G20 and CL50_G50 

are shown separately (Figure 3.5b), due to the consistently higher values of water vapour 

adsorbed during the last RH stage (95%) and residual moisture content at 30% RH. The clay-

based plaster (Figure 3.5a) shows the highest hygroscopicity at each step, if compared with 

mortars based on cement, gypsum, air lime and natural hydraulic lime. After 80% RH, the slope 

of the equilibrium moisture content curve of cement mortars C_0.9 and C_1.3 and air lime–

gypsum pastes CL70_G20, CL50_G50 slightly rises. The presence of air lime in CL_G pastes, if 

compared with pure gypsum paste, show a significant increase of adsorption after 80% RH and 

hysteresis in desorption. CL_G specimens were analysed by MIP after 90 days and 2 years of 

curing [21] and a direct connection was found between the lime content and the amount of 

smaller pores in the range of 0.1-0.5 micron. Given that this range was found more sensitive to 

condensation of water adsorbed (Houst & Wittmann, 1994 cited by Freire [21]), the high 

adsorption at 95% RH is probably due to capillary condensation, as also observed by other 

authors [9]. The presence of liquid water in pores could have possibly given access for CO2 in 

dissolved state to react with Ca(OH)2 initiating the precipitation of CaCO3. Furthermore, the 

slices cut from prismatic specimens could have exposed the inner core still not completely 

carbonated. Although samples with CL were aged previously to testing, pH test could not be 

performed for confirmation. The long-time taken to reach equilibrium at high RH level and the 

change in mass kept from these two plasters after the test suggest that a faster carbonation of 

calcium hydroxide occurred, probably promoted by high RH [60]. 
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(a) 

 

(b) 

 

Figure 3.5. Average change in mass for each mortar and paste per RH step, tested according ISO 12571 [37]. 

Values of standard deviation are not high, except for CL and G, as expected according to the 

previous test of adsorption/desorption. The air lime mortar (CL) presents high variation in 

adsorption only after 80% RH exposure and during the entire desorption phase. The response 

of the G specimens is similar to the one observed in the previous section, confirming the 

hypothesis of the heterogeneity of the original prismatic sample and, for the same reasons 

presented above, all specimens were considered reliable. 

Results of hygroscopic behaviour of G, CL70_G20 and CL50_G50 are compared with the ones 

obtained by Freire [21] using the same methodology on the same pastes after 2 years curing 

(instead of 8 years), although in that study RH passed from 70% to 90% while in the present 

study passed to 80% and after to 95% RH. Furthermore, the specimens tested at 2 years were 

unsealed circular truncated cones with bottom diameter of 50–55 mm, top diameter of 55–60 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 10 20 30 40 50 60 70 80 90 100

u
 [

%
]

RH [%]
Eads C_0.9ads C_1.3ads NHLads
Gads CLads Edes C_0.9des
C_1.3des NHLdes Gdes CLdes

y = 7E-05x2 + 0.0082x + 3.61

R² = 0.9943

y = 8E-05x2 + 0.0061x + 1.07

R² = 0.9924

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80 90 100

u
 [

%
]

RH [%]

CL70_G20ads CL50_G50ads CL70_G20des CL50_G50des



97 

 

mm and thickness of 15–18 mm. The results (Table 3.8) are given in % by mass. Major 

differences were observed for the highest step of RH reached. The difference of 5% between 

highest RH stages tested by the two studies seems to widely affect the equilibrium moisture 

content of all the pastes that, at 95% RH, pass to be approximately 2.5 times the value 

registered at 90% RH (in bold in Table 3.8), together with a sudden increase of standard 

deviation. This effect is evident in Figure 3.6: the curves of the two studies are almost overlaid 

for RH levels below 80%. Instead, above 80% RH, the highest the content of air lime, the highest 

the increase of the moisture adsorbed and, thereby, of the residual moisture content. The pure 

gypsum paste does not show the same adsorption capacity than the air lime–gypsum pastes. 

In both studies (2 years and 8 years) hygroscopicity of G is quite low and a slight rise of the 

curve is observed in the oldest paste.  

Table 3.8. Synthesis of adsorption and desorption results (8 years) and comparison with the study of Freire [21] (2 

years). 

MC [%] CL70_G20 CL50_G50 G 

RH [%] 
8y 2y 8y 2y 8y 2y 

AV SD AV SD AV SD AV SD AV SD AV SD 

30 0.03 0.003 0.05 0.004 0.02 0.002 0.06 0.004 0.02 0.002 0.03 0.003 

50 0.11 0.004 0.09 0.049 0.10 0.002 0.11 0.005 0.06 0.005 0.06 0.003 

70 0.28 0.004 0.16 0.059 0.24 0.006 0.19 0.003 0.14 0.046 0.08 0.003 

80 0.80 0.074 – – 0.74 0.036 – – 0.21 0.090 – – 

90 – – 1.67 0.037 – – 1.30 0.094 – – 0.18 0.009 

95 5.05 0.129 – – 2.39 0.172 – – 0.48 0.270 – – 

80 4.66 0.180 – – 2.03 0.185 – – 0.25 0.088 – – 

70 4.54 0.237 1.44 0.036 1.87 0.185 1.09 0.096 0.17 0.044 0.10 0.008 

50 4.19 0.260 1.33 0.037 1.56 0.176 1.00 0.094 0.08 0.017 0.07 0.007 

30 3.94 0.267 1.17 0.035 1.37 0.179 0.84 0.092 0.03 0.006 0.04 0.008 

Notation: MC – moisture content; y –  years of curing; AV – average value; SD – standard deviation.  

  
 

(a) (b) (c) 

Figure 3.6. Synthesis of adsorption and desorption results (8 years) and comparison with the study of Freire [21] (2 

years) for: (a)CL70_G20; (b) CL50_G50; (c) G pastes. 

 

0.0

2.0

4.0

30 40 50 60 70 80 90

u
[%

]

RH [%]

CL70_G20 (2y) CL70_G20 (8y)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

30 40 50 60 70 80 90

RH [%]

CL50_G50 (2y) CL50_G50 (8y)

0.0

0.5

1.0

1.5

30 40 50 60 70 80 90

RH [%]

G (2y) G (8y)



98 

 

3.2.3.5 Moisture Buffering Value 

The mean values of MBV for adsorption and desorption calculated on the last three cycles for 

all the tested plasters are presented in Figure 3.7. 

 

Figure 3.7. MBV of tested plasters (and standard deviation) and limits from NORDTEST [8]. 

Classes of MBV proposed by Rode et al. [8] are useful to have a quick comparison of different 

materials.  Above 2 g/(m2∙%RH) the behaviour is classified excellent, here not referred as none 

of the considered materials was exceeding the good grade. The highest values of moisture 

buffering observed are from clay plaster and air lime–gypsum pastes, which show a good 

behaviour (1<MBV<2 g/(m2∙%RH)) according to the limits suggested by Rode et al. [8]. NHL 

and cement plasters show similar MBV classified as moderate (0.5<MBV<1 g/(m2∙%RH)). The 

lowest values are observed for G, still classified as moderate although showing a very high 

standard deviation, and CL ranked as limited (0.2<MBV<0.5 g/(m2∙%RH)). 

Several other studies used the NORDTEST method to test plasters’ MBV. A finishing coating 

paste based on gypsum and another made of 50% gypsum and 50% air lime (by weight) were 

tested by Ramos et al. [9] with specimens of 210 mm x 210 mm x 20 mm and 210 mm x 210 

mm x 10 mm, respectively. Values of MBV at 23°C were 0.47 g/(m2∙%RH) for gypsum-lime 

pastes and 0.72 g/(m2∙%RH) for gypsum pure pastes. The MBV found for CL50_G50, 1.03 

g/(m2∙%RH), is consistently higher than the one referred by Ramos et al. [9] while for G (0.61 

g/(m2∙%RH)) the values are closer. Cascione et al. [42] tested a clay, a light-weight gypsum and 

a NHL3.5 plasters. The tested clay was kaolinitic and the mortar had 20% mass of water, the 

binder:aggregate ratio of the NHL plaster was 1.2:5 and the hemihydrate gypsum mortar had 

30% mass of water. The dimensions of specimens were 150 mm x 150 mm x 20 mm. Results 

obtained were 1.67, 1.60 and 0.95 g/(m2∙%RH), respectively for clay, gypsum and NHL plasters. 

Values for clay and NHL are slightly higher than the results obtained in the present study, 1.49 
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and 0.80 g/(m2∙%RH) respectively, but the gypsum is almost three times higher. Unknown 

complete composition of the light-weight gypsum tested by Cascione [42] may justify the 

different response of two gypsum-based coatings. According to Roels et al. [61], for a gypsum 

plaster the thickness involved in the mechanism of moisture buffering is approximately 33 mm 

and when thinner samples are tested the MBV drops. Thus, considering that results from 

Cascione et al. [42] and the ones tested in the present study are from specimens of about 20 

mm thickness, it is expected that their thicknesses are completely involved in moisture 

buffering while showing a different percentage of the potential response of each plaster. The 

different composition and microstructure is, anyway, here considered the main responsible of 

the different behaviours. A cement CEM II A/LL 42.5 R plaster was tested from Giosuè et al. [49] 

with a volumetric binder: aggregate proportion of 1:3.5, by cylindrical specimens with diameter 

of 100 mm and a thickness of 30 mm. The MBV found was about 0.3 g/(m2∙%RH), quite lower 

than the values 0.82 and 0.84 g/(m2∙%RH) found in the present study and enough to get 

different ratings in the MBV classification. The cement plasters have similar composition, except 

the one tested from Giosuè et al. [49] which shows a slightly higher dry bulk density (2091 

kg/m3) and a lower flow table consistency (120 mm). Thus, the thickness, porosity and dry bulk 

density seem to be parameters of influence for this test rather than the dimension of 

specimens, contributing to confirm the reliability of the tests with small samples.  

3.2.4 Discussion 

A synthesis of the characterization of RH dependent properties for the eight analyzed plasters 

is presented in Table 3.9. The same test procedures were adopted for all the plastering mortars 

and pastes, guaranteeing comparability of results.  

All the pastes show WVP higher than mortars: the CL_G pastes present a higher WVP than pure 

G and CL mortars. When RH passes from 50% to 80%, kept for 12 hours [25], the highest 

adsorption is performed by the clay mortar (74.4 g/m2) followed by the CL_G pastes and C 

mortars. When tested at steady state from 50% RH to 80% RH (Table 3.9), the moisture content 

of the E mortar rises less than the CL_G pastes. Thus, considering also the MBV found, the 

plaster based on clay has a quicker response to adsorption. The clay plaster E shows results in 

agreement with literature for WVP and hygroscopic behaviour. The measured MBV confirms 

the good response to moisture buffering of clay. Cement mortars show the lowest WVP 

between the analysed plasters, in agreement with previous studies [50] performed by wet cup 

method, whereas adsorbed water vapour at 12 hours of 80% RH exposure is the highest after 
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E and CL_G plasters, and a high moisture content is displayed in sorption isotherms at 95% RH 

(still lower than E and CL_G). 

Table 3.9. Synthesis of average results of WVP, adsorption/desorption, sorption isotherms and MBV. 

Pastes and  

mortars 

WVP 

[kg/(m∙s∙Pa)] 

x10-12 

MC(12h) 

[g/m2]  

MC30 

[%] 

MC50 

[%] 

MC70 

[%] 

MC80 

[%] 

MC95 

[%] 

MC80 

[%] 

MC70 

[%] 

MC50 

[%] 

MC30 

[%] 

MBV 

[g/(m2∙

%RH)] 

G 35.53 25.5 0.02 0.06 0.14 0.21 0.48 0.25 0.17 0.08 0.03 0.61 

CL50_G50 37.36 43.6 0.02 0.10 0.24 0.74 2.39 2.03 1.87 1.56 1.37 1.03 

CL70_G20 37.68 54.8 0.03 0.11 0.28 0.80 5.05 4.66 4.54 4.19 3.94 1.27 

E 21.50 74.4 0.04 0.19 0.44 0.64 1.29 0.80 0.53 0.22 0.05 1.49 

CL 26.24 16.5 0.02 0.04 0.08 0.12 0.40 0.30 0.25 0.19 0.14 0.42 

NHL 20.92 28.6 0.03 0.07 0.15 0.21 0.56 0.34 0.25 0.15 0.06 0.80 

C_0.9 9.55 40.2 0.03 0.12 0.26 0.38 1.16 0.91 0.65 0.47 0.30 0.84 

C_1.3 13.48 34.5 0.03 0.09 0.19 0.27 0.91 0.68 0.52 0.41 0.27 0.82 

Notation: WVP  – water vapour permeability; Δm – change in mass; A – exchanging surface; MC – moisture content; 

MBV – moisture buffering value; E – clay; G – gypsum; CL – air lime; NHL – natural hydraulic lime 3.5; C – cement. 

As discussed in the previous section, the desorption of cement plasters is a slower process and 

they show hysteresis at the end of desorption. At steady state the residual moisture content of 

C is, after the CL_Gs, the highest. Values of moisture buffering found are in accordance with all 

other tests of hygroscopicity. The two cement and the NHL plasters display a similar value of 

adsorption after 8 h at high RH. Therefore, the similar MBV of these three plasters is related to 

the specific exposure time and RH prescribed by NORDTEST. NHL and CL present similar 

sorption isotherms, and only air lime shows high residual moisture content. 

Between the two cement mortars, C_1.3 with higher open porosity (+2.2%) displays the highest 

WVP but a lower hygroscopic behaviour and moisture buffering. The results are in agreement 

with what was expected considering kneading water more related to macro porosity than to 

sorption mechanism, which interests micro and meso pores [62]. The analysis of pore size 

distribution was not run in the present study, but Figure 3.8 shows this property for the same 

binder-based plasters (not applied on any substrate, such as in the present study) together 

with IUPAC classification of pores and ranges of pores responsible for different mechanism, as 

presented by Thomson [62]. 
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Figure 3.8. Pore size distribution from literature [22,63,64] of mortars based on gypsum, natural hydraulic lime, 

clay, air lime and cement and classification and ranges of pores (adapted from IUPAC (1972) and Thomson et al. 

[62]). 

Although the pore size distribution displayed is not obtained from the analysed mortars, it is 

expected that the contribution of moisture buffering of the Cs, NHL and CL mortars is quite 

poor due to the similar and small amount of micro pores found for the same type of binder-

based mortars [22]. However, the cement mortars showed the highest moisture capacity 

between them, probably related to their higher amount of meso pores (as in Figure 3.8). Thus, 

in this case meso pores of the cement mortars could be responsible of their higher moisture 

adsorption. Clay plasters [57] show higher pore size diameter (in the range 101–102 μm) in a 

bimodal distribution although their dimension of pores does not influence in the same way the 

sorption since a chemical mechanism [58] is also responsible for moisture capacity. 

3.2.5 Conclusions 

In the present study, the assessment of RH dependant properties of five plastering mortars 

and three finishing pastes was run. The general characterization of the mortars and pastes was 

discussed and, where applicable, the requirements for substitution plasters for historic 

buildings were presented and the prescribed limits and ranges considered. The study was run 

on: two finishing pastes based on air lime and gypsum in different proportions (CL70_G20 and 

CL50_G50), one gypsum paste (G), one plastering mortar based on clayish earth (E), one with 
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air lime (CL), one with natural hydraulic lime 3.5 (NHL) and two with cement (C_0.9 and C_1.3). 

Apart from E, produced for the study, the samples of all the other mortars were received as 

leftover from previous experimental campaigns, thus with different curing ages, all higher than 

2 years. 

The results lead to the following conclusions: 

• The three finishing pastes, designed for restoration of historic plaster finishings, show an 

open porosity and dry bulk density compatible with requirements for restoration plasters, 

a mechanical strength above the limit and a good water vapour permeability for that type 

of application. The high compressive and flexural strength decreases with the addition of 

air lime together with an increase in hygroscopicity. Hence, for moisture passive regulation 

the combinations of gypsum and air lime are more suitable than the pure gypsum paste. 

The latter, indeed, presents very low moisture capacity: in static condition, the maximum 

value of moisture adsorbed is the lowest between all the tested coatings; after the 12 h of 

adsorption, it is probably saturated and no additional moisture is adsorbed which is 

reflected in a moderate moisture buffering value. The CL_Gs, instead, present a good 

moisture buffering, being also very suitable for passive regulation. 

• The earth plaster E fulfils requirements of mechanical compatibility together with some of 

the requirements for physical compatibility to water vapour. There is no doubt that this 

plaster is the most suitable for moisture passive regulation: it shows high hygroscopicity in 

dynamic and static conditions. Adsorption capacity exceeds the 24 h test and it is classified 

as good for moisture buffering. 

• The NHL plaster in terms of compatibility complies with the same requirements as the earth 

plaster. For what concerns the RH dependant properties, when tested at 

adsorption/desorption in static and dynamic conditions its behaviour is moderately good. 

Moreover, it shows a moisture buffering value similar to the cement plasters.  

• The CL plaster meets the mechanical requirement for compatibility and water vapour 

permeability is considered enough for application as restoration plaster. Its adsorption and 

desorption is the lowest when tested dynamically and still very low when tested at steady 

states. Furthermore, its moisture buffering value is the lowest, classified as limited. 

• The cement plasters are the less suitable for application in historical buildings, as expected. 

They do not comply with any of the requirements, especially the C_0.9, which is considered 

the less compatible choice for substitution in ancient buildings. They show the lowest water 

vapour permeability and slow adsorption and desorption, but their moisture content at 

high RH is quite significant when tested at steady-state. The moderate classification for 
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moisture buffering makes of these plasters a possible choice for application in modern 

building where their passive regulation can be improved. 

Further studies, namely on microstructure, may help to deeply understand the weak 

contribution of air lime and gypsum pure plastering mortars and finishing pastes. 
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3.3 Article B2 - The Influence of the Paint System 

(the article was submitted on 28/10/2023 to the Journal of Building Engineering; reviews 

from the thesis advisory committee were applied) 

Paint systems on traditional and modern plasters: effect on passive 

contribution to indoor comfort 

Alessandra Ranesi 1,2, *, M. Rosário Veiga 2, Paula Rodrigues2, Paulina Faria 1. 
1 CERIS and Dep. Civil Engineering, NOVA School of Science and Technology, NOVA University of Lisbon, 2829-

516 Caparica, Portugal 
2 National Laboratory for Civil Engineering, Avenida do Brasil 101, 1700-066 Lisbon, Portugal 

* Corresponding author: a.ranesi@campus.fct.unl.pt 

Abstract  

Plasters can be finished with paint systems that can affect their physical properties. A change 

in water vapor permeability and moisture buffering performance is expected in that case. To 

confirm that, eight traditional and modern plastering mortars and pastes – based on cement, 

natural hydraulic lime, air lime, earth and gypsum - were coated with a vinylic paint (A) and an 

acrylic paint (B) and underwent the same hygroscopic characterization of the bare mortar 

samples. Results showed that the studied properties were influenced by the paint systems. 

Overall, the water vapor permeability of all the plasters decreased after the paint A application. 

The effect of the same paint system A on water vapor adsorption and the moisture buffering 

was small, in some cases positive. The trend was not the same for all the plastering mortars 

and pastes, suggesting that, even with the application of the studied paint system, the different 

plastering substrates were still involved in the hygroscopic mechanism. The application of the 

paint system B, instead, significantly reduced the hygroscopic behavior of the mortars, leveling 

their responses. The two paints are produced for different applications, and it is reasonable to 

conclude that their formulations are designed for different scopes and, thus, have a diverse 

effect on these properties. Therefore, to optimize the passive contribution plasters may have 

to indoor comfort it is important to have a conscious choice when applying paint finishing 

systems. 

Keywords  

Coating; Hygroscopicity; Moisture buffer; Water vapor permeability; Vinylic paint; Acrylic paint. 
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3.3.1 Introduction 

The high amount (40%) of global energy consumed by the building sector (UNEP-SBCI, 2009) 

and the high amount (90%) of time people spend indoors (Frey et al., 2015) are two key factors 

to consider for indoors design. Coating materials can passively contribute to the indoor 

moisture control (Padfield 1999) diminishing the energy requirements of buildings (Zhang et 

al., 2017; Osanyintola and Simonson 2006; Li and Ran 2023) and preventing risk of inhabitants’ 

exposure to unhealthy environments and the possible development of chronical diseases 

(Arundel et al., 1986; Jones, 1999; Wolkoff, 2018; Fang et al., 1998; Guarnieri et al., 2023). 

Among many coating materials, plastering mortars and pastes are commonly used to cover 

walls and ceilings. Thus, they have a large surface in contact with indoor air and their potential 

to contribute to passive moisture control can be important. Traditional and modern binder-

based plasters are found to have different relative humidity dependent properties (Ranesi et 

al., 2021a; Ranesi et al., 2021b). Plasters based on clay generally have a very high moisture 

capacity and for this reason their moisture behavior is often studied (Liuzzi et al., 2018; 

Randazzo et al., 2016, Ashour et al., 2011), but also other binder-based plasters have been the 

subject of interest in some research studies (Cascione at el., 2020; Santos et al., 2020), often in 

comparison with the clay-based ones.  

Nevertheless, it is common practice to apply a finishing layer (or more) on plasters. The reasons 

can be related to the liquid water vulnerability of some plasters like clay or gypsum-based 

ones; their poor aesthetics as for cement and natural hydraulic lime-based plasters; habit use; 

social factors; or simply users’ decision. Thus, it seems reasonable to consider possible the 

application of one additional finishing layer (or more).  

Among all the possible finishings, the present study analyzes the application of two paints, A 

and B, produced and commercialized for indoor and for exterior use. The selected paints A and 

B are both water-based but with different common binders: a polyvinyl acetate resin (paint A) 

and an acrylic one (paint B). The application of both paints was made according to the same 

protocols and producer recommendations and their influence on the hygroscopic behavior of 

mortars was evaluated.  

3.3.2 Materials and methods 

3.3.2.1 The commercial paintings 

- PAINT A 
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A commercial paint (A) for indoor use was selected for the study. The paint was not on the 

market yet and the laboratory characterization was run for the study. The binder was identified 

by Fourier-transform infrared spectroscopy (FT-IR) after an extraction with chloroform. The 

results showed that the paint binder is a polyvinyl acetate resin (Figure 3.9). The bulk density 

of the paint was determined by using a pycnometer and the non-volatile-matter content 

(NVMC) by drying at 105 °C in a ventilated oven for 1 hour (Figure 3.10).  

  

(a) (b) 

Figure 3.9. FT-IR spectra of (a) binder of paint A and (b) binder of paint A (in purple) compared with a polyvinyl 

acetate (in red) from the literature. 

   

Figure 3.10. Laboratory assessment of bulk density and SC of  paint A. 

The water vapour permeability (WVP) of the paint was tested on three specimens. The 

application was run on polytetrafluoroethylene sheets (PTFE or Teflon) (Figure 3.11a) in order 

to obtain a final thickness of 140 µm in two layers, brushed with 24-hours drying interval and 

dried at 23 ± 2 ºC e 50 ± 5 % RH for 30 days. 

After curing, the dried paint films were detached from the PTFE sheet and cut in the shape of 

disks (approx. 80 mm diameter) (Figure 3.11b). Three film disks from the paint A were sealed 

with wax to the rims of the cups used for WVP tests (Figure 3.11c). A saturated solution of 

ammonium dihydrogen phosphate (300 ml) was used to obtain 93% RH environment inside 

the cups, based on EN ISO 7783 (2018). The circular test area of approx. 60 mm diameter was 

exposed to the test conditions inside a climatic chamber Aralab-Fitoclima 700 EDTU kept at 50 

± 5 % RH and 23 ± 2 °C until constant water vapor flux for at least five successive weighing 
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intervals (24 hours). The determination of the films´ thicknesses was done by using an 

electronic micrometer according to EN ISO 2808 (2019). 

 

 

   

(a) (b) (c) (d) 

Figure 3.11. Application of the paint on Teflon (a); disks cut (b); disks sealed on water vapor permeability cups (c); 

thickness of the dried paint system measurement (d). 

A value of 158 µm was found, by averaging eight measurements (Figure 3.11d). This real 

thickness value was considered for calculating the diffusion-equivalent air layer thickness of 

0.053 m that would correspond to the class V1 – high water vapor transmission rate (sd< 0.14 

m) according to the standard (EN 1062-1, 2004) and is consistent with tabulated design values 

for paint emulsion referred in the standard ISO 10456 (2007). 

- PAINT B 

A second commercial paint (B) was already characterized by the Portuguese National 

Laboratory for Civil Engineering (LNEC) and classified as a coating for exterior surfaces. It was 

used in the study to allow some comparison in terms of type of binder and water vapour 

properties. Following the producer recommendations, it was applied in three layers to obtain 

around the same thickness as paint A. The main characteristics found from the analysis of the 

paint A and obtained by the LNEC technical sheet for the paint B are synthetized in Table 3.10. 

Table 3.10. Synthesis of the paintings’ characterization. 

 BD [g/mL] NVMC [%] sd [m] WVP class 

Paint A 1.403 48.9 0.053 V1 

Paint B 1.373 52 >0.14 ;<1.4 V2 

Notation: BD – bulk density; NVMC – non-volatile-matter content; sd – air layer of equivalent diffusion; WVP – water 

vapor permeability. 
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3.3.2.2 The plastering mortars 

The products selected as substrates for the experimental campaign were five plastering 

mortars and three pastes used as plasters finishing layers (Figure 3.12). The plasters were 

elsewhere characterized by water vapor permeability and hygroscopic behavior (Ranesi et al., 

2021a). The five mortars are based on different binders, namely: clayish earth (E), hydrated lime 

(AL), natural hydraulic lime (NHL) and cement (C), the latter produced with two different 

water:binder ratios (0.9 and 1.3). The pastes are based on calcium sulphate hemihydrate (G) 

and two combinations of the latter with hydrated lime (AL50_G50 and AL70_G20). For each 

product, three specimens of 40 mm x 40 mm x 20 mm approx. were used for the application 

of the paints. The apparent bulk density and open porosity of the plasters were obtained 

following EN 1936 (2006) by vacuum and hydrostatic weighing, except for the earth plasters 

which were geometrically determined as they would be damaged by water. Table 3.11 presents 

a synthesis of the plasters and their characteristics, including their previous hygroscopic 

characterization. 

 

Figure 3.12. The plastering mortars and pastes ready for the application of the commercial paint system. 
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The two commercial paint systems A and B were applied on the substrate specimens following 

the same procedure described for the application on PTFE sheets (intended thickness of 140 

µm in two layers for paint A and three layers for paint B, brushed with 24 hours drying interval 

and dried at 23 ± 2 ºC and 50 ± 5 % RH for 30 days). 

Table 3.11. Synthesis of characterization of the plastering mortars and finishing pastes selected as substrate for 

the study (Ranesi et al., 2021a). 

Property E AL NHL C0.9 C1.3 G AL50_G50 AL70_G20 

BD [kg/m3] 1770 1755 1852 1937 1891 1048 1048 1043 

OP [%] - 27.4 25.6 20.4 23.3 46.3 50.7 53.4 

µ [-] 9.07 7.43 9.32 20.42 14.48 5.49 5.22 5.18 

MBV[g/(m2%RH)] 1.49 0.42 0.80 0.84 0.82 0.61 1.03 1.27 

MC12h [g/m2] 74.4 16.5 28.6 40.2 34.5 25.5 37.36 37.68 

Notation: BD – Bulk Density; OP – Open porosity; µ – water vapor resistance factor; MBV – moisture buffering value 

by NORDTEST (Rode et al., 2005); MC12h – moisture content at 12 hours (DIN18947, 2018). 

3.3.3 Test methods on the painted plasters 

3.3.3.1 Water Vapor Permeability 

After the application and drying of the paint A (as described in section 3.3.2.2), three specimens 

of each mortar and paste were tested for water vapor permeability. They were sealed with 

aluminum tape on the four lateral faces, to guarantee the mono-directionality of the water 

vapor flux, and with wax on the top of the cups containing calcium chloride, to ensure the ΔRH 

(0-50%) prescribed by the ISO 12572 (2016) for the dry cup conditions. The test procedure 

followed was the same described by Ranesi et al. (2021a) for the same, unpainted, specimens. 

For shortage of specimens (the ones used in the study were mainly collected as leftover from 

other campaigns) it was not possible to perform the test of WVP for the mortars and pastes 

coated by the paint B system. Results were expressed as thickness of the equivalent air layer 

for the bare plasters and for the coated systems (paint A), at the experiment hygrothermal 

conditions (0% RH, 23 ºC; 50% RH, 23º). The water vapor permeability of air was calculated 

according Schirmer formula as prescribed by ISO 12572 (2016). 

3.3.3.2 Sorption Isotherms 

After the WVP test, the sorption isotherms of the painted plasters were determined according 

to ISO 12571 (2013). The specimens were sealed with aluminum tape on their four lateral faces 

and on the base. Once dried in an oven at 45 °C until constant mass (mass variation lower than 

0.1% in 24 hours, for three consecutive weighing), they were placed in the same climatic 
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chamber used before at 23 ± 5 °C and RH following the steps 30%, 50%, 70%, 80% and 95%, 

keeping each until steady state. The slope of the curves was used to calculate the specific 

moisture capacity for middle humidity levels (50-70% RH). During the test on the specimens 

with the application of the paint B some technical issues prevented the climatic chamber from 

reaching the 95%. In order to show results compatible with the previous two tests, it was then 

decided to predict the curve based on a nonlinear regression analysis of the adsorption (0-80% 

RH) and the desorption (80%-0%RH) real data, available from the test. 

The model selected has already been used by other authors (Ferreira et al., 2020) and retained 

a good choice for simulating the response of hygroscopic materials. The equation (1) here 

applied, was firstly proposed by Hansen in 1986 (Hansen, 1986):  

𝑢 = 𝑎 ∙ (1 −
ln 𝜑

𝑏
)−

1
𝑐 

(1) 

with u the moisture content [kg/kg], 𝜑 the relative humidity [-] and a, b, c the parameters to 

be calculated to fit the prediction curve to the experimental data. To obtain a better fit, it was 

decided to write two equations (one for adsorption and one for desorption) and calculate the 

R2 for each segment (adsorption and desorption) to fit the curve the most. The moisture 

content at 95% RH was successively predicted as the maximum value between the adsorption 

and the desorption equations applied at 95% RH. In Table 3.12 a synthesis of the calculated 

parameters and R2 is shown. 

Table 3.12. Synthesis of the nonlinear regression analysis parameters: a, b, c and R2 fitting the Hansen equation 

(Hansen, 1986) for adsorption and desorption. 

Mortar Adsorption R2 Desorption R2 

a b c a b c 

E 0.006 24.742 0.024 0.99 0.006 0.724 0.827 0.98 

AL 0.001 34.000 0.019 0.99 0.002 1.500 0.380 0.99 

NHL 0.002 25.934 0.024 0.99 0.002 24.000 0.050 0.97 

C1.3 0.003 28.249 0.026 0.99 0.002 0.926 1.271 0.98 

C0.9 0.004 25.534 0.023 0.99 0.004 0.882 0.973 0.93 

AL70_G20 0.004 26.569 0.024 0.99 0.005 23.913 0.059 0.98 

AL50_G50 0.004 24.871 0.023 0.99 0.004 0.839 0.858 0.97 

G 0.004 24.111 0.022 0.99 0.003 15.000 0.090 0.99 

3.3.3.3 Moisture Penetration Depth 

The moisture penetration depth (MPD) was calculated for bare mortars and for the system 

mortars with paint A. The determination of this parameter for mortars with application of paint 

B was not possible for lack of experimental results of the system WVP. The MPD represents the 
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thickness of the material involved in the mechanism of moisture buffering. Thus, to determine 

correctly the moisture buffering value of any building material, it is necessary to test specimens 

with a higher thickness than the material’s MPD. Two simplified methods of calculation for 

porous materials, present in literature (Rode et al., 2005; Woods et al., 2013), were followed.  

The theoretical penetration depth calculated according to Rode (2005) as the “depth where 

the amplitude of moisture content variations is only 1% of the variation on the material 

surface”, dp,1%, is given by equation (2): 

𝑑𝑝.1% = 4.61√
𝐷𝑤𝑡𝑝

𝜋
 (2) 

being tp the time in seconds of duration of the daily cycle 86400 s, and Dw the moisture 

diffusivity of the material depending on the water vapor permeability of the material (δp), its 

dry bulk density (ρ), its specific moisture capacity (ξu) and the saturation vapor pressure (ps), 

defined by equation (3): 

𝐷𝑤 =
𝛿𝑝𝑝𝑠

𝜌𝜉𝑢

 (3) 

The dry bulk density of the mortars was presented in section 3.2.2.2, the water vapor 

permeability (δp) of the plasters at ΔRH 0-50%, and the specific moisture capacity (𝜕𝑢/𝜕𝜑) 

according to the values of moisture content (𝑢) at 50% RH and 70% RH. The saturation water 

pressure was calculated by equation (4): 

𝑝𝑠 = 610.5 𝑒
17.269 𝑡
237.3+𝑡 (4) 

where t is the temperature [°C] of the experiment. 

But, as observed by Maskell et al. (2018), the application of a model built for a semi-infinite or 

very thick material (as the one proposed by Rode et al. (2005)) may not be very suitable for 

plasters. Therefore, the model proposed by Woods et al., (2013) was also applied, considering 

1/e (36.8% instead of 1%) as the ratio of the amplitude of moisture content variation (Maskell 

et al., 2018), and the theoretical penetration depth was calculated by equation (5): 

𝑑1/𝑒 = √
𝐷𝑤𝑡𝑝

𝜋
 (5) 

3.3.3.4 Moisture Buffering Value 

The practical moisture buffering value (MBV) of the bare mortars and of the systems with paints 

A and B was obtained by tests, even if not simultaneously run. The specimens were sealed on 

their five faces with aluminum tape and preconditioned in a climatic chamber at 63 ± 5% RH 
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and 23 ± 0.5 °C. A balance with 0.001 g resolution was used. The test was run according to the 

middle humidity level condition of the international standard ISO 24353 (2008). Thus, the 

specimens were exposed cyclically at two steps, 12 h each, of 75% and 50% RH, at the fixed 

temperature of 23 ± 0.5 °C and weighted after 3, 6, 9, 12 and 24 hours. The last three cycles 

out of five were considered for calculating the average value in adsorption and desorption of 

practical MBVs, according to the NORDTEST prescriptions (Rode et al., 2005). 

Moreover, for comparison, the ideal MBV of bare and painted A mortars was calculated as 

proposed by Rode et al. (2005) by equation (6). The determination of this parameter for mortars 

with application of paint B was not possible for lack of experimental results of WVP. 

𝑀𝐵𝑉𝑖𝑑𝑒𝑎𝑙 =
𝐺(𝑡)

∆𝑅𝐻
 (6) 

being ΔRH the applied step in RH and G(t) the predicted moisture flux (uptaken and released), 

calculated by equation (7): 

𝐺(𝑡) = 𝑏𝑚 ∆𝑝 ℎ(𝛼)√
𝑡𝑝

𝜋
 (7) 

being Δp = ps,50 – ps,0 = 1403.91 Pa; bm the moisture effusivity of the material.  The moisture 

effusivity (bm) is function of water vapor permeability (δp), dry bulk density (ρ), specific moisture 

capacity (ξu) and saturation water pressure (ps) of the material, and was calculated by equation 

(8): 

𝑏𝑚 = √
𝛿𝑝 𝜌 𝜉𝑢

𝑝𝑠

 (8) 

were h(α) is a function of the fraction of the time-period where the RH is high (α). In the case 

of the present study, α was taken as ½ with h(α)=1.073 from equation (9): 

ℎ(𝛼) ≈ 2.252[𝛼(1 − 𝛼)]0.535 (9) 

turning the equation (6) for the predicted moisture flux for application of the cycle 12/24 

prescribed by ISO 24353 (2008) into equation (10): 

𝑀𝐵𝑉(𝑖𝑑𝑒𝑎𝑙) = 0.00605 𝑏𝑚∆𝑝√𝑡𝑝 (10) 
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Thus, the ideal MBV of the unpainted and painted (A) mortars will mostly depend on their 

moisture effusivity (bm), meaning that, under the same testing conditions, differences of results 

will mainly rely on materials water vapor permeability and moisture capacity. 

3.3.4 Results and discussion 

3.3.4.1 Water Vapor Permeability 

An increase in thickness of the air layer with equivalent water vapor diffusion of the plastering 

mortars and pastes introduced by the application of the paint system A (Figure 3.13) is overall 

observed. The effect of paint A is more evident for the gypsum pastes (AL70_G20, AL50_G50, 

G) probably due to the higher permeability of the products. Ramos et al. (2010) also tested 

gypsum and gypsum-lime (50%-50%) finishing plasters coated by 50 µm layers of both vinyl 

and acrylic paints. The authors observed that the coatings water vapor resistance can be 

influenced by the base material, consistent with the results here found. Indeed, the different 

influence of the same paint on plastering mortars and pastes can also be related to their 

different surface properties, like the surface roughness and compactness, that can lead to a 

different final dried thickness of the paint film.  

 

Figure 3.13. Thickness (m) of air layer with equivalent diffusion of water vapor for the plasters (10 mm thickness) 

with and without paint A application (average and standard deviation). 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

AL NHL C_0.9 C_1.3 E AL70_G20 AL50_G50 G

s d
(d

=1
0

m
m

) 
[m

]

bare paint A



121 

 

3.3.4.2 Sorption Isotherms 

Sorption isotherms of the bare mortars (dashed black line), the painting system A (continuous 

grey line), the painting system B (only symbols, blue) and the predicted response of the 

painting system B (continuous blue line) are shown in Figure 3.14, with y axes differently scaled, 

according to the plaster-paint moisture content, for a better reading of results. The amount of 

moisture adsorbed for each RH step is calculated at steady states and, due to each thickness, 

the plaster is the main volume for storage. The expression of moisture content [%] is given 

mass by mass (u=(mi–m0)/m0) with mi the i-th mass and m0 de initial dry mass of the specimens. 

It is observed a difference between the two painting systems, with the paint B generally 

decreasing the hygroscopic behavior of the mortars, with some differences on different 

substrates, but bringing all the hygroscopic curves to range 0-0.5% moisture content. The paint 

A, instead, is overall not decreasing much the systems adsorptions.  

Thus, to better analyze and quantify the moisture storage capacity of paint A, three applications 

on sheet glass were prepared to be dynamically tested at moisture buffering (ISO 24353:2008). 

The MBV of the paint A (calculated according to Rode at al., 2005) was found 0.06 ± 0.013 g/ 

(m2∙RH%) which still shows a hygroscopic response of the paint itself even if very small. This 

little moisture storage capacity of paint A combine with the little increase introduced by the 

same paint in the system thickness of equivalent air layer, probably contributed to the 

adsorption and desorption of the system.  
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Figure 3.14. Sorption isotherms 0% -95% RH. In black (dashed) the bare mortars, in grey (continuous) the plasters 

+ paint A, in blue (only symbols) the plasters + paint B and in blue (continuous) the predicted curves for plasters + 

paint B (*). 

On desorption the effect of paint system A is also quite good, with a decrease of the hysteresis 

in the plastering pastes and, overall, a diminishment of the distance between the adsorption 

and the desorption curves. A small amount of residual moisture is introduced by paint A for 

mortars G, NHL, C_0.9, all showing without painting a negative moisture content when dried 

at the end of the test. It is supposed here that these mortars, and mortar E, were not completely 
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dried when the test started, so the m0 accounted for calculation is higher than the real dry mass 

(final one). Nevertheless, the test was performed according to the standard (ISO ISO12571, 

2013) and the dry specimens reached equilibrium before being moved to the climatic chamber 

to start the RH steps. The supposed real starting mass, lower than the one used here, would 

have brought to calculate higher values of moisture content for each RH step, in adsorption 

and desorption. It is reasonable, thus, to expect that with these corrections (the use of the final 

dried mass as m0), the effect of the paint system A would have a different relative effect (Figure 

3.15) on the plasters, with the corrected curves of bare coatings in adsorption always above 

the adsorption curve of the mortars with the application of paint A. 
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Figure 3.15. Correction factor (*) applied on the sorption isotherms for mortars based on: E – earth, G – gypsum, 

NHL – Natural Hydraulic Lime, C_0.9 – cement. 

Nevertheless, the slope of the curves of the painted and unpainted specimens, needed for the 

calculation of the moisture penetration depth and the theoretical MBV, resulted quite similar. 

3.3.4.3 Moisture Penetration Depth 

The moisture diffusivity (Dw) of the plasters was calculated according to equation (3). The 

saturation vapor pressure calculated according to equation (4) at the temperature of 23°C was 

found equal to 2807.81 Pa. The moisture storage capacity (ξu) was obtained from the sorption 
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curve although, as evidenced by McGregor et al. (2014) and by Roels and Janssen (2006), the 

non-linearity of the hygric properties represents a challenge for the determination. The same 

authors (McGregor et al., 2014; Roeals and Janssen, 2004) suggest considering the middle 

range of RH, excluding the sharpest segments of the slopes. Thus, the range of RH 50-70% of 

the adsorption curves, was considered to calculate the moisture storage capacity of each 

plaster, also consistent with the moisture buffering testing conditions selected with the RH step 

50-75%. Results (Table 3.13) of moisture penetration depth for the bare clay plaster for dp,1% 

and dp,1/e are 37 mm and 8 mm, respectively, for a calculated diffusivity of 2.379 E-9 m2/s. A 

similar result was found by Maskell et al. (2018) for an earthen plaster, with calculated moisture 

penetration depth at 1% and 1/e, respectively 57 mm and 12 mm. When polyvinyl paint A is 

applied, the moisture diffusivity decreases together with the water vapor permeability. The 

diffusivity when the clay plaster is painted, in fact, decreases to 2.0521 E-9 m2/s and the 

penetration depth, according to one model or the other, is found equal to 35 mm and 8 mm. 

 

  

Table 3.13. Synthesis of results for calculated moisture penetration depth of the bare and with paint A mortars. 

Plaster dreal 

[mm] 

Dw [m2/s] dp,1% [mm] dp,1/e [mm] 

Bare Paint A Bare Paint A Bare Paint A 

E 22 2.379E-09 2.051 E-09 37 35 8 8 

AL 23 1.993 E-08 2.001 E-08 108 108 23 23 

NHL 20 8.442 E-09 6.625 E-09 70 62 15 13 

C1.3 21 3.865 E-09 2.425 E-09 48 38 10 8 

C0.9 22 1.895 E-09 2.108 E-09 33 35 7 8 

AL70_G20 21 1.161 E-08 7.983 E-09 82 68 18 15 

AL50_G50 22 1.331 E-08 9.674 E-09 88 75 19 16 

G 21 2.488 E-08 8.170 E-09 121 69 26 15 

Notation: Dw – moisture diffusivity (m2/s); dp,1% and dp,1/e – moisture penetration depth (mm); binders: E – earth; AL 

– air lime; NHL – natural hydraulic lime; C – cement; G – gypsum.  

It is evident that, according to both models, the decrease in MPD of the mortars with the 

application of paint A is very small, probably having little or no consequences on their moisture 

buffering capacity, in case the dp=1% method is followed, and then all the mortars are less 

thick than their calculated MPD (all the section is involved in the mechanism either with or 

without paint). In that case, their practical MBV could be an underestimation of the MBV the 

same mortars would have if their thickness was above the values dp,1%. If the MPD is, instead, 

lower than the real thickness of the specimens (according to dp,1/e calculations) then the 
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practical MBV of mortars with application of paint A would be lower than the bare mortars in 

some cases (like NHL) and greater in others (like C_0.9). 

3.3.4.4 Moisture Buffering Value 

MBV resulting from the experimental campaign of bare, painted A and painted B plasters are 

shown in Figure 3.16 with the limits proposed by NORDTEST (Rode et al., 2005) for buildings 

materials. The mortars AL, NHL and C_0.9 showed an MBV slightly higher than limited both 

with and without the application of the paint A. The MBVs of C_1.3 and G are very similar and 

between the limited and moderate classifications. The application of paint A seems to slightly 

increase their buffering capacity. The same effect is visible on the gypsum pastes AL70_G20 

and AL50_G20, even if for higher values (very close to the good class). The good moisture 

buffering of the clay-based plaster (with the highest MBV equal to 1.41 g·m-2%RH-1), instead, 

is slightly reduced by the paint A application. Overall, paint system A does not seem to have a 

big impact on the moisture buffering of the mortars. Paint system B developed for outdoors 

use, instead, reduces the performances in all cases, seeming to equalize all the mortars to 

negligible, in some case low limited class.  

 

 

Figure 3.16. MBV of the plasters with and without paints (average and standard deviation) compared with limits of 

classes from NORDTEST (Rode et. Al, 2005). 

The ideal MBV for the bare mortars and the system mortars with paint A was calculated 

according to equation (10). The same parameters described for the calculation of moisture 

penetration depth (section 3.3.3.3) were used. Results of practical and ideal MBV (in this case 

only for plasters with paint A) are resumed in Table 3.14. 
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In both cases, painted A and unpainted plasters, the practical MBV obtained by the test method 

is lower than the theoretical MBV. This can be related to the assumptions made by the equation 

(6) for the calculation of the theoretical MBV, as observed by Roels and Janssen (2006), of a 

moisture behavior related to the square root of time when the surface film resistance is 

neglected, and the specimen is assumed semi-infinite. Moreover, according to results of MPD 

with dp=1%, it is possible that the real thickness of the specimens is lower than the ideal 

thickness involved in the mechanism. 

Table 3.14. Synthesis of the ideal and practical MBV according to ISO 24353 (2018) of the plasters. 

Plaster No Paint  Paint A  Paint B 

MBV ideal MBV practical MBV ideal MBV practical MBV practical 

E 1.95 1.41 1.53 1.33 0.28 

AL 0.88 0.52 0.85 0.55 0.27 

NHL 1.11 0.63 0.94 0.59 0.24 

C1.3 1.08 0.66 0.96 0.77 0.19 

C0.9 1.10 0.66 0.92 0.61 0.19 

AL70_G20 1.72 0.87 1.27 1.03 0.26 

AL50_G50 1.58 0.76 1.21 0.98 0.21 

G 1.09 0.66 1.24 0.80 0.19 

The fact that the ideal value is found always to overestimate the real behavior of the material 

and that probably there are other factors affecting the moisture buffering behavior was 

concluded also by Maskell et al. (2018). Nevertheless, the differences between the adsorption 

and desorption curves of the painted A and unpainted specimens are very small, as showed in 

Figure 3.17. Considering that the tests were not run simultaneously, it seems reasonable to 

conclude that the application of the vinyl paint A did not strongly modify the MBV of the 

plasters. It seems possible, in some cases like the AL mortar, that the paint system contributed 

to a quicker stabilization at the quasi-steady state. Instead, the paint system B, developed for 

outdoors application where this is not a requirement, and just used for comparison, has a very 

big impact on the moisture buffer capacity of these mortars, lowering very much their response 

also when tested at quasi-steady states.  
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Figure 3.17. Adsorption/desorption curves of the last three cycles run in middle humidity level according to ISO 

24353 (2008) over the time (hours). In blue (dashed) the painted A, in grey (dashes) the painted B and in black 

(continuous) the unpainted specimens. 

 

3.3.5 Conclusions 

Overall, the water vapor permeability (WVP) of the tested traditional and modern plastering 

mortars was decreased by the paint A application. The highest effect was observed for the 

pastes of gypsum and gypsum plus air lime (G, AL70_G20, AL50_G50) that showed the highest 

permeability when unpainted and the lowest surface roughness. The WVP of the clay-based 

plaster, which is commonly applied uncoated too to profit from aesthetics of the natural 

pigmentation, was also consistently reduced by the paint A application, and similar effect was 

observed for the NHL mortar. The C_0.9 and C_1.3, cement-based mortars commonly finished 

by a paint system, did not show a big decrease of WVP when an indoor paint system A was 

applied. The air lime was the only mortar with WVP almost not affected by the application of 

paint A. 

The sorption isotherms of all the mortars were found very affected by the application of the 

paint B with a decrease in moisture content at all the RH steps when compared with bare 

mortars and a flatten response of all the coatings at the range 0-0.5% of moisture content. 

Recalling that this paint was developed for outdoors application, where hygroscopicity is not 

a requirement, this could be expected. Instead, the application of paint A overall has no 

significative effect on the static hygroscopic behavior of the plasters, with equilibrium reached 

at very similar moisture content than their unpainted versions. The paint A was found to have 
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itself some moisture capacity and, in some cases, able to smooth the hysteresis of some 

plasters.  

The moisture penetration depth (MPD) was calculated for bare plasters and plasters with the 

application of the paint A system according to two different methods. The MPDs calculated 

are quite different, with results from the method defined for Northen European countries 

always above the real thickness of the specimens, and results from the second method almost 

always below or equal to them. According to the results from moisture buffering values (MBV), 

paint A has some effects on the moisture buffering of the plasters, suggesting that the second 

method is more suitable for the studied coatings. Nevertheless, according to both calculation 

methods, the MPD of the plasters is only slightly reduced by the paint A application.  

The practical MBV results confirm the different effects of the two painting systems, with the 

very small influence of paint A on the moisture buffering of plasters and the large reduction 

introduced by paint B. The ideal MBV always overestimated the real moisture buffering of 

plasters, as already observed by other authors, probably because it is modelled on specimens 

with thicker penetration depths (dp,1%) or specimens assumed as semi-infinites, for instance. 

The present study shows that two different water-based paints and different formulations (A 

with a polyvinyl acetate binder and B with an acrylic binder) and different in use destinations 

(A for indoors and B for exterior surfaces) have very different effects on the coatings. The indoor 

paint lowers the WVP of almost all the mortars (showing more effect on some types than on 

others) and has very small effects on their hygroscopic behavior both under dynamic and static 

conditions. The exterior painting system B, instead, significantly reduces the same hygroscopic 

behavior. Finally, with the present knowledge, it seems difficult to determine in advance if a 

paint system would significantly affect the moisture buffering of plastering mortars and pastes 

without testing the specific painting system. But overall, it seems possible that an optimization 

of indoor paint formulations is being carried out to not jeopardize the potential passive 

moisture contribution of the system plaster-paint to indoor comfort. 
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3.4 Additional Considerations 

The relative humidity dependent properties of traditional and modern binder-based plasters 

were analyzed and quantified through the study 3.2. A table of synthesis of these with a 

comparison of ranges based on the literature review (Table 2.11. Synthesis of results for 

mortars RH dependent properties from literature.Table 2.11) is presented in Table 3.15. 

Table 3.15. Synthesis of results for adsorption at 95% RH, WVP and MBV from laboratory characterization 

compared with ranges found in literature (Table 2.11). 

Property  E E* AL AL* G G* G-AL G-AL* CE  CE* NHL 

Adsorption 

[%] at 95% RH 

max 
1.29 

6.30 
0.40 

10 
0.48 

3.10 5.05 0.98 1.16 
- 0.56 

min 0.10 0.03 0.08 2.39 0.16 0.91 

MBV 

[g/(m2∙%RH)] 

max 
1.49 

3.3 
0.42 

1.64 
0.61 

0.95 1.27 0.47 0.84 
0.30 0.80 

min 0.93 0.67 0.33 1.03 0.42 0.82 

WVP 

E11[kg/(m∙Pa∙s)] 

max 
2.15 

7.60 
2.63 

6.50 
3.55 

2.92 3.77 2.89 1.35 1.40 
2.09 

min 0.8 0.48 2.06 3.74 1.36 0.95 0.49 

Notation : MBV - moisture buffering value; WVP – water vapour permeability; E – clay; AL – air lime;  G – gypsum; 

CE– cement; NHL – natural hydraulic lime 3.5; * -  range found in literature; in green results from the laboratory 

characterization higher than the range from literature. 

It is difficult to compare different plasters, even when based on the same binder, considering 

the many parameters that could change from a production to another (the binder/aggregate 

ratio, the binder/water ratio, the type of binder, the shape, size, and mineralogy of the 

aggregates, etc.). More variables would enter the equation if the plaster was based on more 

than one binder, e.g., the case of calcium sulfate hemihydrate and calcium hydroxide (G-AL), 

and it is necessary to take into account also proportions between the two binders than could 

differ. Indeed, the formulations of the G-AL plasters analyzed in the study 3.2 are 70% of 

hydrated lime, 20% of gypsum, 10 % of calcitic aggregate (< 45 µm) and 50% of hydrated lime 

and 50% of gypsum. Both the plasters were obtained with small additions of water-retaining 

agents (0.1%) and set retarder (0.02%) to assess a required workability (Freire et al., 2021). 

Results from laboratory characterization point out an important enhancement (with values 

higher than the ones found in literature) of the hygroscopic behavior of combined gypsum and 

air lime by comparison to any of the single binders (even if with an important hysteresis). 

Nevertheless, even if the specimens were aged several years at the time of the tests, their 

complete carbonation was not checked and verified, and further studies are needed to quantify 

the effect of completely carbonated air lime on the hygroscopic behavior of gypsum-based 

plasters. The gypsum plaster has high water vapor permeability; thus, a high moisture 
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penetration depth (MPD) with a thick portion of the upper layer (closer to the indoor air) 

interested by the moisture adsorption/desorption mechanism would be expected. Indeed, the 

MPD of the gypsum paste was calculated in section 3.3 and found the highest among all the 

plasters. Hence, either under dynamic (MBV) or static (sorption isotherms) conditions, its 

reactivity to moisture fluctuations was expected to be higher than the one found out. The next 

chapter (4) will deeply explore the gypsum-based plaster and present solutions for a possible 

enhancement of its moisture regulation. Moreover, from section 3.3 the effect of the 

application of paint systems on the same bare mortars on these properties related the most to 

RH fluctuations (sorption isotherms, water vapor permeability and moisture buffering) was 

analyzed and discussed. In a realistic scenario of common application, these plasters could be 

coated with a vinylic paint for indoors and, for comparison, in a less realistic but still possible 

scenario, with an acrylic paint for outdoors. Consistent differences were found. Paint A 

formulated for indoors undermines only a little the moisture behavior of the plasters, and after 

its application a different behavior between different binder-based plasters is still observed. 

Paint B for external applications, instead, probably formulated and optimized to perform a 

more protective role to weathering, removes the differences of moisture behavior between 

plasters and has a sealing effect, bringing the MBV of all of them close to 0.2 g·m-2%RH-1(for 

the clay-based plaster reduced from 1.41 g·m-2%RH-1 and for the gypsum-air lime pastes from 

≈ 0.8 g·m-2%RH-1).
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4  

GYPSUM-BASED PLASTERS 

4.1 Preamble  

Results from the study on the relative humidity dependent properties (section 3.2) raised some 

doubts about the hygroscopic behavior of gypsum plastering mortars. At the same time these 

mortars are very often used to coat indoor walls and ceilings as much in historic, traditional 

constructions as in new designs. The MBV of building materials, especially when directly 

exposed to indoor air in large areas, can be a key factor for indoor passive regulation of relative 

humidity and, consequently, comfort improvement without energy consumption increase. For 

this reason, the present chapter is focused on the enhancement of hygroscopic behavior of 

gypsum mortars. The purpose to improve their MBV was combined with the intent of reusing 

a second-generation biowaste from pharmaceutical and cosmetic industry, without increasing 

the carbon footprint of the mortar. The Acacia dealbata is an invasive plant, native of Australia, 

very competitive with the local flora (allelopathic capacity) and with a high dispersion capacity 

in burnt environment. The addition of this biomass slightly increases the volume of plaster 

produced with the same amount of binder, decreasing the embodied energy of the plaster 

and, at the same time, reducing the volume of biowaste to manage; overall, turning the industry 

value-chain and the plasters more eco-efficient. 

The biomass by-product (after recovery of extractives) consists in five different fractions of the 

same plant, the Acacia dealbata: Fl - flowers; Le - leaves; Br - branchlets; Wo - wood; Ba - bark. 

After minimal treatments (milling and sieving) the fractions were added to mortars 

formulations in two different percentages: 5% and 10% by vol. of a powder premixed gypsum-

based plastering mortar product. The use of ashes from A. dealbata was discarded due to the 

doubts raised in literature on its use for energy production. The Acacia, in fact, has a high 

chlorine content (0.04%) (Nunes et al., 2020), low thermal efficiency (seven times lower than 
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Pinus) and its combustion generates high emission of contaminants in gaseous form (CO, SO2 

and NOx) and particle matter (PM10) (Ferreira et al., 2014; Vicente et al., 2019). That is why 

alternative uses for this biomass are important to avoid burning.  

The fresh state and mechanical properties (section 4.2), capillary water adsorption, drying and 

hygroscopic behavior (section 4.3) of the gypsum-biomass plasters are presented. The aim of 

the studies is to evaluate the new plastering mortars formulation, ensure that they meet the 

requirements for gypsum plasters and quantify - when possible - improvements and 

drawbacks. 
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4.2 Article C1 - Enhancement of Gypsum Mortar: fresh state and 

mechanical characterization 

(the article has been published in the journal Buildings 2022, 12 (3), 339; 

https://doi.org/10.3390/buildings12030339) 

Gypsum Mortars with Acacia dealbata Biomass Waste  

Additions: Effect of Different Fractions and Contents 

Abstract 

In recent decades, interest in the eco-efficiency of building materials has led to numerous 

research projects focused on the replacement of raw materials with mineral and biomass 

wastes, and on the production of mortars with low-energy-consuming binders, such as 

gypsum. In this context, five different fractions (bark, wood, branchlets, leaves, and flowers) of 

Acacia dealbata—an invasive species—were evaluated as fillers for premixed gypsum mortars, 

at 5% and 10% (vol.) addition levels and fixed water content. Although these biomass fractions 

had different bulk densities (>50% of variation), all the mortars were workable, although 

presenting different consistencies. As expected, dry density decreased with biomass addition, 

but, while mortars with addition at 5% presented a slight shrinkage, a slight expansion occurred 

with those with 10% addition. Generally, the mechanical properties decreased with the biomass 

additions even if this was not always proportional to the added content. The wood fraction 

showed the most positive mechanical results but flexural and compressive strengths of all the 

tested mortars were found to be higher than the lower standard limit, justifying further studies.  

Keywords 

Bio-based mortars; invasive species; biomass additions; bio-composites; by-products; agro-

industrial wastes; density; dimensional variation; mechanical properties; pore structure. 

4.2.1 Introduction 

In recent years many findings have been made on the effects of indoor relative humidity and 

temperature on human health [1–3]. It is common knowledge that an intermediate range of 

relative humidity (RH) can prevent airway and ocular irritations in various diseases [4,5] and is 

often related to thermal comfort in free-running buildings [6] when adaptive models are 

considered [7].  

Plastering mortars usually cover large indoor surfaces and, thus, can contribute to passively 

equilibrating indoor relative humidity improving occupants’ comfort and, in some cases, health. 

https://doi.org/10.3390/buildings12030339.10.3390/buildings120303392
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To provide that contribution, they have to be highly hygroscopic, adsorbing and desorbing 

moisture from and to the indoor air.  

Gypsum plasters are broadly used to coat (plaster) indoor walls and ceilings as they appear to 

be an appropriate option not only in new construction but also in many restoration 

interventions [8]. Moreover, hemihydrate gypsum binder is produced at around 120–180 °C, 

having a much lower firing temperature and milling energy for production than other binders, 

i.e., cement (around 1500 °C) or air lime (around 900 °C). Thus, the associated low embodied 

energy makes gypsum plasters a sustainable solution. However, among common plastering 

mortars, gypsum-based mortars present very low hygroscopicity [9–11]. Although not studied 

in the present work, it is probable that the moisture buffer capacity of gypsum plasters may be 

improved with the addition of hygroscopic materials. 

Nonetheless, the eco-efficiency of building products can be increased by addition of wastes 

and the replacement of raw materials [12,13]. Among these wastes, agro-industrial wastes can 

be used in the production of eco-products for construction [14] with the purpose of enhancing 

relevant physical and chemical properties, such as bulk density, thermal conductivity, and the 

hygric and hygroscopic behavior of those products, while creating useful applications for 

various biomass wastes [15–19]. Actually, as biomass is usually hygroscopic, it is expected that 

they may improve gypsum plasters hygroscopicity. However, in comparison to cement-based 

mortars [20–22], studies on the effects of the incorporation of agro-industrial wastes in 

gypsum-based mortars are rare. 

Acacia species mostly originated in Australia but have spread all over the world and have 

become invasive due to their high capacity for growth, seed production, and seed germination, 

which can be active for several years. Their selective removal is not economically viable if 

added-value applications are not found for the collected biomass. The use of biomass collected 

in forest environments contributes to reducing the danger of forest fires [23,24] and, in the 

case of invasive species, may constitute a method of propagation control since it disrupts the 

reproductive cycle, namely by preventing seed formation [25].  

Use of Acacia wastes in plaster formulations was not found in literature although applications 

of Acacia biomass in composite materials have been described by some authors [26,27]. Also, 

some fractions of the plant have already been used in other sectors, namely bark as a source 

of tannins for the leather industry [28] or flowers used to produce absolute oils for the perfume 

industry [29]. Other fractions of Acacia biomass have traditionally been used as a source of 

bioactive components for folk medicines [30]. After recovery of these functional extractives, 
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the biomass still retains most of its lignocellulosic components, keeping its potential to be used 

in energy production or material applications. 

The aim of the present study was to assess if the addition of different fractions and contents 

of Acacia dealbata biomass to gypsum plastering mortars jeopardizes the common fresh-state 

properties of the mortars or their mechanical properties in order to discard formulations which 

do not meet the requirements for further studies related to hygroscopicity. Hence, five different 

fractions of the same plant (Acacia dealbata) were selected and added to a gypsum premixed 

mortar (5% and 10% vol.) after the recovery of extractives for other applications. Although the 

premixed product is based on a low embodied energy binder, such as hemihydrate gypsum, 

the addition of biomass reduces the consumption of raw materials needed to produce it, 

reducing the environmental impact of the plasters. Nevertheless, it is important to confirm if 

the addition require a higher consumption of water to present adequate workability and 

comply with the mechanical requirements for gypsum-based plastering mortars. 

4.2.2 Materials and methods 

4.2.2.1 Materials 

A premixed industrial powder product (GP), Sival Reabilita, produced by the company Sival, in 

Portugal was selected for the study. This product is based on gypsum, mineral fillers, and 

admixtures and is ready to mix with water for manual application in interior walls and ceilings. 

It complies with EN 13279-1 [31], type B1/20/2 and can be used to plaster old indoor walls as 

well as new ones. 

Five different Acacia dealbata fractions were selected to be incorporated in the mortar 

formulations: flowers (Fl), leaves (Le), branchlets (Br), wood (Wo), and bark (Ba). The biomasses 

were collected in the regions of Alcobaça and Caparica (Central Portugal), from at least ten 

different trees at each location. The fractions were milled, sieved to 2 mm, and macerated in 

acetone, at 25 °C, to recover extractives that could be valorized in various applications, such as 

nutraceutical products. The extracted biomasses were air-dried at 25 °C for 48 h and 

characterized for loose bulk density and color coordinates according to the CIELab color 

system before use in the mortar preparations. Instrumental color was determined using a 

colorimeter (CHROMA METER CR-410, Tokyo, Japan), calibrated using a standard white 

reflector plate. The visual observation of the A. dealbata fractions at the time of the mortar 

production is presented in Figure 4.1, and Table 4.1 presents their loose bulk density and color 

parameters. 
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(a) (b) (c) (d) (e) 

Figure 4.1. Acacia dealbata fractions: (a) wood, (b) branchlets, (c) leaves, (d) flowers, and (e) bark. 

Table 4.1. Loose bulk density and color coordinates of Acacia dealbata fractions. 

A. dealbata Fraction Loose Bulk Density (g/cm3) 
Color (CIELB Coordinates) 

L* a* b* 

Wood 0.211 65.58 0.68 18.94 

Branchlets 0.378 59.11 1.31 17.51 

Leaves 0.415 34.97 0.59 11.04 

Flowers 0.217 35.33 8.50 11.39 

Bark 0.435 43.19 7.58 12.85 

A decrease in the luminosity parameter L* observed for leaves and flowers indicates darker 

colors. Although fresh Acacia flowers had a light yellow color, the process of solvent extraction 

and drying, promotes oxidation reactions that result in a brownish darker color. Low values of 

a* indicate an increase of the green component, an effect that was more evident for leaves and 

wood. The yellow component was higher for the biomass fraction with higher b* values, namely 

wood and branchlets. These different colors of the biomasses can influence the color of the 

mortars and are important if the plasters have no finishing layer. The loose bulk density of the 

factions varied up to 51% from the denser bark fraction to the lighter wood one. 

4.2.2.2 Mix Design  

The selected fractions of A. dealbata were added to the GP, at 0% (reference mortar), 5%, and 

10% by volume, and manually homogenized. Additions of constant volumes of all the different 

fractions were made so that the physical changes were comparable. The mass for exact 

incorporation of each fraction (Table 4.2) was calculated according to the loose bulk density of 

each biomass (Table 4.1). 

The powder mix was added to water for 1 min using the sprinkling method, left to soak for 

another minute, and then mechanically mixed for 1 min (Figure 4.2). A volumetric ratio of 1:3 

(water:GP) corresponding to a ratio by mass of 0.45, was kept for all the mortars (Table 4.2). 
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Table 4.2. Composition of the mortars and flow table consistence. 

Mortar Acacia Fraction Addition (vol, %) Addition (Mass, g) Flow (mm) 

REF – – – 163.0  

Fl5 Flowers 5 32.6 163.0 

Le5 Leaves 5 62.2 168.5 

Br5 Branchlets 5 56.7 171.3 

Wo5 Wood 5 31.7 160.3 

Ba5 Bark 5 65.2 175.5 

Fl10 Flowers 10 65.3 165.5 

Le10 Leaves 10 124.4 156.5 

Br10 Branchlets 10 113.5 171.0 

Wo10 Wood 10 63.3 165.3 

Ba10 Bark 10 130.4 165.0 

 

   
(a) (b) (c) 

Figure 4.2. Mortar preparation: (a) sprinkling method, (b) soaking, and (c) mechanical mix. 

4.2.2.3 Specimens and Methods 

In Figure 4.3 a flowchart is presented to resume the experimental steps.  

The fresh mortars were tested for consistency using the flow-table method, determined based 

on EN 13279-2 [32] at a fixed amount of water. The fresh-state density was determined based 

on EN 1015-6 [33]. For the hardened mortars, a minimum of five standardized prismatic 

specimens (160 mm × 40 mm × 40 mm) were produced for each formulation and the following 

properties were determined: 

• Volumetric shrinkage—determined using a digital caliper. 

• Apparent bulk density—based on EN 1015-10 [34]—geometrically determined using a 

digital caliper and a balance with 0.001 g resolution. 

• Flexural and compressive strengths—based on EN 1015-11 [35]—using an 

electromechanical testing device from Microtest, model EM1/100/FR. The loading rates 

were adjusted so that failure occurred within a period of 10–25 s for flexural strength and 
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30–90 s for compressive strength. Load cells of 2 kN and 200 kN were used, depending on 

the mechanical strength of the material (Figure 4.4). 

• Dynamic modulus of elasticity—based on EN 14146 [36]—by resonance frequency using a 

Zeus ZRM equipment. 

• Optical microscope observation—using an Olympus SZH-10 stereo microscope. 

• Open porosity—based on EN 1936 [37]—by vacuum and hydrostatic weighing. 

 
Figure 4.3. Experimental flowchart. DME, dynamic modulus of elasticity; Fs, flexural strength test; O.P., open 

porosity by vacuum and hydrostatic weighing. 

•   

  

 

(a) (b) (c) 

Figure 4.4. Flexural (a) and compressive (b) strength tests, and Wo10 specimens after the flexural tests (c). 

4.2.3 Results and discussion 

4.2.3.1 Flow-Table Consistency, Density, and Drying Shrinkage 

The consistency of the mortars (Figure 4.5) was determined using the flow-table method and 

the results obtained are presented in Table 4.2. All the mortars showed adequate spreading 
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values, coherent with a good workability. Except for wood, the addition of 5% of biomasses 

slightly improved the flow of the mortars. The same happened for the 10% addition, except for 

the leaves. Therefore, the influence of the biomasses was in general very positive, as the 

additions did not require additional water to maintain workability. Moreover, it was expected 

that, for a fixed amount of water, an increase in the volume of powders would have led to lower 

values of flow-table consistency. This was not observed in the case of flowers and wood which, 

on the contrary, showed a flow increase. This may have been related to the combined effects 

of different particle size distribution, particle shapes, and hygroscopicity of the different 

biomass fractions. Hygroscopicity of a biomass is typically higher than that of biochar and 

affects the water available for hydration of other mortar components [38]. Unlike biochar 

particles or sand particles, biomass particles have irregular shapes that influence the 

mechanical interactions between themselves and other mortar components, thus affecting the 

flow behavior of the wet mortars [39]. These observations suggest that further tests using 

biomass particles of different granulometries may help to elucidate these effects. 

  

(a) (b) 

Figure 4.5. Flow-table consistency at the removal of the cone of the reference mortar (a) and after jolting the flow 

table fifteen times (b). 

Figure 4.6 shows the values of the bulk density of the mortars from the fresh state to the 28th 

curing day. It can be easily observed that during the first 14 days, the density decreased for all 

the formulations, and that the drying essentially occurred during that period. The addition of 

biomasses, in both volumetric percentages (5% and 10%), did not significantly modify the bulk 

density of the mortars which was around 1.6 kg/dm3 in the fresh state and 1.2 kg/dm3 from 

the 14th curing day onwards. Only for the plastering mortars with addition of bark did the first 

7 days of curing show a higher decrease in bulk density, possibly caused by a faster evaporation 

of water. The bark particles had some differences in their contents of cellulose, hemicellulose, 

and lignin, relative to the other biomass fractions [40], which determines the surface groups of 

these particles and may have influenced their interactions with water molecules. Generally, the 
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volume reduction was lower for the mortars with 5% biomass addition relative to the reference 

mortar, while all the formulations with 10% (vol.) biomass addition showed a slight volume 

increase up to one month of age. No cracks were observed in either the reference or the 

modified mortar samples. Therefore, the addition of biomass had a positive effect in the 

prevention of significant volume variation that could cause plaster cracking or lack of 

adherence to the support. 

 

Figure 4.6. Bulk density of the tested mortars and, in orange, the volumetric drying shrinkage at 28 days. 

4.2.3.2 Flexural and Compressive Strength 

Flexural and compressive strength tests were performed after 30 days. All the mortars with 

added bio-based wastes presented lower flexural and compressive strengths than the 

reference mortar. This was much less significant for those with the addition of the wood 

fraction, especially at 5%. Indeed, a general decrease was noticed, namely between 40 and 

55%. Moreover, a higher content of the same biomass usually corresponded with a lower 

flexural strength of the mortar, except for leaves and branchlets where the content presented 

insignificant differences. Although the latter showed a similar flexural strength at 5% and 10% 

of biomass addition, the compressive strength increased with an increase in biomass. In 

addition, bark showed this tendency to a small degree, whereas particles of flowers and wood 

reduced the compressive strength with increased contents. As mentioned previously, the 

different fractions of A. dealbata biomass have different amounts of cellulose, hemicellulose, 

and lignin. This affects their surface and their tenacity during milling, resulting in different 

particle shapes and different particle size distributions [40]. These different characteristics will 
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also affect chemical and physical interactions with other mortar components, thus influencing 

mechanical properties. This tendency for a decrease in mechanical properties with the addition 

of biomass was already observed by other authors [41,42]. Morales-Conde [43] found that not 

exceeding 5% of sawdust incorporation on gypsum mortars led to an improvement of flexural 

strength, whereas all the percentages of sawdust additions decreased the compressive 

strength. The same authors related this phenomenon to a discontinuity introduced by the 

particles in the gypsum matrix which might have caused a reduction of strength. A lower 

hydration rate in the composites was also referenced by Chiki et al. [44], Panesar et al. [45] 

(2012), and Fatma et al. [42]. Nevertheless, all the mortars fulfilled the flexural and compressive 

strengths requirements of the EN 13279-1 [31] for gypsum plasters, as presented in Figure 4.7. 

(a) 

 

(b) 

 

Figure 4.7. Flexural (a) and compressive (b) strengths of the mortars—average values and standard deviation. 

Dashed red lines represent the lower limits of the EN 13279-1 [31] for gypsum plasters (B1 to B6 class). 
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4.2.3.3 Dynamic Modulus of Elasticity (DME) 

The dynamic modulus of elasticity (DME) generally showed a similar tendency to the flexural 

and compressive strengths. The incorporation of 5% and 10% (vol.) of different A. dealbata 

fractions introduced a decrease in the DME of the mortars (Figure 4.8). Moreover, the higher 

the volume of biomass added, the lower the modulus, as expected. These results can indicate 

a higher deformability of the mortars, which can lead to a lower susceptibility to cracking 

phenomena. Nevertheless, the particles of biomass could be responsible for the DME decrease 

by triggering new voids in the mortar matrix, as evidenced by the Olympus SZH-10 stereo 

microscope observation (Figure 4.9). A poor interface between the gypsum matrix and the 

sawdust particles, and a high water absorption of the sawdust were found to be responsible 

for the poorer mechanical behavior of the gypsum–sawdust composites studied by Dai et al. 

[46]. Some differences in the hydrophilic nature of the fractions of A. dealbata may have led to 

a high absorption of the mixing water and a consequent increase of volume of the biomass 

particles during the mixing process. Thus, less water available during the gypsum hydration 

process could have led to a lower hydration rate (with lower mechanical properties) of the 

modified mortars when compared to the reference one. Moreover, once dried, the particles of 

biomass could have lost their gained volume creating the big voids that were found (Figure 

4.9). The biomass particles could also have physically replaced a corresponding volume of the 

gypsum paste, therefore, decreasing the mechanical properties of the mortar. 

The color of the dry mortars was also assessed by naked eye and optical microscope 

observation. It could be seen that the differences in color due to the addition of the different 

biomasses and contents was not relevant when compared with the reference mortar. 
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Figure 4.8. Dynamic modulus of elasticity of the tested mortars—average values and standard deviation. 

  

(a) (b) 

Figure 4.9. Optical microscope observations showing voids introduced by the biomass in Le5 (a) and Fl10 (b) 

mortar. 
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The values of open porosity of the eleven mortars were quite similar, although a small amount 

of variation was observed (Figure 4.10). All the mortars were highly porous, with values around 

40%. The addition of flowers, leaves, and branchlets increased the porosity (the higher the 

percentage, the higher the effect). The addition of wood and bark, instead, kept the open 

porosity below the value of the reference mortar. The results agreed with the observed values 

of DME and flexural and compressive strengths, whereby the mortars with incorporation of A. 
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dealbata wood particles showed the lowest open porosity and one of the highest mechanical 

properties. 

 

Figure 4.10. Open porosity of tested mortars. The average values and the standard deviation were calculated from 

three specimens. 

4.2.4 Conclusions 

After the removal of extracts that can be used in value-added chemical products, the wastes 

of five different fractions of A. dealbata, an invasive species in many countries, were added to 
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modified by the additions, but a general decrease in mechanical properties was observed. 

However, mortars with all the studied fractions and contents presented flexural and 

compressive values that complied with the requirements of EN 13279-1 [31] for gypsum 

plasters. Acacia dealbata wood showed the closest mechanical properties to the reference 

mortar, having the best potential to be used as an addition to gypsum mortars, at least up to 
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products with the inclusion of the studied additives are viable as plasters, according to EN 

13279-1 [31]. 

Further studies will assess whether the addition of these biomasses, beyond their advantages 

in the reduction of incorporated energy, can improve the hygroscopicity of gypsum plasters 

and, therefore, their passive contribution to comfort and health in indoor environments. 

Moreover, the biomass fractions which had more negative effects on the mechanical properties 

of the studied plasters, might still present a high relative humidity passive regulation 

performance and therefore be promising for this reason. 
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4.3 Article C2 - Enhancement of Gypsum Mortar: 

characterization of liquid water and moisture transport 

(the article has been published in the journal Construction and Building Materials 2023, 404, 

133283; https://doi.org/10.1016/j.conbuildmat.2023.133283) 

Gypsum plastering mortars with Acacia dealbata biowaste additions: effect 

of different fractions and contents on the relative humidity dependent 

properties 

Abstract 

Hemihydrate gypsum is a very eco-efficient binder. Gypsum plasters were commonly used in 

the past and should be still chosen nowadays for being an eco-efficient choice. However, their 

hygroscopicity and contribution to act as moisture buffer are not very high. The present study 

analyses the hygrothermal behaviour of mortars based on gypsum and modified with the 

addition of residual biomass of A. dealbata, an invasive species in Portugal. Five different 

fractions of the plant were tested as additions for mortars, at incorporation levels of 5% and 

10% by volume, with the purpose of enhancing the moisture buffering of the plasters without 

jeopardizing other properties. The study found that the addition of A. dealbata increases their 

hygroscopic behaviour. In some cases (bark fraction) the Moisture Buffering Value of the 

reference mortar is triplicated, and the behaviour is comparable with high hygroscopic plasters 

as clay-based ones. However, biological colonization must be controlled. 

Keywords 

Bio-based plasters, invasive species, agro-industrial wastes, moisture adsorption, moisture 

buffering, physical characterization. 

4.3.1 Introduction 

Gypsum plasters were commonly used in traditional construction and, thus, are often highly 

compatible with built heritage [1, 2]. In fact, due to its prevalent application in old European 

palaces and churches [3, 4], gypsum still represents the most compatible option in many 

restoration projects [5, 6].  

Hemihydrate gypsum is a very eco-efficient binder, presenting a low calcination temperature 

(120-180 ˚C) and an embodied energy five to six times lower than other common binders like 

cement [7]. Gypsum plasters are also well-known for their high durability over the centuries 

https://doi.org/10.1016/j.conbuildmat.2023.133283
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[3]. The choice of hemihydrate gypsum as binder has been often related to its malleability when 

in fresh state and its fast-setting time, properties that make this binder a suitable and valuable 

choice for artistic decoration. Due to all the previous reasons, gypsum went on being applied 

and is still a common binder also for indoor coatings of walls and ceilings of contemporary 

buildings.  

Despite having high permeability to water vapour, gypsum plasters usually present a limited 

capacity of interacting with environmental moisture, namely to uptake or release it in moist or 

dry environments [8 - 11]. This property is considered essential for the passive contribution to 

moisture regulation, an efficient tool to enhance indoor comfort without additional energy 

consumption.   

The introduction of more sustainable practices in the building sector is nowadays an imperative 

to reduce its high carbon footprint and preserve natural resources. Mortar production, as a 

relevant part of the building sector, is also involved in this green transition tendency. In this 

context, several studies targeting a reduction of mortars carbon footprint and improvement of 

mortars performance have been published in recent years. Some of these studies analyse the 

possibility to add compatible wastes from industries, i.e., textile industry wastes [12] or sanitary 

ware wastes [13], to reduce the amount of raw material used to produce mortars. The 

construction industry itself produces construction and demolition waste (CDW) that can be 

added to mortars [14] as a partial or total replacement of natural aggregates. The addition of 

different by-products and biowaste from agriculture and food industry has also been explored 

in recent years in mortars [15, 16]. As biomass residues are commonly highly hygroscopic [17], 

they can probably increase mortars hygroscopicity and improve their contribution for indoor 

air quality when used in plasters. 

The Acacia dealbata is an invasive species presently spread in many regions of the world 

including the Mediterranean Countries (Portugal, Spain, France, Italy) [18]. The first 

naturalization of Acacia dealbata in Portugal (Continental) dates back to 1968 according to 

Domingues de Almeida and Freitas [19] and its growth has exponentially increased over 90% 

in the last decades [20]. The invasive nature of this species is related to its high dispersion 

capacity in burnt areas [21] and capacity to germinate and proliferate in a wide range of 

environments [22, 23]. Moreover, Acacia populations compete with native plants due to their 

allelopathic capacity, what raises concerns on ecosystems biodiversity [24, 25]. The control and 

eradication of invasive plants represent a high cost therefore becomes more sustainable when 

the collected biomass is valorized for energy production or material applications [26].  Pellets 

produced from A. dealbata biomass showed similar properties to the conventional pellets 
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produced with Pinus pinaster or Eucalyptus globulus biomass [27], although its high chlorine 

content may affect this use. Some fractions of the A. dealbata can also be a source of extracts, 

with antimicrobial and antioxidant activities [28]. Material applications of A. dealbata biomass 

have been reviewed by Correia et al. [29] who concluded there are various other potential 

applications that can involve a great variety of markets like: clothes industry (tannins for 

leather); polymer and composite industry (nanomaterials); water filters industry (adsorbent 

materials); iron and steel industry (corrosion and degradation protection). A multiproduct 

biorefinery approach can be pursued to optimize the number of extractives obtained from 

different fractions with different methods, and the spent biomass could be also converted into 

biofuel, for energy production, according to a zero-waste perspective [30]. The spent biomass 

can also be used in the formulation of different biomaterials, avoiding the production of 

second-generation wastes. 

The present study analyses the hygrothermal behaviour of mortars based on gypsum and 

modified with the addition of residual wastes of A. dealbata. Five different fractions of the plant 

were previously extracted with polar and nonpolar solvents to isolate aromatic and antioxidant 

extracts and the spent biomasses were selected to be tested as mortar addition. Incorporation 

rates of 5% and 10% by volume of biomass were used in mortars formulation with the purpose 

of enhancing the moisture buffering of the plasters without jeopardizing other properties. 

4.3.2 Materials and methods 

4.3.2.1 Materials 

The gypsum-based product used was an industrial pre-dosed gypsum filling plaster from Sival 

- Gessos Especiais, Lda, based on calcium sulphate hemi-hydrate, calcium carbonate 

aggregates and small quantities of organic additives (set retarder, water-retention agent., etc.), 

classified as B1/50/2 according to EN 13279-1. The loose bulk density of the product from the 

batch selected for this study is 733 kg/m3. 

Five fractions of Acacia dealbata waste were used: flowers, leaves, branchlets, wood and bark. 

The biomass fractions were collected from Acacia trees in the regions of Alcobaça and Caparica. 

After solvent extraction with petroleum ether and 70% acetone, each biomass fraction was air-

dried during 1 week with periodic turning over, to eliminate solvent residues. When dried and 

free of solvent residues the biomass fractions were grinded and sieved at 2 mm. The extractives 

obtained can be used by the pharmaceutical and cosmetic industries and the spent biomass 



160 

 

needs to be valorised. An alternative to energy production is its use in building materials 

hereafter.  

A synthesis of the chemical composition of raw biomass fractions is shown in Figure 4.11 [31]. 

It should be highlighted that the suberin, which is a poly (acylglycerol) macromolecule [32], 

was detected only in the bark fraction. According to Koch et al. [33], the suberized tissue of a 

plant is composed by cells whose external walls are covered by non-polymeric waxes turning 

into a hydrophobic or super-hydrophobic structure.  

  

  

 

Figure 4.11. Chemical composition of the five fractions of A. dealbata [adapted from 31]. 

These spent materials were used for the mortars formulations and their compositions are 

similar to those described in Figure 4.11, without the extractives. To better discuss the effect of 

the fractions’ addition on the mortars, in Table 4.3 are reported the main physical properties 



161 

 

of those fractions. The methods for the biomass characterization are extensively described in 

Correia [31], but a short overview is presented. The loose bulk density was obtained dropping 

each fraction from a high of 10 cm approx. up to fill a container of 251 cm3 without applying 

any compaction and weighting the known volume of biomass. The water vapour and water 

holding capacity were determined by exposing each fraction either to water vapour (for five 

days) and liquid water (5 min exposure to ultrasound and kept in distilled water for 24 h). Once 

saturated, the biomass samples were weighed and then dried for 12 h at 40°C. The dry mass 

was obtained after cooling the fractions to room temperature and water vapour and water 

holding capacity were calculated. The particle shape was obtained by the Morphologi G3 

(Malvern) analyzer, performed in duplicate with at least two different dispersions with 30000 

particles counted. 

Table 4.3. Synthesis from the characterization of the A. dealbata fractions with, where possible, values of standard 

deviation [31] 

Biomass Flowers Leaves Branchlets Wood Bark 

LBD [g/dm3] 217.5±4.4 414.7±7.8 378.3±9.2  211.1±1.3 434.8±7.2 

Vol. 10% [g] 65.3 124 114 63.3 130 

Water Vapor Holding Capacity [wt.%] 22.7±1.5 20.1±0.6 20.4±0.9 21.6±0.5 23.1±0.3 

Water Holding Capacity [wt.%] 590.2±31.9 478.4±28.5 423.5±18.2 494.3±24.0 330.5±6.9 

CE diameter [µm] 4.75±0.28 5.29±0.21 4.42±0.04 7.62±0.04 4.53±0.10 

Circularity [-] 0.59±0.02 0.77±0.04 0.82±0.00 0.63±0.02 0.80±0.02 

Notation: LBD –loose bulk density; CE diameter – circle equivalent diameter. 

4.3.2.2 The mortars and basic characterization 

Eleven mortars based on a powder premixed gypsum-based mortar product for plastering 

were produced: a reference mortar and mortars with two different contents (5% and 10% vol. 

premixed gypsum product) of the five different fractions of Acacia dealbata (flowers, leaves, 

branchlet, wood and bark). The content of biomass added was calculated as a percentage of 

the premixed gypsum product volume due to the large differences of apparent bulk density 

observed between different fractions. Each fraction was previously manually homogenized with 

the gypsum premixed product. Then, the powders (gypsum premixed product for the reference 

mortar and gypsum premixed product with addition of biomass for the other mortars) were 

sprinkled into the water for one minute and left one minute soaking, to be finally mechanically 

mixed for one minute. A fixed amount of water was used for all mortars (water:premixed 

gypsum product ratio 1:3 by volume). All the mixes resulted in workable plastering mortars. 

They were previously characterized for basic properties in the fresh (flow table consistence and 

fresh density) [34, 35] and hardened state (bulk density, open porosity, dynamic modulus of 
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elasticity, flexural and compressive strength) [36-40]. A synthesis of the results obtained is 

shown in Table 4.4.  

Table 4.4. Synthesis of the plastering mortars fresh and hardened state basic properties from Ranesi et al. [40]. 

Mortar A. dealbata 

fraction 

Addition Flow 

 

FBD 

 

BD OP Ed 

 

Fs 

 

Cs 

 

[vol., %] [wt., %] [mm] [kg/dm3] [kg/dm3] [%] [GPa] [MPa] [MPa] 

REF – – – 163.0 1.639 1.24 40.44 4.80 2.72 4.22 

Fl_5 Flowers 5 1.48 163.0 1.619 1.24 40.38 3.51 1.69 3.05 

Fl_10 Flowers 10 2.97 165.5 1.592 1.22 41.81 2.71 1.26 2.34 

Le_5  Leaves 5 2.83 168.5 1.615 1.21 41.27 2.91 1.50 2.11 

Le_10 Leaves 10 5.66 156.5 1.636 1.19 41.83 2.77 1.48 2.33 

Br_5 Branchlet 5 2.58 171.3 1.624 1.23 40.81 3.15 1.42 2.26 

Br_10 Branchlet 10 5.16 171.0 1.588 1.21 40.73 3.01 1.42 2.71 

Wo_5 Wood 5 1.44 160.3 1.561 1.24 39.33 4.49 2.48 3.93 

Wo_10 Wood 10 2.88 165.3 1.582 1.21 40.21 4.06 2.01 4.02 

Ba_5 Bark 5 2.96 175.5 1.621 1.24 39.35 3.15 1.63 2.60 

Ba_10 Bark 10 5.93 165.0 1.600 1.22 39.55 2.95 1.44 2.77 

Notation: Flow – flow table consistence; FBD – fresh bulk density; BD – bulk density at 28 days; OP – open porosity; 

Ed – dynamic modulus of elasticity by resonance frequency at 30 days; Fs – flexural strength at 30 days; Cs – 

compressive strength at 30 days. 

The biomass addition, as expected, modified some REF properties, i.e., consistence, density, 

and mechanical strengths, but all the mixes met the requirements defined by EN 13279, parts 

1 and 2 [41, 42] and, for this reason, were considered acceptable solutions. Nevertheless, a 

deeper analysis of the effect of the biomass addition on the fresh state was needed for a better 

understanding of the plasters behaviour and was performed through a second batch 

production of some of the mortars, tested for setting time and shrinkage. Complementary 

properties of the mortars were tested: thermal conductivity, capillarity and drying, 

hygroscopicity and susceptibility for biological colonization.  

4.3.3 Test methods and specimens 

4.3.3.1 Workability, setting time and shrinkage: mortars from the second set of 

mixes 

A complementary set of mixes was done, including only mortars with the highest addition (10% 

vol. addition – these mortars are distinguished by *), that affected the most their workability, 

setting time and shrinkage. The new production followed the same protocol of the previous 

one; only a different batch of premixed gypsum plaster product was used. The workability was 
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empirically evaluated, relying on the expertise of a technician, according to two parameters: 

heaviness and stickiness. The heaviness has to do with the perception of the effort it has to be 

made by the person who is working with the plaster during its application. For example, a 

plaster with incorporation of lightweight aggregates is lighter and easier to spread on a surface, 

meaning that the worker does not need to spend so much energy. The stickiness is related to 

the interaction of the fresh plaster with the tools: if it sticks to the trowel, it is more difficult to 

apply, needing a longer processing time to obtain a satisfactory result than a plaster that does 

not stick. 

The setting time was determined according to the knife method described in EN13279-2 [42], 

defining the initial (IST) and final (FST) setting times. To evaluate the shrinkage, the fresh 

mortars were applied on the surface of a hollow perforated brick with an area of 456 cm2 and 

a thickness of 15 mm, simulating the application of a filling plaster, and visually observed. 

4.3.3.2 The specimens for hardened state characterization  

In the present study the eleven plastering mortars are characterized at hygrothermal behaviour. 

Three cylindrical specimens for each mortar formulation, with 85 mm diameter and 22 mm 

thickness, were cast into 22 mm slices of PVC pipes and tested at colour, biological 

colonization, thermal conductivity, sorption isotherms and moisture buffering. To characterize 

water absorption by capillarity and drying three specimens (40 mm x 40 mm x 40 mm) per 

mortar were used. They were obtained by mechanical cut from standard mortar prismatic 

specimens. All specimens were let dry under non-ventilated laboratory conditions. The 

prismatic specimens were demolded after 2 days while the cylindrical ones were left in their 

plastic molds. 

4.3.3.3 Thermal conductivity 

The thermal conductivity of the mortars was evaluated in dry conditions. For each mortar, three 

cylindrical specimens (d=85mm, s=20mm) were placed in an oven at 60 °C until constant mass 

and their thermal conductivity was measured by the ISOMET 2104 equipment. An API 210412 

contact probe with 60 mm diameter was used, and the conductivity range was set 0.3 – 3 

W/(m·K) based on literature values for gypsum plasters. The method followed here was similar 

to the one described by Cintura et al.  [43] with the difference that the contact probe was 

applied only once on each specimen due to the small size of these and three specimens for 

each mortar were measured to get an average value and a standard deviation. After dried in 

the oven, the specimens were put into a desiccator, for cooling, and then moved on a support 
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of expanded polystyrene and covered by a plastic box. The measurement was conducted at 

constant power (lasting around 15/20 minutes each). 

4.3.3.4 Water absorption by capillarity and drying 

The water absorption by capillarity test was run according to EN 15801 [44] on three cubic 

specimens of 40 mm x 40 mm x 40 mm (Figure 4.12) for each mortar. The lower and upper 

surface of the cubes were gently polished and brushed and their four lateral sides were sealed 

by paraffin to avoid any additional lateral drying. Once the specimens were dried at 60±2 °C 

and the initial dry mass (m0) determined using a balance of 0.01 g precision, the specimens 

were placed on glass poles trying to minimize the contact surface (to have the entire bottom 

face of the cube in contact with water). The water absorption by capillarity test was run for 5 

days, weighing at different time intervals, gradually increasing the period between weighing 

from minutes to hours during the first 8 h and, after the first day, weighing every 24 h. The 

room conditions were kept at 23±5 °C and 60±5% relative humidity (RH). The capillarity 

coefficient (CC) was calculated as the slope of at least five successive aligned points on the 

capillary curve displaying the absorbed water per area against the square root of time, with a 

linear regression factor above 0.99. Thus, the time basis for the calculation of CC varies from 

mortar to mortar, calculated as the slope of the linear regression line between the starting time 

(0 minutes) and ending point at 20 to 90 minutes of absorption. 

 

Figure 4.12. Specimens during water absorption by capillarity test: 1 – reference mortar; 2 – flowers at 5%; 3 – 

leaves at 5%. 

After saturation by the capillarity test, the specimens underwent the unidirectional drying test, 

according to EN16322 [45]. The cubes were kept in the same room at the same hygrothermal 

conditions, and placed on a hydrophobic surface, to ensure a monodirectional drying. The 

weight loss was monitored every 10 minutes during the first hour. After, the time interval was 
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widened until constant mass. The mortars resistance to evaporation of water can be quantified 

by the drying index (ID) [–] calculated by the drying curve with the weight variation in the Y 

axis and the time in the X axis, as [45]: 

𝐼𝐷 = ∫
𝑚𝑖𝑑𝑡

𝑚𝑚𝑎𝑥𝑡𝑓

𝑡𝑓

0

 
(1) 

with mi as the i-mass [g] of the specimen (corresponding to successive weighing), mmax the 

mass [g] at the beginning of the test and tf the entire period of testing [h]. For comparison, tf 

was the same for all specimens. 

To better describe the drying mechanism, the drying rate of first (D1) [g/(m2h)] and second (D2) 

[g/(m2min0.5)] phases were calculated. The first phase of drying, D1, is characterized by liquid 

transport to the surface and corresponds to the negative slope of initial linear section of the 

drying curve with time on the X axis; in this study it was always calculated with at least five 

successive measurements and a regression factor above 0.97 (often above 0.99). The second 

phase, D2, is mainly characterized by vapour transport and corresponds to the negative slope 

of the intermediate linear segment of the drying curve with square root of time on the X axis, 

always with a regression factor above 0.99. The drying rates were calculated according to EN 

16322 [45] on an average of three specimens as: 

D1= 
𝑚𝑖−𝑚𝑓

𝐴∙𝑡𝑓
;     D2=

𝑚𝑖−𝑚𝑓

𝐴∙√𝑡𝑓
 (2) 

with mi [g] being the mass at the beginning of the phase, mf [g] the mass at the end of the 

phase, A the surface of evaporation [m2] and tf the time duration [h] or [h0.5].  

4.3.3.5 Hygroscopic behaviour 

The hygroscopic behaviour of the mortars was tested on the cylindrical specimens with a 

diameter of 85 mm and a thickness of 20 mm. The bottom of the cylinders was sealed by 

aluminium tape; the PVC mold sealed the lateral surface. The specimens were tested following 

the ISO 12571 [46] to assess their sorption isotherms. They were dried until constant mass in 

oven at 60°C, and after that placed in a climatic chamber Aralab Fitoclima 700EDTU at the fixed 

temperature of 23±0.5 °C and at increasing RH levels (30%, 50%, 70%, 80%, 95%), each kept 

until the equilibrium was reached (change in mass, observed by three consecutive weighing at 

24 h apart, was less than 0.1% of the total mass). The desorption curve was obtained 

performing the same steps backwards. Moreover, a cyclic test for hygroscopic dynamic 
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response was performed following prescriptions of the ISO 24353 [47] for the “middle humidity 

level” conditions. The test was run at a fixed temperature of 23±0.5 °C. The specimens were 

preconditioned at 63% RH in the climatic chamber and exposed during 12 h to 75% RH 

followed by 12 h at 50% RH. The daily cycle was repeated five times and the last three were 

considered a quasi-steady state to quantify the moisture adsorption and desorption content. 

The specimens were weighed at 3, 6, 9 and 12 h during adsorption and after 12 h of desorption. 

Moreover, the data obtained were processed to calculate the Moisture Buffering Value (MBV) 

of the plastering mortars, according to NORDTEST [48]. 

4.3.3.6 Biological susceptibility 

The addition of the biomass fractions introduced a yellow/ light brownish shade in the mortar 

circular specimens. The colour alteration was more evident in the case of bark and leaves, less 

for branchlets and flowers and almost null for wood. 10% by vol. of addition introduced a 

higher chromatic change than 5%, but all the specimens fall into variations of beige. During 

the first 28 days of curing, the gypsum mortars were kept in a controlled environment at 23±5 

°C and 60±10% RH with no ventilation. At the end of 14 days the mortars were observed 

visually and by Olympus SZH10 stereo zoom microscope, to assess biological colonization. The 

contamination was visually classified according to the ranking 0 (no growth) to 4 (>60% of the 

surface contaminated) adapted from ASTM D5590-17 [49, 43]. The drying in oven was run for 

all the tests at the temperature of 60 °C that, even if slightly above the heating temperature of 

45°C recommended for calcium sulphate dihydrate, was selected as the most adequate to 

obtain a thermal inactivation of the Aspergillus niger spores according to Fujikawa and Itoh, 

1996 [50]. The identification of the biological colonies on the specimens wasn’t run, but the 

Aspergillus/Penicillium group are the commonest for indoor airborne according to Andersen 

et al., 2021 [51]. 

4.3.4 Results and discussion 

4.3.4.1 Assessment of fresh state performance of the second production of 

mortars 

Results from the second production show that the addition of 10% of biomass modified the 

workability and the setting times of the mortars, with visible effects (cracks) on brick 

applications (Table 4.5). The plastering mortar with addition of wood (Wo_10*) had the best 

workability, even better than the reference mortar, and similar setting time than the reference. 
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The addition of all the other fractions, instead, resulted in a worse workability and an increase 

of the setting times. The mortar with addition of 10% vol. leaves (Le_10*) was the heaviest to 

work even if a bit less sticky than the reference mortar and showed the highest retarding effect 

on final setting time. The addition of flowers also increased the heaviness of the mortar 

introducing a little retard in both first and second setting times. The mortar with addition of 

bark was found as dense as the reference mortar but slightly stickier. The bark introduced a 

delay in setting times very similar to the one introduced by flowers, almost doubling the REF 

times. The mortar Br_10* with addition of acacia branchlets, was less heavy than the REF but 

stickier, with an important retarding effect. The bulk density and consistency by flow table of 

the mortars were slightly lower than the REF., except for mortars with addition of flowers and 

wood (Fl_10* and Wo_10*).  

Table 4.5. Results of fresh state characterization of a second production. 

Mortar REF Fl_10* Le_10* Br_10* Wo_10* Ba_10* 

FBD [kg/dm3] 1.656 1.664 1.654 1.653 1.666 1.643 

Flow [mm] 155.0 143.0 139.0 145.5 139.8 147.3 

Heavy REF + ++ – – REF 

Sticky REF REF – + – + 

IST 48’ 1h11’ 1h16’ 2h03’ 48’ 1h20’ 

FST 1h20’ 2h24’ 6h35’ 4h53’ 1h23’ 2h43’ 

Crack 0 1 2 2 0 0 

Notation: FBD – fresh bulk density; Flow – Flow table consistence; IST – initial setting time; FST – final setting time; 

REF – control mortar; + slightly higher than REF; + + higher than REF; – slightly lower than REF; 0 – no cracks; 1 – 

small cracks; 2 – cracks. 

It is possible that the higher fresh bulk density of the two mortars depends on the higher 

amount of water retained by these fraction particles (high water holding capacity from Table 

4.3) and on the capability of the biomass grains to find space in the voids of the gypsum matrix, 

with the consequent result of compacting the mortar instead of expanding it (low circularity 

index). The amount of fraction (mass) added in each formulation differs according to their bulk 

density. For the fixed volume of 10%, the bark fraction is the heaviest addition and the wood 

fraction the lightest. It is expected, for this reason, that for the fixed amount of gypsum and 

water, the fresh bulk density of Ba_10* and Wo_10*, still lower than the REF, are respectively 

the highest and the lowest. Nevertheless, this hypothesis is not verified due to the combined 

effect of other properties deeper investigated in this section. 

To investigate if there is any (linear) correlation between the physical properties of the biomass 

fractions and the fresh bulk density of the plastering mortars and quantify it, a statistical 
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analysis was run. The Pearson’s correlation coefficient (rP) was calculated as the covariance of 

the two compared properties divided by the product of their variance. The analysis was applied 

to quantify if there is a positive (+1), negative (-1) or weak (0) linear relation. The correlation 

matrix for the mortars from the 2nd production is presented in Table 4.6.  

Table 4.6. Pearson's correlation matrix for fresh bulk densities of mortars with 10% biomass from the 2nd 

production. 

 FBD_10* LBD WVHC WHC CE Ci 

FDB_10* 1.00 -0.93 -0.07 0.88 0.64 -0.87 

LBD -0.93 1.00 -0.27 -0.78 -0.59 0.94 

WVHC -0.07 -0.27 1.00 -0.07 -0.08 -0.40 

WHC 0.88 -0.78 -0.07 1.00 0.27 -0.83 

CE 0.64 -0.59 -0.08 0.27 1.00 -0.52 

Ci -0.87 0.94 -0.40 -0.83 -0.52 1.00 

Notation: FBD_10* – Fresh bulk density of the mortars with 10% biomass addition from the 2nd production; LBD – 

biomass loose bulk density; WVHC – biomass water vapor holding capacity; WHC – biomass water holding capacity; 

CE – circle equivalent diameter; Ci – circularity index. 

In green the strong correlations (rP > ±0.70) between the fresh bulk densities of the mortars 

and the bulk densities of the fractions (negative), their water holding capacity (positive) and 

circularity index (negative): the addition of the biomass fractions increases the fresh bulk 

density as much as the loose bulk density of the biomass decreases; to higher water holding 

capacity of the fractions corresponds a higher fresh bulk density of the mortars; the rounder 

the grains the lower the fresh bulk density.  

The mortars of the 1st production (Table 4.4) have lower fresh bulk density for higher amount 

of biomass addition and all the FBD are lower than the reference, as expected 

(REF>FBD_5>FBD_10). The Pearson’s correlation coefficient evidences a weaker relation of the 

FBD (5% and 10%) with the properties of the biomass fractions. The difference is probably due 

to the different batch of premixed gypsum product and eventually to hygrothermal conditions 

of the production environment. Nevertheless, a strong correlation was found between the fresh 

bulk densities of the mortars produced with 5% and 10% by volume of biomass addition (Table 

4.7) belonging to the same production. 

Table 4.7. Pearson's correlation coefficient for fresh bulk densities of mortars from 1st and 2nd productions. 

 FBD5 FBD_10 FBD_10* LBD WVHC WHC CE Ci 

FDB_5 1.00 0.97 0.29 -0.57 0.62 -0.06 0.46 -0.43 

FBD_10 0.97 1.00 0.30 -0.54 0.57 -0.09 0.62 -0.43 

FBD_10* 0.29 0.30 1.00 -0.93 -0.07 0.88 0.64 -0.87 
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For both mortars with 5% and 10% addition there is a weak correlation with the loose bulk 

density of the biomasses and their water vapor permeability, circular equivalent diameter, and 

circularity. The correlation of the fresh bulk densities with the water holding capacity of the 

fraction is almost null.  

4.3.4.2 Thermal conductivity 

The bulk density [40] and thermal conductivity, displayed in Table 4.8, of the reference mortar 

are 1.24 kg/dm3 and 0.34 W/(m∙K), respectively. The design value of thermal conductivity 

according to the EN 13279-1 [41] for gypsum plasters with density of 1.2 kg/dm3 tested at 23°C 

and 50% RH is 0.43 W/(m∙K) and according to the EN 1745 [52] (Table A.12 – P=50%) for other 

mineral binder plastering mortars [53] of the same density, tested at 10°C and dry conditions, 

is 0.33 W/(m∙K). Thus, the result of 0.34 W/(m∙K) at dry condition and temperature of 23°C is 

consistent with the values referred in the standards. Generally, the thermal conductivity is 

slightly decreased by the biomass addition, as the fractions have lower densities, although 

reductions are not very significant due to the small percentage by volume of biomass added 

on the studied mortars. The lowest thermal conductivity is observed with leaves addition, 

followed by branchlets and bark.  

Table 4.8. Thermal conductivity of the analysed mortars and density at 28 days (mean value ± standard deviation). 

 REF Fl_5 Fl_10 Le_5 Le_10 Br_5 Br_10 Wo_5 Wo_10 Ba_5 Ba_10 

λDRY 

[W/(mK)] 

0.342 

± 

0.013 

0.323  

± 

0.015 

0.285 

± 

0.016 

0.276 

± 

0.005 

0.269 

± 

0.019 

0.287 

± 

0.015 

0.298 

± 

0.002 

0.309 

± 

0.035 

0.315 

± 

0.019 

0.297 

± 

0.006 

0.300 

± 

0.012 

ρDRY 

[kg/dm3] 

1.239  

± 

0.003 

1.237  

± 

0.006 

1.215 

± 

0.005 

1.211 

± 

0.005 

1.189 

± 

0.004 

1.229 

± 

0.005 

1.211 

± 

0.003 

1.243 

± 

0.004 

1.246 

± 

0.005 

1.239 

± 

0.008 

1.222 

± 

0.004 

The thermal conductivity of the mortars decreases (rP= -0.83) at higher loose bulk densities of 

the fractions added at the 5% and increases for higher bulk densities of the hardened mortars 

(rP=0.82), as expected. For the additions at 10% such a strong linear relation was not found. 

The tendency is the same with lower Pearson’s coefficients (respectively -0.37 and 0.55), 

probably due to the higher amount of biomass introduced. The interaction between the 

gypsum matrix and the acacia grains possibly changes at higher volumes of addition. 

Nevertheless, the negative correlation of the mortars conductivity with their open porosity is 

stronger for the addition at 10% (rP=-0.79) than at 5% by vol (rP=-0.54). 
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4.3.4.3 Water absorption by capillarity and drying 

In Figure 4.13 are displayed the first 24 h of mortars capillary absorption against the square 

root of time, after which all the curves were found horizontal. All the eleven mortars were 

produced with the same water–powder (premixed product) ratio and cured the same way. Thus, 

the capillary absorption differences found are caused by the biomass additions. It is evident 

that the mortars with higher addition (10%), especially bark and flowers, diverge from the 

reference behaviour more than mortars with only 5%. Fractions of flowers are responsible to 

speed up the capillary absorption and bark to slow it down. This result is consistent with the 

water holding capacity of the biomasses, being the flowers and the bark the highest and the 

lowest, respectively. The additions of A. dealbata fractions generally decrease the absorption 

velocity, not modifying or only slightly increasing the final amount of absorbed water (FWS). 

Only the mortars with wood additions (Wo_5 and Wo_10) show a value of FWS lower than the 

reference. The capillarity coefficient (CC) of the mortars was calculated according to their 

saturation time: faster saturations are seen in shorter time and present higher CC (Table 

4.9).The correlation between the capillary coefficient of the mortars and water holding capacity 

of the fractions is stronger when 10% by volume is added (rP= 0.92) and only for branchlet 

(both %) the same tendency is not observed. 
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(a) (b) 

Figure 4.13. Water absorption by capillarity of reference mortar and mortars with 5% (a) and 10% (b) biomass 

addition. 

The pores responsible for the capillary water absorption of mortars are the interconnected 

capillary pores, in the range of 0.1 – 10 µm, which form the open porosity together with the 

interconnected pores of sorption and coarse pores [54]. All the studied mortars have a very 

similar open porosity (Table 4.4), but their pore size distribution is probably different due to 
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the diversity of biomass fractions. Indeed, the fractions show different grain size distribution, 

i.e., bark with 56% wt. grains between 500 and 1000 µm and leaves with finer grains (48% in 

the range 200-500 µm), and shapes (the circularity index varying from 0.52 of flowers to 0.82 

of branchlets). The shape of the particles can have an impact on the water absorption even if 

added in low quantities. Also, the different chemical composition of the fractions, showed in 

Figure 4.11, can have influenced the water behaviour of the plastering mortars. For example, 

bark is the only fraction with suberin which, even if detected in small quantities, can be 

responsible for the higher hydrophobicity showed by the bark plasters. In fact, the suberin 

percentage of the bark oven-dry-mass is around 5%, quite low if compared, for instance, with 

the average 40% present in cork from Q. suber [55, 56], but maybe still enough to reduce the 

capillary absorption of the plasters. 

After capillary water absorption, the drying test started and took 17 days to reach constant 

mass. The final mass in some cases was found lower than the starting dry mass (negative values 

at the end of the drying curves in Figure 4.14). Due to the five days’ capillary water absorption 

testing, a partial dissolution of gypsum occurred with loss of final weight. Generally, results 

from drying are consistent with results of capillary water absorption. The first phase of drying 

was defined for all the mortars during the first 480 min of drying and the second phase withing 

5 days. The mortar FL_10 shows the highest slope of the second drying phase, that for this 

mortar only lasts 3 days. 

 

(a) 
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(b) 

Figure 4.14. Drying curves of reference mortar and mortars with 5% (a) and 10% (b) biomass addition. 

Generally, it was observed (Table 4.9) that to a slower/faster absorption (lower/higher CC) 

corresponds a slower/faster first drying phase, with rates D1, not varying much when the 

addition is 5% or 10%. The second drying phase, with rates D2, results more affected by the 

biomass introduction with a slower drying for higher additions (except for flowers). The slope 

of the reference mortar in the second phase of drying was the highest (excluding Fl_10), 

probably due to the greater speed of vapour transport in the empty voids.  

Table 4.9. Capillarity coefficient (CC), free water saturation (FSW), drying index (DI), first (D1) and second (D2) 

drying rates: mean values (MV) and standard deviation (SD) on 3 specimens. 

Mortar CC 

[g/(m2min0.5)] 

 FWS(24 h)  

[kg/m2] 

 DI 

[-] 

 1st drying rate 

D1 [g/(m2h)] 

 2nd drying rate 

D2 [g/(m2h0.5)] 

MV SD MV SD MV SD MV SD MV SD 

REF 1.99 ±0.05 12.79 ±0.46 0.12 ±0.03 0.114 ±0.011 1.467 ±0.032 

Fl_5 2.02 ±0.04 13.03 ±0.04 0.11 ±0.01 0.120 ±0.008 1.466 ±0.043 

Fl_10 2.53 ±0.15 13.16 ±0.33 0.12 ±0.00 0.120 ±0.003 1.588 ±0.075 

Le_5 1.48 ±0.32 12.88 ±0.33 0.18 ±0.04 0.108 ±0.010 1.139 ±0.143 

Le_10 1.54 ±0.02 12.88 ±0.41 0.20 ±0.02 0.111 ±0.006 1.080 ±0.016 

Br_5 2.15 ±0.21 12.75 ±0.19 0.12 ±0.02 0.120 ±0.003 1.373 ±0.099 

Br_10 1.79 ±0.17 12.95 ±0.51 0.16 ±0.02 0.121 ±0.005 1.185 ±0.087 

Wo_5 1.69 ±0.06 12.52 ±0.20 0.12 ±0.01 0.100 ±0.005 1.431 ±0.086 

Wo_10 1.59 ±0.03 12.45 ±0.36 0.15 ±0.01 0.108 ±0.002 1.387 ±0.035 

Ba_5 1.40 ±0.11 13.03 ±0.72 0.16 ±0.00 0.103 ±0.005 1.380 ±0.123 

Ba_10 1.03 ±0.03 13.37 ±0.39 0.18 ±0.02 0.106 ±0.001 1.242 ±0.029 
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4.3.4.4 Hygroscopic behaviour 

4.3.4.4.1 Sorption Isotherms 

The sorption isotherms of the eleven plastering mortars are displayed in Figure 4.15. The 

addition of the different fractions of A. dealbata influences the hygroscopic behaviour of the 

mortars proportionally when added at 5% and 10%. The biomass waste that introduces the 

highest adsorption capacity is the bark, followed by leaves, branchlets, flowers and wood in 

decreasing order. As expected, the reference mortar is found the least hygroscopic with a 

maximum moisture content, at 95% RH, equal to 0.42% wt. This result agrees with results from 

a previous study [8], where a finishing paste of only gypsum adsorbed 0.48% wt at 95% RH. At 

the same RH exposure, the mortar Ba_10 shows a moisture content of 1.85% wt, four times 

higher than the REF. At lower RH values, like 70% or 80% RH, the gap between the mortars 

Ba_10 and REF is already notable and means that the modified plaster would ensure a better 

performance than the reference one at steady state also in a mild environment. Nevertheless, 

the addition of all the fractions introduces an enhancement of the hygroscopic behaviour at 

steady state considering that the lowest percentage of addition of the less hygroscopic fraction 

(wood) still adsorbs 1.5 times more than the reference mortar. 

Considering results from Table 4.3, the bark has the highest water vapour holding capacity, 

followed by flowers, wood, branchlets and leaves. Thus, no direct correlation between the 

hygroscopic behaviour of the mortars and the water holding capacity of the respective added 

fractions is found, except for bark. For this reason, the Pearson’s correlation matrix for the 

adsorbed moisture content of the plasters exposed at 50%, 70%, 80% and 95% RH, the water 

holding capacity and water vapor holding capacity of the biomass fractions were calculated 

and displayed in Table 4.10. The correlation is very strong between the moisture contents at 

different RH exposure and results also strong between the moisture contents and the water 

holding capacity of the biomass fractions. It is supposed, then, a condensation phenomenon 

inside the gypsum-based porous matrix that brings liquid water in contact with the biomass. 

Generally, the highest the RH of exposure, the highest the correlation and, as expected, mortars 

with higher amounts of biomass (10%) have higher correlation factors between the moisture 

uptaken and the water holding capacity of the fractions. 
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Figure 4.15. Sorption isotherms of the plastering mortars: REF, flowers (Fl), leaves (Le), branchlets (Br), wood (Wo) 

and bark (Ba). 
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Table 4.10. Pearson's correlation matrix of plasters moisture content for different RH exposures and biomass 

water and water vapor holding capacities. 

   M50% M70% M80% M95% WHC WVHC 

5% 

M50% 1.00 1.00 0.99 0.97 -0.74 -0.12 

M70% 1.00 1.00 1.00 0.98 -0.77 -0.10 

M80% 0.99 1.00 1.00 0.99 -0.80 -0.14 

M95% 0.97 0.98 0.99 1.00 -0.79 -0.21 

WHC -0.74 -0.77 -0.80 -0.79 1.00 -0.07 

WVHC -0.12 -0.10 -0.14 -0.21 -0.07 1.00 

10% 

M50% 1.00 1.00 0.99 0.96 -0.84 -0.04 

M70% 1.00 1.00 1.00 0.98 -0.85 0.02 

M80% 0.99 1.00 1.00 0.99 -0.87 0.03 

M95% 0.96 0.98 0.99 1.00 -0.90 0.09 

WHC -0.84 -0.85 -0.87 -0.90 1.00 -0.07 

WVHC -0.04 0.02 0.03 0.09 -0.07 1.00 
 

Notation: Mx% – mass variation (%) in equilibrium with X% RH; WHC – biomass water holding capacity; WVHC – 

biomass water vapor holding capacity. 

4.3.4.4.2 Moisture buffering 

The mass variation from the last three cycles of 75%-50% RH exposures [47] is shown in Figure 

4.16. Results are consistent with the sorption curves, with approx. 40 g/m2 of moisture gained 

at the end of every cycle from the mortars Ba_10 and Le_10, about three times the reference 

mortar. After 9 h of adsorption the moisture capacity of the REF is saturated whereas all the 

other formulations can keep adsorbing. A better hygroscopic response of the plasters with the 

biomass addition is confirmed.  The negative values at the end of the desorbing phase of the 

second cycle can depend on: the experimental conditions (i.e. the climatic chamber getting to 

lower RH than set); the plasters themselves which could not have completely reached the quasi 

steady state; a combination of these factors. However, the negative variation observed 

represents an unfavourable starting point for the next adsorbing phase, which registered the 

same behaviour and peak values of the previous cycle.  
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Figure 4.16. Mass variation for unit surface during the last three cycles of moisture adsorption/desorption of 

plastering mortars: REF and with flowers (Fl), leaves (Le), branchlets (Br), wood (Wo) and bark (Ba). 

The moisture buffering value was calculated on the average value of the last three adsorption 

and desorption cycles (the same showed in Figure 4.16) referred to the RH step (25% RH) 

applied. In Figure 4.17, MBV results are displayed together with limits from NORDTEST [48] 

from moderate MBV in the range of 0.5 and 1.0 kg/(m2%RH) to good classification, 1.0 < MBV 

< 2.0 kg/(m2%RH). Excellent class is not observed because no MBV are found to exceed 2.0 

kg/(m2%RH). The MBV in some cases almost triplicates with the addition of 10% of biomass. 

The higher percentage of addition corresponds to higher moisture buffer capacity and the 
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enhancement is greater for some fractions than others. Testing daily cyclic 

adsorption/desorption at quasi steady state confirms results from sorption isotherms: the 

biomass from A. dealbata that improves the most the hygroscopic behaviour of the mortar is 

bark, followed by leaves and branchlets. The addition of this fractions at 10% by volume turns 

the gypsum plaster competitive in terms of MBV with earth-based plasters (from some 

references [56] their range is reported also in Figure 4.17 for comparison) which are referred 

as the most hygroscopic plasters. 

 

Figure 4.17. Moisture Buffering Value of the REF and mortars with 5% (solid) and 10% (dashed) biomass, limits 

from NORDTEST [48] and range for earth plasters [56]. 

4.3.4.5 Biological susceptibility 

Although the good results obtained in terms of hygroscopic behaviour, an important drawback 

was found regarding the mortars’ biological colonization. The extractives previously removed 

from the biomass are phenolic compounds that could indeed contribute to the inhibition of 

biological growth, but their previous removal is the first step of biomass valorisation in a 

circular economy perspective.  The resulting waste biomass contains lignocellulosic polymers 

that can be a substrate for fungal development, namely for the fungi existing in atmospheric 

air and in the environment in general. Also, the exposure of the biomass to moisture during 

mortar preparation can create the conditions for the development of spores existing in the 

biomass itself. It is important to remember that contrary to what is recommended whenever 
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bio-sourced wastes are used in plastering mortars (oral information from producers and 

professionals, and commonly implemented in situ and when testing in laboratory), the 

specimens were dried in a non-ventilated laboratory. Nevertheless, the different parts of the 

plant Acacia dealbata did not introduce the same rate of mould growth in the mortars. Pictures 

of the circular specimens and their optical microscope observations are displayed in Figure 

4.18. The only mortars without moulds growth on their surface, apart from the reference one, 

are the mortars with wood fraction, Wo_5 and Wo_10 (for this reason not listed in Figure 4.18). 

Moreover, to higher content of biomass corresponds a higher mould development in most 

cases (only the addition of bark does not show this tendence) quantified according to ASTM 

[49] in Table 4.11. Thus, the biomass can be considered, in almost all its fractions, a good 

substrate for microorganisms. The different development is probably related with a specific 

component, present in higher quantities in leaves, branchlets and flowers, less observed in bark 

and almost absent in wood. Referring to chemical composition of the different parts of A. 

dealbata, according to López-Hortas et al. [30] the tannin contents are very low in the wood 

and sapwood of this species, and this could have inhibited the biological growth for plasters 

with the additions (5% and 10%) of the wooden fraction. 

Fl_5 

 

   

Fl_10 

 

   

Le_5 

 

   

Le_10 
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Br_5 

   

Br_10 

   

Ba_5 

 
  

Ba_10 

   

Figure 4.18. Pictures of the biological development on mortars surfaces and optical microscope observation of the 

same. 

Table 4.11. Classification of mould growth based on ASTM D5590-17 [49]. 

ASTM 

Class 

REF Fl_5 Fl_10 Le_5 Le_10 Br_5 Br_10 Wo_5 Wo_10 Ba_5 Ba_10 

0 2 3 3 4 3 4 0 0 1 1 

Notation: 0 – None; 1 – Traces of growth (<10 %); 2 – Light growth (10–30 %); 3 – Moderate growth (30–60 %); 4 – 

Heavy growth (60 % to complete coverage). 

The biological growth appears after the first 14 curing days, when the specimens were left 

curing in a low ventilated and relatively high moisturized environment. After that no further 

development of moulds/fungi was observed but to ensure the process would not evolve, all 

the specimens were kept 24 hours in oven, at 60˚C, before being tested to hygroscopic 

behavior. After the tests in the climatic chamber exposed to high RH values like 95%, no sign 

of further biological development was observed on the surfaces. Either the thermal treatment 

works on the specific species present on the surface (no analysis was run yet for the 

identification), or the growth is only related with the drying of kneading water. To address this 

problem, the recommendation of ensuring a ventilated conditioning of the plaster specimens 
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may be fundamental; furthermore, a thermal treatment of the biomass can be considered to 

turn it a poorer substrate or any action targeting the pH of the mortar, like for example some 

lime addition to increase it. 

4.3.5 Statistical analysis 

Even if only three specimens (and relative results) were available for each formulation, a 

MANOVA (multivariate analyses of variance) has been carried out (software: IBM-SPSS 

Statistics) to test the statistical significance between the analysed properties of mortars. The 

independent variable considered are the mortars (REF, Ba5, Ba10, Br10, Br5, Fl10, Fl5, Le10, Le5, 

Wo10, Wo5) and the dependent variables are the properties, namely: open porosity (OP), 

moisture buffering value (MBV), capillarity coefficient (CC), drying index (DI), thermal 

conductivity in dry condition (λ) and dry density (ρ). The significance (p-value) was set at p< 

0.05 and the multiple comparisons have been calculated with Bonferroni adjustment. Table 

4.12 reports the mean differences and p-values of the comparisons between the reference 

mortar (REF) and all the other formulations. Positive mean differences point out that, for the 

analysed property, the reference mortar has higher result than the compared modified one; 

negative mean differences indicate the opposite. 

Table 4.12. MANOVA results of mean differences and p-values for the comparison of the reference mortar vs 

modified formulations. 

    Ba10 Ba5 Br10 Br5 Fl10 Fl5 Le10 Le5 Wo10 Wo5 

OP [%] mean difference .882 1.083 -.292 -.378 -1.372 .059 -1.393 -.837 .226 1.108 

p-value 1.000 1.000 1.000 1.000 .920 1.000 .844 1.000 1.000 1.000 

MBV 

[kg/(m2%RH)] 

mean difference  -1.282* -.753* -.904* -.451* -.568* -.255* -1.078* -.616* -.629* -.226* 

p-value .000 .000 .000 .000 .000 .000 .000 .000 .000 .000 

CC 

[g/(m2min0.5)] 

mean difference  .961* .585* .198 -.159 -.542* -.032 .446* .504* .395 .292 

p-value .000 .002 1.000 1.000 .006 1.000 .046 .013 .134 1.000 

DI [-] mean difference  -.063 -.038 -.043 .001 -.001 .014 -.083* -.058 -.029 -.003 

p-value .067 1.000 .961 1.000 1.000 1.000 .003 .128 1.000 1.000 

λDRY [W/(mK)] mean difference .041 .045 .044 .055* .056* .018 .073* .065* .027 .032 

p-value .317 .170 .218 .030 .022 1.000 .001 .005 1.000 1.000 

ρ DRY [kg/dm3] mean difference .0145 -.0199 .0256 .0015 .0010 -.0100 .0499* .0114 -.0071 -.0115 

p-value 1.000 1.000 .551 1.000 1.000 1.000 .001 1.000 1.000 1.000 

Notation: * - values statistically significant. 

No significant (statistically) difference is found for the open porosity (and the dry density) of 

the mortars, with a p-value often equal to 1 and never below 0.05. The water absorption by 

capillarity of the mortars differs significantly from the reference mortar with the addition of 

bark (5% and 10%), leaves (5% and 10%) and flowers (only 10%) with the general effect of 
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increasing the capillarity coefficient (apart from flowers at 10%). The drying index, instead, does 

not report any significant variation except for the formulation with leaves at 10%, the only one 

showing a significative difference from the reference with a higher drying index. For what 

concerns the thermal conductivity, according to the statistical analysis, a significant decrease 

of the property is introduced with the addition of leaves (both at 5% and 10%), of branchlets 

at 5% and flower at 10%. The moisture buffering of all the modified mortars is found 

significantly different from the reference one, with a general increase of the property due to 

the additions. 

Moreover, a MANOVA has been run to test if the variation on percentage of addition (5% and 

10%) influences the analysed properties (OP, MBV, CC, DI, λ and ρ). The statistical model has 

been built considering the mortars (Fl, Le, Wo, Br, Ba) and the percentage of addition (5% vs 

10%) as the independent variables. Due to research purposes, the model tested only the 

interaction effect of the two independent variables on the considered properties. Table 4.13 

reports the mean differences and p-values of the pairwise comparisons between the different 

percentages for each fraction (5% vs 10%). 

Table 4.13. Mean differences and p-values for results of mortars with the same fraction addition at 5% vs 10%. 
  

Fl Le Br Wo Ba 

OP [%] mean difference (5% vs 10%) -1.430* -.555 .086 -.882 -.201 

p-value .006 .243 .854 .070 .667 

MBV 

[kg/(m2%RH)] 

mean difference (5% vs 10%) -.313* -.461* -.453* -.402* -.529* 

p-value .000 .000 .000 .000 .000 

CC 

[g/(m2min0.5)] 

mean difference (5% vs 10%) -.510* -.059 .357* .102 .376* 

p-value .000 .631 .008 .405 .005 

DI [-] mean difference (5% vs 10%) -.015 -.025 -.044* -.027 -.024 

p-value .343 .121 .010 .104 .133 

λDRY [W/(mK)] mean difference (5% vs 10%) .038* .008 -.011 -.005 -.004 

p-value .012 .586 .431 .712 .799 

ρ DRY [kg/dm3] mean difference (5% vs 10%) 0.011 0.039* 0.024* 0.004 0.034* 

p-value .261 .001 .019 .652 .002 

Notation: * - values statistically significant. 

Overall, the most affected property from the addition of 10% by volume of a fraction instead 

of the 5% is found to be the MBV, always significative with positive effect (increase in MVB) of 

higher additions. The dry density of the mortars decreases when 10% of leaves, branchlet and 

bark are added instead of 5% but the increase in addition for the other fractions is not 

significantly affecting the property. The thermal conductivity decreases when flowers are added 

at 10% instead of 5%, and the drying index increases when branchlet are added at 10%. The 
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percentage variation for all the other fractions is not found statistically significant for these two 

properties. The coefficient of capillarity statistically differs for flowers, branchlet and bark added 

at 5% or 10%. The open porosity is higher for the addition of flowers at 10% vs 5%, but the % 

variation has no significative effect on open porosity for all the other additions. 

4.3.6 Conclusions 

So far, gypsum plastering mortars seem to have a low moisture buffering value (MBV) when 

compared with other plasters and other building materials used for coatings. At the same time 

these mortars are very often used to coat indoor walls and ceilings as much in historic, 

traditional constructions as in new designs. The MBV of building materials, especially when 

directly exposed to indoor air in large areas, can be a key factor for indoor passive regulation 

of relative humidity and, consequently, comfort enhancement without energy consumption 

increase. The purpose to improve the MBV of gypsum plasters was combined, in the present 

work, with the intent of reusing a second-generation biowaste from pharmaceutical and 

cosmetic industry. The by-product consists in five different fractions of the same plant, the 

Acacia Dealbata that, after minimal treatment (milling and sieving), were added to mortars 

formulation in two different percentages: 5% and 10% by vol. of a powder premixed gypsum-

based plastering mortar product. 

The results of the study evidence that a major enhancement of the hygroscopic behaviour both 

in static and dynamic conditions is found for all the modified mortars (compared with the 

reference one). Generally, the addition at 10% by vol. introduces a greater change in the 

mortars’ MBV (according to the statistical analysis). Above all the fractions, the bark is the most 

hygroscopic, introducing an increase in the gypsum mortar up to four and three times the 

reference when tested respectively at steady state or quasi steady state. The thermal 

conductivity of the plasters is only slightly modified by the fractions, as already expected for 

the low amount of biomass added. For what concerns the response to liquid water: the biomass 

addition slows down the capillary absorption of the mortars (not significant for wood and 

branchlet addition) but also their drying capacity (statistically significant only for leaves at 10%), 

and the final amount of absorbed water is almost not modified. The main drawback observed 

was the biological growth during the first 14 curing days. The causes for the growth can be 

environmental factors, for instance the kneading water and low ventilation of the curing room, 

and biological factors related with the chemical composition of the biomasses or a 

combination of both. 
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To conclude, among all the eleven mortars here analysed, the one resulting from bark addition 

at 10% by vol. shows a great hygroscopic behaviour (MBV in the range of earth-based plasters), 

a slightly higher thermal insulation capacity and the slowest absorption by capillarity, although 

also of drying capacity (1st phase). It is given to further studies to better investigate how to 

prevent the risk of biological attack, which is found the main drawback of the modified mortars. 

It is recommended to continue the study ensuring a ventilated hardening period and modifying 

the formulation of the mortars to obtain a less favourable substrate for the mould growth (i.e., 

with a more alkaline pH) or modifying the biomass itself before adding it to the mortars (i.e., 

applying a thermal treatment). It is not excluded that the combination of more measures will 

be more effective for the purpose, thus, further studies will be intended to find the best 

solution. 
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4.4 Additional Considerations  

Results from sections 4.2 and 4.3 evidence that all the additions increase the hygroscopic 

response of the gypsum reference mortar (both in static and dynamic conditions) without 

jeopardizing mechanical properties. In fact, the compressive and flexural strengths of all the 

modified plastering mortars are still complying with the requirements of EN 13279-1 (2008). 

Moreover, the addition of the different biomass fractions at 10% by vol. increases the moisture 

reactivity by more than 5%. Above all the fractions the greater enhancement is obtained by the 

addition of bark and an overall effect of slight hydrophobisation of the mortars is given by 

almost all the fractions. Table 4.14 presents a synthesis of results of the properties related with 

water in liquid and vapor phase.  

Table 4.14. Synthesis of results from hygroscopic and hygric behavior of plasters. 

Property Unit REF Fl5 Fl10 Le5 Le10 Br5 Br10 Wo5 Wo10 Ba5 Ba10 

Ads.* [%]  0.42 0.67 0.91 1.01 1.44 0.89 1.28 0.68 1.01 1.05 1.85 

MBV [g/(m2∙%RH)] 0.60 0.95 1.26 1.31 1.77 1.14 1.60 0.92 1.32 1.45 1.97 

CC [g/(m2min0.5)] 1.99 2.02 2.53 1.48 1.54 2.15 1.79 1.69 1.59 1.40 1.03 

D1 [g/(m2h)] 0.114 0.120 0.120 0.108 0.111 0.120 0.121 0.100 0.108 0.103 0.106 

D2 [g/(m2h0.5)] 1.467 1.466 1.588 1.139 1.080 1.373 1.185 1.431 1.387 1.380 1.242 

Notation: * - adsorption at 95% RH; MBV - moisture buffering value; CC - capillary coefficient; D1 - first drying phase 

rate, D2 - second drying phase rate. Mortars: REF - reference; Fl - flowers; Le - leaves; Br - branchlets; Wo - wood; 

Ba - bark; 5 or 10 - addition of the fraction at 5% or 10% by vol. 

Nevertheless, biological colonization was found as a main drawback for the biomass addition. 

It was not possible to identify the source of it, as it can depend on environmental factors, 

biological factors or a combination of both. To stop the biological development, the mortar 

specimens underwent a thermal treatment (60ºC for 24 h). The colonization of the specimens 

was constantly controlled during the tests and no further growth was detected. The next 

chapter presents and discusses the final formulations of modified gypsum mortars, obtained 

as a result of a preliminary study, briefly referred in section 5.1, and their comparison to two 

premixed clay-based plasters.
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5  

 

INNOVATIVE GYPSUM-BASED PLASTERS 

FOR PASSIVE MOISTURE REGULATION 

AND POLLUTANT REMOVAL 

5.1 Preamble 

The study on gypsum plastering mortars enhanced with the addition of 10% and 5% by volume 

of different fraction of the invasive plant Acacia dealbata (chapter 4) showed overall good 

results. The main drawback, the biological growth during the first 14 curing days of the mortars, 

was addressed in a preliminary study to define the final formulations then tested at moisture 

and pollutant removal together with the clay-based ones. 

The preliminary study  

The bark was selected as the best fraction to be added at 10% by volume to improve the 

passive moisture regulation of the plasters and different solutions were tested to prevent 

biological attack: 

• Thermal treatments of the biomass: 

- The bark was heated up to 120˚C for 4 hours (pasteurization temperature). 

- The bark was heated up to 200˚C for 1 hour (starting to turn into charcoal). 

- The bark was heated up to 250 ˚C for 1 hour (partially turned into charcoal). 

• Alteration of the pH of the mortar: 

- Addition of 4.4% by wt. of air lime. 
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The plastering mortars were prepared combining the additions as reported in Table 5.1, plus 

water. The designed formulations were:  

• REF: premixed gypsum product (no additions);  

• BA: premixed gypsum product + 10% by vol. bark;  

• BA_AL: premixed gypsum product + 10% by vol. bark + 4.4 % by wt. air lime; 

• BATT: premixed gypsum product + 10% by vol. bark heated at 120˚C (from here designated 

as thermally threated bark);  

• BATT_AL: premixed gypsum product + 10% by vol. thermally treated bark + 4.4 % by wt. 

lime; 

• BA200: premixed gypsum product + 10% by vol. bark heated at 200˚C; 

• BA250: premixed gypsum product + 10% by vol. bark heated at 250˚C. 

The mortars production and fresh state characterization followed the same procedures that 

will be described in sections 5.2.2.2.1 and 5.2.2.2.3. The fixed amount of water was 48% by wt. 

of the gypsum premixed product, and only increased for BATT_AL (accounting in the mass to 

consider also the 4.4% of the air lime). The decision was taken during the preparation of the 

mortar, because the workability of the previous mix with air lime, BA_AL, was found to be not 

so adequate (3 in a scale from 1 to 5 - Table 5.1). It turns out that additional water is required 

when the addition of air lime and/or thermally treated biomass (from BATT preparation) are 

done. 

Table 5.1. Production and fresh state characterization. 

Mortar Gypsum premixed 

product 

Air lime  

(4.4% by wt.) 

H2O  Biomass  Tot 

Vol. 

w/dry 

(wt) 

Flow FBD Workability 

1 to 5 

Vol. 

[cm3] 

Mass 

[g] 

Vol. 

[%] 

Mass 

[g] 

[ml]  [g] [cm3] [%] [mm] [kg/dm3] [-] 

REF 3000 2442 - - 1172 - 3300 0.48 161.5 1.629 5 

BA 3000 2442 - - 1172 143.79 3300 0.45 155.3 1.603 4.8 

BA_AL 3000 2442 272.9 107.4 1172 143.79 3573 0.44 130.5 1.623 3 

BATT 3000 2442 - - 1172 134.94 3300 0.45 153.0 1.625 4.5 

BATT_AL 3000 2442 272.9 107.4 1224 134.94 3573 0.46 136.5 1.627 3.5 

BA200 3000 2442 - - 1172 137.31 3300 0.45 152.8 1.625 4.2 

BA250 3000 2442 - - 1172 119.46 3300 0.46 152.0 1.616 4 

The mortars were characterized at shrinkage and hardened state according to test methods 

described in section 5.2.2.2.4 while keeping track of the biological development. Results are 

referred in Table 5.2 and volumetric variations in Figure 5.1. 
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Table 5.2. Hardened state characterization (average values, AV, and standard deviations, SD): modulus of elasticity 

(Ed), flexural strength (Fs), compressive strength (Cs), surface hardness (Hs) adhesive strength (Ads), apparent bulk 

density (BD) and open porosity (OP). 

Mortar Ed [GPa] Fs [MPa] Cs [MPa] Hs [Shore C] Ads [MPa] BD [kg/dm3] OP [%] 

Av S.D. Av. S.D. Av. SD Av. S.D. Av. S.D. Av. S.D. Av. S.D. 

REF 3.7 0.04 2.0 0.14 3.7 0.26 70.7 3.15 0.65 0.09 1.203 0.00 45.1 0.11 

BA 3.2 0.00 1.8 0.03 3.5 0.12 68.1 2.19 0.47 0.16 1.201 0.00 44.6 0.23 

BA_AL 3.6 0.02 1.7 0.27 3.7 0.18 74.3 2.51 0.52 0.06 1.227 0.01 44.6 0.12 

BATT 3.4 0.07 1.7 0.08 3.8 0.33 70.1 2.19 0.60 0.03 1.210 0.00 45.1 0.13 

BATT_AL 3.4 0.07 1.8 0.07 3.5 0.10 72.4 1.27 0.45 0.02 1.208 0.01 45.6 0.30 

BA200 3.5 0.02 1.7 0.12 3.9 0.50 72.3 1.70 0.59 0.08 1.216 0.00 44.8 0.11 

BA250 3.3 0.02 1.7 0.20 3.3 0.27 73.4 1.27 0.50 0.05 1.214 0.00 45.1 0.21 

 

 

Figure 5.1. Volumetric variation at fresh state and after 2, 7, 14, 21 and 28 days. 

Overall, the compressive and flexural strength were found complying with the requirements 

from EN 13279-1 (2014) for gypsum plasters, there is an increase of the surface hardness when 

air lime is added and, with the heating of the biomass, the adhesive strength decrease a little 

with the additions. With the fixed amount of kneading water, the results from open porosity, 

bulk density and shrinkage are consistent and indicate that the total volume of open porosity 

was not very much affected by the additions. This does not exclude the possibility of a different 

pore size distribution caused by the biomass and air lime additions. The study found that, at 

the end of the 28 days, only the prismatic specimens with the addition of air lime (and the 

reference one), did not show any trace of biological growth (Table 5.3). 

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

REF BA BA_AL BATT BATT_AL BA200 BA250

Δ
V

 [
%

]

D
en

si
ty

 [
kg

/d
m

3 ]

fresh state demoulded 7 DAYS 14 DAYS 22 DAYS 28 DAYS ΔV [%]



194 

 

Table 5.3. Biological growth of the produced mortars (prisms), evaluation based on ASTM D5590-17 (2021). 

 
Mortar BA250 BA200 BATT_AL BATT BA_AL BA REF 

BioCol. [1-5] 1 1 0 1 0 1 0 

The mortars' application on bricks had no visible (by eye) traces of biological growth. To further 

investigate the difference between prismatic specimens and application on the bricks, three 

samples from each plaster applied on brick were manually collected and underwent the open 

porosity test by vacuum and hydrostatic weighing (Figure 5.2), based on EN 1936 (2007) and  

the apparent bulk density was calculated too (Table 5.4), together with samples from the 

prismatic specimens. 

  

(a) (b) 
Figure 5.2. Samples collected from plasters applied on bricks (a) and from prismatic specimens (b) that underwent 

vacuum and hydrostatic weighing open porosity test. 

Table 5.4. Results of apparent bulk density (BD) of samples collected from bricks application and prisms - average 

values (Av) and standard deviation (SD). 

BD [kg/dm3] REF BA BA_AL BATT BATT_AL BA200 BA250 

Brick 

 

Av 1.330 1.298 1.281 1.297 1.295 1.216 1.214 

SD 0.01 0.01 0.00 0.00 0.01 0.00 0.00 

Prism 

 

Av 1.203 1.201 1.227 1.210 1.208 1.216 1.214 

SD 0.00 0.00 0.01 0.00 0.01 0.00 0.00 

Results show that the application of the plaster in contact with the brick substrate slightly 

increases its bulk density (lowering porosity, probably due to water absorbed by the substrate 

while the plaster is still fresh), except for the mortars with bark thermally treated at higher 
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temperatures that show no difference. The faster drying of the mortars applied on the bricks 

is eventually related to the lower biological growth there observed and suggests less 

susceptibility in real applications. 

For the exposed reasons, to prevent the biological growth, the addition of air lime was 

considered mandatory, and the final mortars were produced with: 

• Bark of A. dealbata with addition of 5% by vol. of air lime. 

• Bark of A. dealbata heated during 1 hour at 250 ˚C with addition of 5% by vol. of lime. 

In this section of the study, the bark fraction was not obtained after extractives recovery (to be 

used for pharmaceutical or cosmetic industry) but just milled and sieved.  

The so optimized plastering mortars were characterized at fresh state and hardened state and 

their relative humidity dependent properties are presented (section 5.2) and compared with 

premixed clay-based plastering mortars. Moreover, all these plastering were tested to ozone 

reaction and primary and secondary VOCs emissions (section 5.3). Coating materials can be 

responsible for primary emissions and, when exposed to certain pollutants, e.g., ozone (O3), 

also for secondary emissions. The latter are commonly reaction products (carbonyl 

compounds) of the pollutant exposure. The experiment aimed at identifying and quantifying 

the primary and secondary emissions of the different coating products together with their 

deposition velocities. The coatings selected for the study are the three gypsum-based 

plastering mortars (reference, with bark and air lime, with thermally treated bark for 1 h at 250 

˚C and air lime) and two clay plasters applied as a base coat (to be described in section 5.2); as 

a topcoat on drywall; the drywall (a very common building material in USA and Europe). 
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5.2 Article D1 - Enhancement of the Hygroscopic Behavior of 

Innovative Plastering Mortars based on Gypsum 

(the article was submitted on 17/10/2023 to the journal Construction and Building Materials; 

reviews from the thesis advisory committee were applied) 

Eco-efficient plastering mortars for improved indoor comfort - The 

influence of A. dealbata bark addition 

Alessandra Ranesi1,2*, Paulina Faria1, Maria Teresa Freire3, Margarida Gonçalves4, M. Rosário Veiga2 

1 CERIS, Department of Civil Engineering, NOVA School of Science and Technology, NOVA University of Lisbon, 

Quinta da Torre, 2829-516 Caparica, Portugal 

2 National Laboratory for Civil Engineering, Avenida do Brasil 101, 1700-066 Lisbon, Portugal 

3 CERIS and SIVAL-Gessos Especiais Lda, Rua Emídio Oliveira Faria, 2425-879 Souto da Carpalhosa, Portugal 

4 METRICs, Department of Chemistry, NOVA School of Science and Technology, NOVA University of Lisbon, 

Quinta da Torre, 2829-516 Caparica, Portugal and VALORIZA, Polythechnic Institute of Portalegre, Campus 

Politécnico, 7300-555 Portalegre, Portugal 

* corresponding author: a.ranesi@campus.fct.unl.pt 

Abstract 

The passive contribution of indoor coatings to improve interior comfort is an eco-efficient 

challenge nowadays. Gypsum is one of the more eco-efficient binders available to produce 

plasters. Acacia dealbata is an invasive species in many countries, and the management of its 

wood waste for fires prevention is imperative. This study intends to evaluate the effect of using 

Acacia dealbata bark waste, directly after milling (raw) or with additional thermal treatment (1 

h at 250 ⁰C), as an addition to an industrial gypsum-based plastering mortar to passively 

improve indoor comfort. To prevent the biological colonization, air lime is also added. Two 

clay-based plasters are used for comparison, together with a reference gypsum plaster. Results 

show that both the gypsum-bark mortars fulfill the standard requirements and do not show 

biological vulnerability. They doubled the moisture buffering of the reference gypsum plaster 

and got closer to the hygroscopic performance of the clay plasters. The very similar results 

between the two gypsum-bark mortars suggest that the thermal treatment of bark is not an 

eco-effective choice. So, the raw bark-added gypsum mortar is selected as a promising coating 

material to passively contribute for indoor comfort in an innovative, eco-efficient, way. 

Keywords 

Calcium sulfate hemihydrate gypsum; air lime; clay; biomass; moisture buffering; passive 

moisture indoors regulation. 

mailto:a.ranesi@campus.fct.unl.pt
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5.2.1 Introduction 

The passive moisture regulation of coating materials and products for the improvement of 

indoor comfort (Xiong et al., 2015; Arundel, 1986), of the perceived indoor air quality (Fang, 

1998) and for the design of healthier environment (Guarnieri et al., 2023) with lower energy 

demand (Rode et al., 2008; Zhang et al., 2017) is nowadays a very investigated topic. The aim 

of regulating indoor relative humidity (RH) through the passive (no energy demand) activity of 

coating materials and products is being pursued either by studying the enhancement of 

traditional (Lima and Faria 2016; McGregor et al., 2016; Pawełkowicz et al., 2022; Gentile et al., 

2023; Li et al., 2023) and modern ( Yang et al., 2022; Gbekou et al., 2022) plastering mortars 

than by designing new ones (Zu et al., 2022, Magda et al., 2023).  

Calcium sulphate hemihydrate (gypsum) has been used for several decades to coat and 

decorate indoor walls and ceilings (Malta da Silveira et al., 2007; Gariani et al., 2018; Kamel et 

al., 2015; Mahmoud and Papadopoulou, 2013; Válek et al., 2020; Caroselli et al., 2021) in huge 

parts of the world and, for this reason, is a suitable material for restoration in ancient buildings 

(Freire et al., 2021; Sáez-Pérez et al., 2022; Torres-González et al., 2023). Furthermore, gypsum-

based mortars are a suitable product for plastering indoors of new buildings. Nevertheless, 

even if traditional gypsum plasters have a high-water vapor permeability (Záleská et al., 2021; 

Ranesi et al., 2021a) that makes them compatible with many substrates, their hygroscopic 

behavior is poor when compared with other coatings, such as clay-based plasters (Ranesi et 

al., 2021a; Santos et al., 2020). However, the production of hemihydrate gypsum requires 

calcination temperatures (120-180 ˚ C) lower than other common binders used for mortar’s 

production, and easy milling, with all the positive consequences in terms of environmental 

impact (Meireles et al., 2019). Therefore, gypsum plaster is considered an eco-efficient building 

product (Ranesi et al., 2021b). 

The Acacia dealbata is an invasive species original from Australia and very spread in Southern 

European countries (Raposo et al., 2020) due to its germination rate (above 70%), rapid growth, 

allelopathic capacity, dispersion capacity in burnt environments and high resistance to 

chemical attack Lorenzo et al., 2010). The recovery of the plant, besides reducing the risk of 

forest fires (Nunes et al., 2021a) and contribution to a greener circular economy (Nunes et al., 

2020; Nunes et al., 2021b), can be used for extractives with antioxidant and antimicrobial 

activity (Sowndhararajan et al., 2013; Borges et al., 2020). The biowaste of the extraction can be 

re-used for different purposes in a more multiproduct biorefinery approach (Correia et al., 

2020; López-Hortas et al., 2021). The production of energy from the biomass has also been 
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investigated in literature, but there are some issues not solved yet like the high chlorine content 

(0.04%) (from resinous species <0.02%)(Nunes et al., 2020), the low thermal efficiency (seven 

times lower than Pine) and the emission of environmentally relevant contaminants generated 

by the combustion both in gaseous form (CO, SO2 and NOx) and particle matter (PM10) (Ferreira 

et al., 2014; Vicente et al., 2019). 

This study intends to evaluate the effect of the reuse of Acacia dealbata bark waste, directly or 

after thermal treatment, as an addition to gypsum-based plastering mortars. The complete 

characterization of a new eco-efficient gypsum-bio-based plaster is presented, its potential to 

passively improve indoor comfort is evaluated and compared with two clay-based plasters 

considered a benchmark for hygroscopic behavior. Clay plasters, in fact, are recognized for 

being highly hygroscopic (Ranesi et al., 2021a) and their embodied energy appears to be very 

low (Marcelino-Sadaba et al., 2017; Santos et al., 2021). 

5.2.2 Materials and methods 

5.2.2.1 Materials 

5.2.2.1.1 The biomass characterization 

The biomass selected for the study is a fraction of the plant Acacia dealbata collected in the 

region of Caparica, in Portugal. In a previous study (Ranesi et al., 2022; Ranesi et al., 2023) five 

different fractions of the same plant were added to gypsum mortar formulations and their 

effect was evaluated: bark, branchlets, flowers, leaves, wood. The bark was selected among the 

five different fractions to enhance the hygroscopic behavior of the plastering mortars because 

its addition was found of highest impact on the moisture buffering of the mortar (Ranesi et al., 

2023).  The biomass, once collected, was cut in 5 cm pieces, milled (cutting mill, Retsch) and 

sieved at 1 mm using a vibrating sieve (Retsch), BA. A fraction of this bark sample was thermally 

treated, by heating at 250 ˚ C for 1 hour, stored in glass Petri Dishes and cooled down in a 

desiccator before being used as an alternative addition (BA250).  

The proximate composition of the biomass fractions BA and BA250 were determined using 

European standards EN 14774-2 (2009) for moisture content (MC), EN 14775 (2009) for ash 

content (Ash), and EN 15148 (2009) for volatile matter (VM). Fixed carbon was determined by 

difference. The ultimate analysis of the biomass samples was performed using an elemental 

analyzer (Thermo Finnigan – CE Instruments Model Flash EA 112 CHNS series). Oxygen (O) was 

determined by difference, in a dry basis. Loose bulk density was determined by measuring the 

volume occupied by 5 g of material, using a calibrated glass beaker. Determinations were 
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performed in triplicate and results are expressed as the corresponding averages and standard 

deviations. Particle size distribution was determined on a vibrating sieve (Retsch, AS200 digit) 

equipped with sieves with mesh openings of 2000, 1000, 500, 200, 100 and 50 µm; a known 

amount of each sample (100g) was sieved at an amplitude of 50, for 10 min. After this period, 

the sample mass collected in each sieve and the fraction less than 50 µm were determined 

gravimetrically.  

The water holding capacity of samples BA and BA250 was determined by mixing 1 g of biomass 

sample to 100 ml of distilled water, stir the mixture in an ultrasonic bath for 5 minutes, and 

leave it in contact for 24 h. After this period, the samples were filtered and left in the funnel for 

2 h to drain the water retained between the biomass particles. The wet biomass samples were 

transferred to pre-weighed Petri dishes, and weighed, before and after oven drying for 12 h at 

40°C. Water holding capacity was calculated as the ratio between the mass of adsorbed water 

divided by the mass of dried sample and expressed as percentage. 

The water vapor holding capacity was determined by exposing 10 g of biomass kept in open 

beakers to water vapor for 5 days. The beakers with biomass were placed inside a metal 

container filled with warm water and covered with a plastic lid. The samples were kept for 5 

days to equilibrate water vapor in the headspace and water adsorbed by the biomasses. After 

this period, the biomass samples were transferred to pre-weighed Petri dishes, weighed, and 

then oven dried for 12 h at 40°C. The water vapor holding capacity was calculated as the ratio 

between the adsorbed water mass and the dried sample mass and expressed as percentage.  

The thermally treated (heated at 250˚ C for 1 h) bark has a brownish colour, darker than the 

raw, untreated, bark (Figure 5.3). The composition of the BA and BA250 according to ultimate 

analysis, did not show big differences (Figure 5.4), with the percentage of carbon slightly higher 

after the thermal treatment and, consequently, all the other elements a bit less detected. The 

same can be said for the grain size distribution (Figure 5.5) with the particle of BA250 slightly 

shrank by the treatment. 
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Figure 5.3. Appearance of bark samples before and after the thermal treatment (a) raw bark and (b) heated bark 

(250 ˚ C for 1 h). 

  

(a) (b) 
Figure 5.4. Ultimate analysis composition for (a) bark and (b) bark heated at 250˚ C for 1 hour. 

The loose bulk density, water holding capacity and water vapor holding capacity are presented 

in Table 5.5 for BA and BA250. The heating process seems to decrease the hygric and 

hygroscopic properties of the biomass. As expected, the thermal treatment decreased the 

volatile components of biomass (moisture content, MC, and volatile matter, VM) and increased 

fixed carbon, FC (Table 5.5). The loss of moisture and volatiles also explains the decrease of the 

loose bulk density of BA250 compared to BA. The thermal treatment also decreased the relative 

concentration of oxygen in the BA250 sample compared to the BA, which corresponds to a 

lower availability of -OH and -COOH groups in the surface of the biomass particles. These polar 

  

a) b) 
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groups are strongly involved in the interaction with water molecules; therefore their reduction 

in the BA250 sample also justifies its lower holding capacities for water and water vapor. 

 

 

Figure 5.5. Grain size distribution of bark (BA) and heated bark (BA250). 

Table 5.5. Results from biomass characterization. 

 LBD [kg/m3] WHC [%] WVHC [%] MC [%] Ash [%] VM [%] FC [%] 

BA 479 265.5 13.1 10.83 7.67 74.39 17.95 

BA250 398 171.2 11.3 1.71 7.26 71.45 21.29 

Notation: LBD – loose bulk density; WHC – water holding capacity; WVHC – water vapor holding capacity; MC – 

moisture content; Ash – ash content; VM – volatile matter; FC – fixed carbon. 

 

5.2.2.1.2 The plastering mortar characterization 

A gypsum powder premixed product from SIVAL - Gessos Especiais, Lda, Portugal, was used 

for plastering mortars production. The loose bulk density of the powder was 755 kg/m3. The 

product contains calcium sulphate hemihydrate and calcium carbonate aggregates. The 

producer also declares small quantities of organic additives, not defined. The product is 

classified according to EN 13279-1 (2008) as B1/50/2: gypsum building plaster with an initial 

setting time > 50 min and a compressive strength ≥ 1 N/mm2. An additional small amount of 

hydrated air lime CL90-S (classified by EN 459-1 (2015)) was added to the modified mortars 

for biological growth control, with a loose bulk density of 388 kg/m3. The loose bulk densities 

of the gypsum-based product and the air lime were assessed based on EN 1015-2 (1999). 
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Due to the well-known high hygroscopic behavior of clay-based plasters, two premixed clay-

based plasters (Enjarre (CL) and Maritimo (CL_M) from American Clay Enterprises LLC (American 

Clay technical sheet)) were prepared for comparison. The difference between them is that 

crushed seashells are incorporated in the CL_M formulation. The clay-based premixed 

products, CL and CL_M, had a loose bulk density of 1.21 and 1.08 kg/dm3 respectively.  

5.2.2.2 Methods 

5.2.2.2.1 Mortars formulation and specimens’ production 

The volume of the gypsum premixed product was fixed at 3000 cm3 per batch and the mortars 

with addition of BA and BA250 were produced with the respective biomass at 10% by volume 

of the gypsum product. Moreover, to prevent any biological development related to the 

addition of biomass (Ranesi et al., 2023; Cintura et al., 2023), 4% by mass (on the gypsum 

product) of hydrated air lime (AL) was added to the modified mortars. All the mortars were 

produced with the addition of 36% by total volume of water. The dry materials were 

homogenized (mixed in a plastic bag). The water was added to the mixer bowl and then the 

dry product was sprinkled in water for 1 minute. After 1 additional minute soaking, the mixing 

started, also for 1 minute, with a mortar mixer (CONTROLS-65-LS 140 rpm). Then, the mortar 

was additionally mixed manually (for 1 min) and mechanically (10 sec), and the fresh state 

characterization started. The mortars formulation is synthesized in Table 5.6. 

Table 5.6. Mortars formulation by volume and mass. 

Mortar Gypsum premixed 

product 

Lime addition Tot Vol.* 

[cm3] 

H2O 

[ml] 

w/dry(wt) 

[%] 

 

Biomass [g] 

Vol. 

[cm3] 

Mass [g] Vol. 

[cm3] 

Mass 

[g] 

10% by vol 

REF 3000 2264 - - 3000 1080 48 - 

BA_AL 3000 2264 233.44 90.6 3233 1164 51 143.79 

BA250_AL 3000 2264 233.44 90.6 3233 1164 51 119.46 

Notation: w/dry – water/dry material excluding the biomass; * – biomass excluded. 

The plastering mortars were cast in metallic prismatic molds (160 mm x 40 mm x 40 mm) to be 

characterized at compressive and flexural strengths after 28-curing days. The prismatic 

specimens were demolded two days after production. To test adhesion and hardness of the 

mortars, they were applied on hollow bricks with a 30 cm x 20 cm surface. Two-centimeter-

thick plasters were applied on wet bricks (brushed with water) to reproduce plastering 

application in common practice. Five disks of about 100 mm diameter and 20 mm thickness of 
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each plastering mortar were produced for testing the hygroscopic behavior. The mortars were 

cast into round molds obtained as slices of a PVC pipe (leave-in-place) with the lower surface 

placed on plastic foil and the upper surface exposed to laboratory environment (for drying). 

The preparation of the clay-based plasters, CL and CL_M, was run with a water/dry ratio fixed 

according to producer recommendations and workability criteria at 30% and 31% by weight, 

respectively (the Maritimo product required a little bit more water). Five rounded specimens 

with about 80 mm diameter and 20 mm thickness were prepared for each mortar to be tested 

for hygroscopic behavior. The methodology followed for casting the specimens was the same 

as for the gypsum-based mortars. No prismatic samples were prepared due to a shortage of 

premixed products. Anyway, being the premixed product already on the market, it was 

considered dispensable to run a mechanical characterization and, due to the solubility in water 

of not stabilized clay-based product, the water absorption by capillarity was dispensed too.  

5.2.2.2.2 Fresh state characterization and shrinkage 

The fresh state was assessed by flow table consistence based on EN 13279-2 (2014) and EN 

1015-3 (1999), fresh density according to EN 1015-6 (1999) and workability was empirically 

evaluated. The volumetric shrinkage was also assessed. The consistence by flow table of each 

mortar batch was calculated as the average of four measured directions. The fresh density was 

calculated by the mass of the mortar filling a container with a known mass and volume, divided 

by that volume. The workability was evaluated relying on the experience of a skilled technician, 

using the scale 1–not workable to 5–very workable. The volumetric shrinkage was determined 

at the end of 2, 7, 14, 21 and 28 days from production, using a digital caliper and calculating 

the volume from the average on three measurements of each surface of each prism of the 

gypsum mortars. 

5.2.2.2.3 Pore size distribution of the gypsum mortars 

The pore size distribution of the gypsum mortars was obtained by mercury intrusion 

porosimetry (MIP). Two samples (about 2 g each, 11 months aged) of each mortar were 

analyzed. The test was performed in an AutoPore IV 9500 V1.09 with a penetrometer 0444- 

(09) 5 Bulb, 1.131 Stem, Solid with mercury in (low) filling pressure at 0.54 psi. The contact 

angle and the surface tension of the mercury were 130˚ and 485·103 N/mm, respectively.  

5.2.2.2.4 Density and mechanical tests of the gypsum mortars 

The apparent bulk density, based on EN 1015-10 (1999), was geometrically obtained on six 

prismatic specimens per mortar at the end of 28 curing days using a digital caliper and a 

balance with 0.001 g resolution. The dynamic modulus of elasticity by resonance frequency 
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was obtained using a ZEUS ZRM equipment. The test followed the prescriptions of EN 14146 

(2004) and each result was calculated on average of six prismatic specimens. The flexural and 

compressive strengths, tested by a universal force equipment PROETI ETI-HM-S/CPT, were 

calculated out of three results for each mortar, using three specimens. The testing methods 

followed the EN1015-11 (1999), with a 2 kN and 200 kN loading cells and 20N/s and 100 N/s 

loading speeds, respectively for flexural and compressive tests. Due to the addition of air lime 

in the mortars, an evaluation of carbonation depth was run dropping of a solution of 1% 

phenolphthalein diluted in water (30%) and ethanol (70%) on the freshly broken surfaces 

resulting from the flexural test. The applications on bricks were used for evaluating the surface 

hardness (average of seven measures per mortar) using a Hildebrand durometer HD3000, and 

adhesive strength (three coring made with a drill HILTI DD 100-RA), based on EN 1015-12 

(2016). 

5.2.2.2.5 Water absorption by capillarity and drying tests of the gypsum mortars 

One half of each specimen resulting from the flexural strength test was used for the 

determination of water absorption by capillarity and unidirectional drying. The partial leftovers 

of each prism were mechanically cut into cubes with 4 cm; the cut surface and its opposite 

surface (bottom and top) were gently polished and brushed according to the EN 15801 (2009) 

prescriptions and the four lateral sides sealed with paraffin and wax. The specimens were dried 

at 45˚ C and once the dry mass was determined, using a 0.01 g precision balance, the capillary 

test started. The specimens were placed in a laboratory tray on top of glass poles trying to 

maximize the contact of their bottom surface with the water. The level of the water in the tray 

was kept, by manual control, 5 mm high, and each cubic specimen (three of each mortar) 

weighed at fixed time. For the first 8 h the interval between weighing changed from very short 

(1 min during the first 10 minutes) to a bit longer (1.5 h after 4 h). Then, the weighing was 

performed every 24 h for the last days of the experiment. The test was kept ongoing for 5 days 

with the main objective of understanding if the addition of air lime and biomass would reduce 

the solubility of gypsum. As in a previous article also testing mortars (Ranesi et al., 2023), “the 

capillarity coefficient (CC) was calculated as the slope of at least five successive aligned points 

on the first part of the capillary curve displaying the absorbed water per area against the square 

root of time, with a linear regression factor above 0.99”. 

The unidirectional drying started at the end of the capillary water absorption test with the 

saturated specimens. The specimens were kept in the same room at the same climatic 

conditions (26±0.5˚ C T, 55±5% RH) and placed on a hydrophobic surface with their upper face 
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(upside-down as compared to capillary absorption), to ensure the drying would only happen 

through their top area. Their weight was controlled each 5 minutes during the first 20 minutes, 

then at longer time frames (10, 30, 60 minutes) during the first 8 h and each 24 h until constant 

mass. The drying index (DI) [-], first (D1) [g/(m2h)] and second (D2) [g/(m2min0.5)] drying phase 

rates were calculated according to the standard prescriptions (EN 16322:2013). 

5.2.2.2.6 Hygroscopic behavior 

The sorption isotherms, according to ISO 12571 (2013), were run on the specimens with circular 

shape. The specimens were dried at 45˚ C to avoid any risk of dehydration of calcium sulfate 

dihydrate until constant mass. According to the standard, constant mass was reached when 

three consecutive weighing, with a period of at least 24 h, gave a mass variation < 0.1% of the 

total mass (ISO 12571:2013). The temperature in a climatic chamber Aralab Fitoclima 700EDTU 

was fixed at 23±0.5 °C and the RH levels were set on successive steps at 30%, 50%, 70%, 80%, 

95% forward and back. Each step was kept until constant mass. During the experiment the 

climatic chamber could not keep the 90% RH for the period needed to stabilize the samples. 

After three days it cut out and it was decided to return to 80% RH and start the desorption 

curve. Nevertheless, for a better understanding of the different responses a nonlinear 

regression analysis was applied on the experimental data already collected to fit the curve and 

be able to assess the prediction of moisture value at 90% RH. The model used to describe and 

predict the hygroscopic behavior of the plasters was selected by Ferreira el al., 2020 (Ferreira 

et al., 2020) among many models as a good fit for hygroscopic materials. The equation was 

first proposed by Hansen in 1986 (Hansen, 1986) for building materials and is reported in 

Equation 1 with u the moisture content [kg/kg],  the relative humidity [-] and a, b, c the 

parameters to be calculated to fit the prediction curve to the experimental data (Table 5.7): 

𝑢 = 𝑎 ∙ (1 −
ln 𝜑

𝑏
)−

1
𝑐 

(1) 

To obtain a better fit, it was decided to write two equations (one for adsorption and one for 

desorption) and the predicted moisture content corresponding to 90% RH exposure was taken 

as the highest value between adsorption and desorption prediction curves. 

The same specimens were tested at moisture buffering according to the middle humidity level 

of ISO 24353 (2008). The same temperature of 23±0.5 °C was set in the climatic chamber and 

the specimens were firstly preconditioned at 63% RH and, once the equilibrium was reached, 

underwent the cycles. Seven cycles were run to ensure the quasi-steady state was reached. The 

last three cycles were used to calculate the moisture buffering value (MBV) of the mortars. 
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Table 5.7. Values of the parameters a, b, c (and R-squared) fitting the Hansen equation (Hansen, 1986) for 

adsorption and desorption curves of the plasters, at 23˚ C, according to the nonlinear regression analysis. 

Mortar Adsorption R2 Desorption R2 

a b c a b c 

REF 0.00356 0.43084 0.57624 0.96 0.00326 0.59031 0.68752 0.97 

BA_AL 0.00832 17.41139 0.02924 0.99 0.00765 234.20535 0.00567 0.98 

BA250_AL 0.00763 19.53797 0.02624 0.99 0.00702 572.51432 0.00239 0.98 

CL 0.01171 21.40625 0.02431 1.00 0.01234 0.67829 0.60823 0.99 

CL_M 0.01504 21.16248 0.02396 1.00 0.01553 0.69487 0.63191 0.99 

As prescribed by the standard, the daily cycle was split into 12 h of relative humidity at 50% 

and 12 h at 75%. During the last three cycles the specimens were weighed at 3, 6, 9, 12 h and 

24 h from the beginning of each cycle. During the previous cycles the weighing was fixed each 

24 h to keep track of the initial and final mass. 

5.2.3 Results and discussion 

5.2.3.1 Fresh state properties and shrinkage 

Two mortar batches were prepared for each gypsum-based mortar and characterized by flow 

table, fresh bulk density, and workability (Table 5.8). Only one batch for each clay-based plaster 

was prepared. The reference mortar shows the highest flow table consistency and fresh bulk 

density even if the lowest ratio water/dry product (by wt., excluding the biomass) was used for 

the mixing. Between the two mortars with addition of biomass and air lime, obtained with the 

same w/dry (by wt., excluding the biomass), there is a slight difference of flow and fresh bulk 

density that seems consistent with the lower water holding capacity of the biomass BA250, 

presented in section 5.2.2.1.1. Nevertheless, even if the flow table was found to be a little bit 

low (should be 165±5 mm according to EN13279-2 (2014)), the workability was evaluated by 

a skilled plasterer as great (5) for the reference mortar and very good (4.5) for both mortars 

with additions.  

Table 5.8. Results from fresh state characterization. 

Mortar Flow table consistency  

[mm] 

Fresh bulk density 

[kg/dm3] 

Workability 

[1:5] 

REF 153.9 ± 0.5 1.65 5 

BA_AL 139.8 ± 3.2 1.61 4.5 

BA250_AL 148.3 ± 1.4 1.62 4.5 

CL - 1.98  5 

CL_M - 1.75 4.5 
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The addition of raw bark, heated bark (250˚ C) and air lime did not affect the dimensional 

variation of the mortars (prismatic specimens) during the first 28 curing days (Figure 5.6): the 

highest variation, in the range of 0.001 dm3 for the mortar BA250_AL (between 2 and 7 curing 

days), is still as small as standard deviation.  
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Figure 5.6. Volumetric variation during the first 28 curing days - average and standard deviation of the reference 

mortar and mortars with raw bark (BA_AL) and with thermal treated bark (BA250_AL) 

Overall, at fresh state the three mortars showed very similar characteristics, with the modified 

formulations only a little stickier probably due to higher consistency but still with good 

workability and slightly lower density. However, the dispersion of the mortars volumetric 

variation is much lower for the mortars with raw bark and air lime up to 28 days. 

5.2.3.2 Pore size distribution of the gypsum mortars 

Results from the mercury intrusion porosimetry (MIP) are referred in Table 5.9 and Figure 5.7. 

Generally, a decrease of the volume of pores corresponding to the median (diameter ≈ 6 µm) 

is evident for mortars with addition of biomass and air lime. It is possible that the missing 

volume of voids corresponds to a volume occupied or blocked by the grains of A. dealbata 

and/or by the portlandite/calcite formation - for this reason not detected as pores. All the 

mortars show an almost unimodal curve (as expected from gypsum) with most of the pores 

ranging between 1-10 µm in agreement with literature (in a previous study on gypsum plasters, 

the main pore radius was found to be above the maximum detection limit of 4 µm, i.e., diameter 

of 8 µm (Freire et al., 2021). The small pores (in the range of 0.1 µm) that are also significant in 
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air lime mortars [66] are found in a small amount (0.02 mL/g) and can depend on the addition 

of air lime and the higher amount of kneading water. Nevertheless, to observe the eventual 

introduction of smaller (nano) porosity, a nitrogen adsorption test should be run in future 

studies.  

Table 5.9. Microstructure parameters obtained by MIP. 

Mortar Total porosity [%]  Median pore diam. (Vol.) [µm] 

 MV SD MV SD 

REF 50.2 1.9 6.52 0.15 

BA_AL 41.4 0.6 5.48 0.07 

BA250_AL 45.7 2.2 6.41 0.06 

Overall, when displaying the mercury incremental intrusion vs pore size diameter (Figure 5.7) 

seems that the heating at 250 ˚ C of the biomass did not particularly affect the porosity of the 

mortars, and the additions of both barks (raw and heated) and air lime mainly reduced the 

content of pores between 5-8 µm. 
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Figure 5.7. Incremental intrusion vs pore size diameter of the reference mortar and the two modified mortars. 

5.2.3.3 Mechanical and pore structure properties of the gypsum mortars 

In Table 5.10 is displayed a synthesis of results from mechanical characterization. All the tests 

reported were performed after 28 days from production, apart from the open porosity and the 

bulk density, performed after 9 months. The open porosity shows a very low variation with the 

addition of bark and air lime, with values a little higher than the reference mortar. However, 
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the results registered for OP are in the range for gypsum and gypsum with small amount of air 

lime plasters (Freire et al., 2021; Elert et al., 2023). 

Table 5.10. Average and standard deviation values resulting from mechanical and porous characterization of the 

mortars. 

Mortar Ed [GPa] Fs [MPa] Cs [MPa] Hs [Shore C] Ads [MPa] BD [kg/m3] OP [%] 

Av S.D. Av. S.D. Av. SD Av. S.D. Av. S.D. Av. S.D. Av. S.D. 

REF 4.1 0.05 2.25 0.05 4.06 1.224 69.57 2.15 0.533 0.12 1.224 0.005 44.1 0.2 

BA_AL 3.4 0.09 1.79 0.06 3.23 1.216 70.86 2.67 0.527 0.01 1.216 0.006 44.9 0.3 

BA250_AL 3.0 0.08 1.54 0.22 2.72 1.214 74.86 1.07 0.531 0.04 1.214 0.004 44.8 0.5 

Notation: Fs – Flexural strength; Cs – Compressive strength; Ed – Dynamic modulus of elasticity; Hs – Surface hardness; 

Ads – Adhesive strength; BD - Bulk density; OP – Open porosity. 

Flexural and compressive strengths, as well as dynamic modulus of elasticity, present a 

decrease when air lime and bark are added, mainly heated bark (in agreement with results of 

bulk density). However, the differences in bulk densities are so small that is difficult that they 

can account for the loss of mechanical strength. More likely, the addition of air lime introduced 

breaks over the continuous gypsum matrix, with the consequent loss in strength at this curing 

stage. Anyway, even if the addition of bark and heated bark reduces the mechanical properties 

of the mortars, they still complied with the standard requirements for gypsum plasters (Fs ≥ 1,0 

and Cs≥ 2,0 MPa) (EN 13279-1:2008).  

When assessing the surface hardness of the plaster specimens, the tendency was the inverse: 

the greater surface hardness was shown (Table 5.10) by the mortar BA250_AL, followed by 

BA_AL and the reference mortar. That may show a positive influence of the heated bark on 

surface hardness. An insignificant variation is registered for the adhesive strength with almost 

100% cohesive fracture (in the mortar itself) showed by all the mortars. This result points out a 

good adhesion to the substrate (not too weak as to show an adhesive fracture and neither too 

strong as causing a fracture in the substrate). 

To evaluate the contribution of the air lime to the mechanical response, some phenolphthalein 

solution was dropped on the section of rupture just after the flexural test. Carbonation depth 

was around 5-8 mm (Figure 5.8) on the three sides cast in contact with the metallic mold and 0 

mm on the free side. The not homogeneous distribution of carbonated air lime at this stage 

(28 days), as previously discussed, can be responsible for gaps in the gypsum matrix with the 

consequent decrease of mechanical response. According to some authors (Freire et al., 2021; 

Elert et al., 2023) it is expected that after a longer curing period (i.e., 56 days for the authors) 

the carbonation degree would increase, with consequent increase of compressive strength.  
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(a) (b) 

Figure 5.8. Carbonation of the specimens BA_AL (a) and BA250_AL (b) after mechanical rupture at 28 days. 

Indeed, after 9 months the carbonation depth was found to be around 8-10 mm and still 0 mm 

on the fourth side. The different carbonation on the free sides of the prisms and on the surface 

of application can most probably be justified by a higher compaction (less CO2 entering) 

happening while smoothing out the surface for casting the prisms with the formation of a 

water layer on the top. The water probably dragged the thinnest particles to the surface, 

creating a less porous layer on the top after evaporation, as observed by Freire et al. (2021).  

Other authors (Elert et al., 2023) also refer to the possibility of bleeding in mortars made of 

95% gypsum and 5% air lime. Moreover, the same authors, found the low addition (5 %wt) of 

lime responsible for a “size reduction of the needle-shaped gypsum crystals” that passes from 

20-30 µm in pure gypsum paste to “10–20 µm in length and appeared together with nano or 

micrometer sized partially carbonated aggregated lime particles” with the partial loss of the 

typical gypsum crystals interlocked structure, coherent with results of the present study for 

mechanical strength. 

5.2.3.4 Water absorption by capillarity and drying capacity of the gypsum 

mortars 

The curves of absorption displayed in Figure 5.9 show that the mortars have similar behavior 

to liquid water. The introduction of the bark did not affect the slope of the first part of the 

curve, hence the speed of the absorption. In fact, the capillary coefficient at 15 minutes (Table 

5.11), always ensuring R2> 0.99, was found similar for the three mortars, with 

REF>BA_AL>BA250_AL. Thus, the water absorption is slightly delayed by the biomass addition, 

more by the more hydrophobic BA250. The inversion of the slope for the mortars REF, BA_AL 

and BA250_AL happens at the same time, namely after 15 minutes (3.87 min0.5) of absorption, 

but after that the reference is overall saturated while the other two mortars keep absorbing 

(slower) water probably due to the absorption capacity of the bark.  
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Figure 5.9. Water absorption by capillarity, average on three specimens of the reference mortar (REF) and the 

mortars with bark addition (BA_AL and BA250_AL). 

Table 5.11. Capillarity coefficient (CC), drying index (DI), first (D1) and second (D2) drying rates: mean values (MV) 

and standard deviation (SD) on 3 specimens. 

Mortar CC 

[kg/(m2min0.5)] 

 DI  

[-] 

 1st drying rate D1 

[kg/(m2h)] 

 2nd drying rate D2 

[kg/(m2h0.5)] 

MV SD MV SD MV SD MV SD 

REF 2.95 0.04 0.37 0.002 0.116 0.001 1.529 0.027 

BA_AL 2.92 0.06 0.47 0.016 0.104 0.003 1.502 0.036 

BA250_AL 2.67 0.04 0.46 0.012 0.093 0.004 1.476 0.063 

The drying index (DI) was calculated at 192 h (8 days). After that time, the mass of the reference 

mortar was found to be lower than the starting mass, due to the little dissolution in water of 

the gypsum, and results were excluded from calculation. The mortars with addition of bark 

(either dried or heated) and air lime showed a lower solubility in water: the average (on three) 

weight loss for the gypsum mortar is 0.50 kg/m2 where the modified mortars, namely BA_AL 

and BA250_AL, lost 0.08 kg/m2 and 0.03 kg/m2. The highest drying index was found for the 

mortar BA_AL, consistent with the highest absorption observed. To better compare the drying 

behavior of the mortars, the first and second drying phase were calculated respectively for the 

period of drying 0 - 32 h and 48 - 144 h, with the regression lines always ensuring R2 > 0.99. 

Results (Table 5.11 and Figure 5.10) show that the introduction of biomass and air lime slightly 

slowed down the drying of water both in liquid and vapor phase and that the thermal treatment 

of the bark turned it more hydrophobic. Overall, the addition of biomass and air lime did not 

significantly affect the water absorption by capillarity and the drying of the mortars but 

reduced their solubility, which is a very positive effect. 
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Figure 5.10. Drying curves of the reference mortar and mortars with bark additions. 

5.2.3.5 Hygroscopic behaviour 

5.2.3.5.1 Sorption isotherms 

Overall, it was possible to obtain a good match between the experimental and the modelled 

hygroscopic behavior of the mortars, confirmed by the high R2 values reported in Table 5.7 

and by the curves and points displayed in Figure 5.11. The reference mortar fits a little bit less 

the equation than the other two mortars, probably for being the least hygroscopic. 

Both the clay-based plasters CL and CL_M show higher moisture adsorption than the gypsum-

based mortars. Also, their desorption curve is better matching the adsorption one, suggesting 

a higher capacity of releasing moisture when RH decreases. The gypsum hygroscopic curve has 

a similar shape, but the amount of moisture adsorbed/desorbed is less. It is evident that the 

modified mortars are more hygroscopic than the reference one with the “natural” bark showing 

a bit higher moisture content at each RH step (adsorption and desorption). Possibly the 

addition of air lime, bark and the higher amount of kneading water led to a different porosity 

in the modified mortars, responsible for their higher moisture content. Moreover, bio-based 

materials present, apart from the intra-binder porosity and the porosity at the binder-

aggregate interface, also an intra-particle porosity. The bio-aggregates are mainly composed 

of lignin, cellulose and hemicellulose. Cellulose presents often crystalline and amorphous 

regions. It has been demonstrated that the amorphous cellulose is a nanoporous media that 

has high water adsorption (hydrogen bonds) and causes macroscopic hysteresis (Rosa Latapie 

et al., 2023). 
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Figure 5.11. Sorption isotherms of the mortars. Experimental data (only symbols) average on five specimens and 

predicted curves (*) (dashed lines). 

The small differences between them can be ascribed to the thermal treatment of the bark and 

its hydrophobic effect on the grains (both in vapor and liquid state). Results are consistent with 

those of a previous study (Ranesi et al., 2021a) where the addition of air lime to gypsum plasters 

was found to increase the moisture adsorption and residual content of the mortars. 

Nevertheless, due to the higher ratio gypsum/air lime and to the addition of the bio-aggregate 

in the present study, the hysteresis is reduced.  

5.2.3.5.2 Moisture buffering 

The moisture buffering according to the middle humidity conditions of ISO24353 (2008) is 

obtained with the exposure of the specimens to a RH step 50-75%. The addition of biomass 

and air lime enhances the hygroscopic behavior of the gypsum mortar: the adsorption 

increases about two times and, the desorption is still complete (Figure 5.12). Compared with 

the mortars CL and CL_M based on clay, the maximum variation in moisture content after 12 h 

is about half of the value (the clay-based mortars show an adsorption at 12 h that is more than 

four times higher than the reference). The curves show a little retention of moisture for the 

plaster CL_M at the end of the desorption phases, but it was however considered at quasi 

steady state since the residual moisture content did not increase in successive cycles. 
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Figure 5.12. Variation of moisture content vs time, from ISO 24353 [65], last 3 cycles (out of 7) for REF, BA_AL and 

BA250_AL. 

Results from the curves are consistent with moisture buffering value for REF, BA_AL and 

BA250_AL, found 0.47±0.004, 0.99±0.006 and 0.89±0.012 g·m-2%RH-1, respectively (Figure 

5.13). There is a slight decrease of the hygroscopicity of the modified mortar when the bark is 

thermally treated, as observed already for the sorption isotherms. The values of moisture 

buffering of the clay-based plasters are confirmed to be higher, almost twice the values of the 

enhanced gypsum plasters, and in the range observed in literature for clay (Ranesi et al., 2021c). 

 

Figure 5.13. MBV (with standard deviation) of the tested plasters, limits proposed by Rode et al. (2005) and clay-

based plasters range of values in orange (Ranesi et al., 2021c). 
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5.2.3.5.3  Model of application 

According to the middle humidity condition of ISO 24353 (2008) the daily variation of RH is 

25% (ΔRHin). In a bedroom of 30 m3 with a minimum natural ventilation (0.5 h-1), occupied by 

two sleeping people, the moisture load is assumed to be 60 g·h-1 (according to NORDTEST 

theory (Rode et al., 2005)). If  an occupation of 12 hours is assumed (as the previously applied 

conditions of the moisture buffering test (ISO 24353: 2008) the amount of additional moisture 

load would be 60 g·h-1 x 12 h= 720 g. Considering that the room configuration (Figure 5.14) 

includes a door (2x0.8 m2) and a window (1.2x1.5 m2), with all the walls and the ceiling coated 

with a plaster, the total reactive surface has 43.6 m2. In this scenario, the moisture buffering 

requirement per coated area would be 16.5 g·m-2, calculated as 720g/43.6m2. For the RH 

variation of 25%, the MBV required will be 16.5 g·m-2/25%RH, 0.66 g·m-2·%RH. In this case, thus, 

among the materials tested, only the gypsum reference would not meet the requirement. 

Nevertheless, the passive moisture removal of the five plastering mortars at the end of 12 

hours, can be easily quantified as their MBV x ΔRH x A (with A the plastered area) and is 

reported in Table 5.12. 

 

Figure 5.14. Model of the room configuration. 

Table 5.12. Uptaken moisture from each plastering mortar at the end of 12 hours of exposure to a ΔRH of 25% if 

applied to the indoor surface of 43.6 m2. 

Mortar REF BA_AL BA250_AL CL CL_M 

Uptaken moisture [g] 512.3 1079.1 970.1 1918.4 2038.3 

As expected, the different MBV of plastering mortars can have a huge impact on their passive 

moisture removal due to the usually large surface areas of application of these coatings. In the 

observed case of a common bedroom (12 m2 area) the potential amount of moisture uptaken 

from a clay plaster would be around 2 kg and 0.5 kg for reference gypsum. Through the 
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addition of the bark from A. dealbata with no thermal treatment (and a small quantity of air 

lime) the latter would double to 1 kg.  

5.2.4 Conclusions 

The addition of bark from Acacia dealbata, a biowaste generated from the reuse of an invasive 

species, and low contents of air lime slightly decreases the workability of the premixed gypsum 

mortars, increasing the requirement of kneading water. When the bark is thermally treated 

(250 °C for 1 h) it is more hydrophobic and the same amount of water used for the mortar with 

addition of raw (untreated) bark, with the fixed amount of air lime, lead to a more fluid 

consistence. However, bark-added mortars workability is good even with low flow. The drying 

shrinkage is not significantly affected by the addition of the biomass, with a volumetric 

variation during the first 28 curing days very similar for the reference gypsum mortar and the 

two modified formulations analyzed. The mechanical performance of the reference mortar is 

the highest, followed by the mortars BA_AL and BA250_AL. This result is consistent with the 

fresh state characterization: the mortar BA_AL showed lower flow table consistence, so it is 

expected to be more compact and mechanically resistant. This is not in agreement with MIP 

results (the reference mortar showed the highest volume of pores) most probably because the 

bigger porosity, that is commonly related with mechanical resistance of the mortars, is not 

detected by MIP. When applied on the brick, all the mortars showed a good and similar 

hardness and adhesive strength, with almost 100% cohesive fracture, very good for restoration 

mortars.  

The MIP analysis confirms that the higher volume of pores falls in the diameter range of 1-10 

µm. Probably the missing volume of these pores is partially occupied by the biomass (when 

added). Nonetheless, the intra-particle nanoporosity of the bark can be responsible for the 

enhanced hygroscopic behavior of mortars and their slight hysteresis.  

The addition of bark and thermally treated bark with a small air lime content (4% by wt.) to the 

gypsum mortar did not significantly modify its water absorption by capillarity and drying 

capacity. Anyway, the tested additions decreased the solubility in water of the gypsum mortar 

and retarded the absorption, which is an interesting result that can be further investigated. The 

possibility of a bio-stabilization of gypsum, with a reduction of its susceptibility to liquid water, 

can lead to an improvement of mortar durability.  

Results from sorption isotherms and moisture buffering show that the hygroscopicity of the 

gypsum mortar, both in static and dynamic tests, was greatly enhanced by the addition of bark 
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and air lime. Overall, it does not seem that the thermal treatment of the biomass (at 250 °C) 

improved this property significatively, introducing only a slightly higher adsorption capacity. 

Nevertheless, all the mortars undergoing daily cycles of RH present a good capacity of 

desorption and the modified ones show MBV almost two times higher than the reference 

mortar. Thus, in environments where the RH is fluctuating during the day (like in the case of a 

bedroom analyzed from NORDTEST project) the mortars BA_AL and BA250_AL would better 

contribute to passive moisture control in comparison to the reference. As expected, the clay-

based plasters tested at sorption isotherms and moisture buffering confirm that they are very 

hygroscopic. Both mortars, with low differences between them, showed a very high 

adsorption/desorption capacity at steady state and were performing at very high (good but 

almost excellent) levels of moisture buffering. Although their contribution was found still lower 

than the highly hygroscopic clay plasters, the modified gypsum plastering mortars doubled 

the MBV of the reference one, passing from limited (almost moderate) to moderate (almost 

good). The different behavior of the reference gypsum, the modified gypsum and the clay 

plasters, result in a very different amount of moisture uptaken when simulating the application 

of these plasters in a common bedroom.  

It is concluded, in fact, that the addition of the bark from A. dealbata and a low amount of air 

lime to the industrial gypsum-based dry product, significantly enhances the passive moisture 

control ability of the gypsum plaster, without jeopardizing other requirements. Finally, the 

thermal treatment of the biomass is not advised, considering the results here obtained and the 

increase in embodied energy the biowaste would suffer. 
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Abstract 

Volatile organic compounds (VOCs) and ozone (O3) are harmful pollutants present in indoor 

air. Indoor concentrations of VOCs are typically higher than outdoors, due to the presence of 

indoor sources like building materials and reactions of surfaces with ozone. Indoor coatings 

can also be responsible for primary emissions of VOCs. The study aims to identify and quantify 

the ozone reactivity and primary and secondary emissions of different indoor coatings. The 

coatings selected for the study were three gypsum-based plastering mortar, without or with 

addition of Acacia dealbata bark as bio-waste (raw, BA, and after being heated at 250 °C, 

BA250), two clay plasters (one with sand and the other with seashells as additional aggregate), 

applied both as basecoat and topcoat (on drywall), and one un-coated drywall. All the products 

tested had ozone deposition velocities that would reduce the indoor ozone concentration 

meaningfully if implemented in a real indoor space, contributing to the improvement of indoor 

air quality. The addition of bark to the formulation of the gypsum-based plasters, either raw or 

heated at 250 ºC, increased by 50% the ozone deposition velocity of the coating. The gypsum-

based plaster shows the lowest ozone deposition velocity, but also the lowest primary and 

secondary emissions. However, the addition of BA and BA250 increased by 80% and 200%, 

respectively, both primary and secondary emissions, with methanol (m/z 33.030) accounting 

for about 60% of the increase. The addition of crushed seashells to the formulation of the clay-

based plasters lowered the secondary emission yields (102% and 120% respectively, when 

applied as base and topcoat). Moreover, the addition of BA250 to the gypsum plaster 

decreased by 640% the total molar yield of VOCs. 

Keywords: Clay plaster, gypsum mortars, biomass, drywall, removal mechanisms, volatile 

organic compounds. 
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5.3.1 Introduction 

Human exposure to volatile organic compounds (VOC) indoors is a problem of increasing 

interest (Kotzias 2023). There are many possible indoor sources of VOCs, including human 

occupancy (Weschler, 2016; Wang et al., 2022; Tang et al., 2016); building materials (Chin et al., 

2019; Harčárová et al., 2020; Zhou, 2022; Braish et al., 2023); ozone surface reactivity (Nicolas 

et al., 2007; Poppendieck et al., 2007); and the combination of the previous factors (Weschler 

and Nazaroff, 2023a). Indoor exposure to specific concentration levels of VOCs (WHO, 2010) 

can have detrimental effects on human health and has been shown to increase the risk of 

diseases like leukemia and asthma and increase likelihood of low birth weight (Liu et al., 2022; 

Maung et al., 2022). The concentration of VOCs is modified by chemical reactions with other 

pollutants, e.g., ozone, which is an important driver of indoor chemistry. Weschler (Weschler, 

2000) in his review paper clearly presented the main factors involved in indoor air chemistry as 

“thermodynamics, kinetics, reactant concentration and air exchange rates”. Typically, the stable 

byproducts of oxidations are aldehydes, organic acids, and ketones. In this case the author 

states that “the concentration of the sum of the products is at least twice the initial 

concentration of the precursor” (Weschler, 2000). According to the previous considerations, 

the consideration of the indoor ozone concentration levels is a priority issue not only due to 

direct exposure to this pollutant, but also the impact it may have on indoor chemistry. 

Ozone is a harmful secondary pollutant, associated with occurrence of airway diseases (Kim et 

al., 2020) and increase of mortality (Mousavinezhad et al., 2023). This pollutant is generated 

outdoors by reactions between VOCs, NOx, and CO in the presence of sunlight and is normally 

found in higher concentration in the suburban areas. In the Lisbon region, Portugal, ozone was 

found to exceed the threshold of 180 µg·m3 (Directive 2002/3/CE) in 86% of instances between 

1 pm to 5 pm in summer (Ferreira et al., 2004). Nevertheless, when the attention is moved from 

outdoor ozone to the indoors, there are many additional parameters to be considered. It is 

commonly expected that most of the ozone indoor is coming from the outdoor, but higher 

concentration indoors may result from indoor sources (Huang et al., 2019). The building 

outdoor air exchange rates, ozone removal by filtering systems (activated carbon in mechanical 

ventilation supply air or in portable air cleaners), and by indoor surfaces are building related 

factors (Nazaroff and Weschler, 2022) that can contribute to the control of the indoor ozone.  

Chemical reactions on indoor surfaces of increasing research interest (Ault et al, 2020) due to 

their complexity and the important role they can play on indoor air quality. Indeed, one of the 

mitigation strategies for elevated ozone indoors is passive removal of ozone by building 
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materials selected to help purify the indoor air without energy consumption. The mechanism 

for an assumed smooth surface is described in two main phases: the transport of the pollutant 

to the surface and the uptake onto the surface (Reiss et al., 1994). The capability of a material 

to remove ozone is often parameterized by the deposition velocity (vd), which characterizes 

the projected area-normalized rate of ozone uptake due to transport to, and reactions with, a 

surface. Deposition velocity theory combines the fluid mechanics of the space (transport from 

a well-mixed indoor core zone through a boundary layer to the surface) and the chemistry (via 

a reaction probability (γ), which is the fraction of ozone-surface collisions resulting in a 

chemical reaction) into a single parameter. It is highly recommended to monitor the reaction 

products when quantifying the rate of ozone uptake on a specific building material (Weschler 

and Nazaroff, 2023b). 

Building materials and products with different composition and porosity (from glass to clay 

plasters) showed different reactivity to ozone and byproduct generation (Shen and Gao, 2018; 

Chin et al., 2019). Ozone passive removal materials may help controlling indoor ozone 

concentrations while reducing energy consumptions (Darling et al., 2016). The coating 

materials and products already studied are: gypsum drywall (Kunkel et al., 2010; Rim et al., 

2016; Kleno et al., 2001; Lamble et al., 2011; Cros et al., 2012; Poppendieck et al., 2007), 

activated carbon filters (Gall et al., 2014), carpets (Nicolas et al., 2007, Morrison and Nazaroff, 

2002) clay-based plasters and paints (Lamble et al., 2011, Darling and Corsi, 2016, Darling et 

al., 2012), concrete tiles (Grøntoft, 2002; Grøntoft, 2004) and wooden flooring (Lin and Hsu, 

2015).  

Clay-based materials have potential to be employed in the current building sector thanks to 

their many positive properties (hygroscopic behavior, thermal inertia, aesthetic value) and high 

eco-efficiency. For example, unstabilized clay-based mortars produced with local earths have 

a very positive life cycle analysis in comparison to other plasters (Santos et al.,2021) and high 

reusability (Pelicaen et al., 2021). Their high hygroscopicity makes them very good candidates 

for passive survivability (Ben-Alon and Rempel, 2023) and carbon dioxide removal (Arris-

Roucan et al., 2023). However, as clay is a very heterogeneous family of binders, and not 

standardized, broader research is needed to gather results from a larger number of used clay-

based plasters.  

Gypsum-based plastering mortars (with small addition of air lime) were commonly used in 

several countries as traditional coatings and decorations (Alejandre et al., 2021; Gariani et al., 

2018; Kamel et al., 2015; Mahmoud and Papadopoulou, 2013; Válek et al., 2020; Caroselli at al., 

2021). Thus, they commonly represent a viable option for restoration projects (Freire et al., 
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2021; Sáez-Pérez et al., 2022, Torres-González et al., 2023). The gypsum plasters are considered 

a green choice because their main binder, calcium sulphate hemihydrate, has low embodied 

energy (calcination temperature of 120-180 ºC) and is highly recyclable (up to 5 times 

according to Rodrigo et al., 2017) still using low temperatures (130 °C for 4 h according to 

Brumanis et al., 2022). These plasters are highly performative under several aspects, for instance 

high mechanical strength and water vapor permeability, and less under other aspects, e.g. their 

moisture reactivity that some studies present as lower than other traditional plasters like clay-

based ones (Santos et al., 2020; Ranesi et al., 2021).  

The addition of biomass to clay-based materials may improve some aspects of material 

performance. Acacia dealbata is an invasive species spread in many countries, that has a high 

germination rate in burnt environments and contributes to fires propagation. The biowastes 

generated from the plant-control-actions must be recycled, to turn the mechanical removal 

more sustainable (Sowndhararajan et al., 2013; Borges et al., 2020; Nunes et al, 2021; López-

Hortas et al., 2021). The addition of the A. dealbata biomass to building materials is one of 

these recycling strategies.  

Based on the previous considerations, the present study analyses the ozone reactivity and 

primary and secondary emission rates (VOCs) of eight indoor building coatings with a specific 

focus on coatings based on gypsum and clay. Two formulations of clay-based plasters applied 

both as top and base coats and three formulations of gypsum-based plasters with the addition 

of A. dealbata biowaste, were selected for the study together with the gypsum drywall. The aim 

of the study is to assess the potential for these coatings to be used as passive ozone removal 

products, ideally while contributing minimally to indoor VOCs concentrations.  

5.3.2 Materials and methods 

5.3.2.1 Materials and products 

The building coatings included in the study were two different formulated clay-based plasters, 

one drywall (plasterboard) and three gypsum-based formulations. Drywall is a very common 

building product, widely used in modern practice. It was selected for the study as “control 

material” since some literature on its effect on passive ozone removal and associated VOCs 

level already existed (Lamble et al., 2011; Darling et al., 2017).  

The gypsum plastering mortars are based on a dry powder pre-mixed restoration product for 

integration and/or substitution of traditional plasters that can also be applied to new 

construction. It is produced by Sival, Gessos Especiais, Lda, Portugal. The product is based on 
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calcium sulphate hemihydrate with the addition of calcium carbonate aggregates and 

proprietary additives.  The bark of Acacia dealbata was added to the gypsum-based plaster. 

The raw bark (BA) was obtained by drying, crushing, and sieving the biowaste at 1 mm. A 

thermally threated version was obtained by heating a fraction of material at 250 ºC for one 

hour (this material is named BA250 in this study). A low content of hydrated air lime CL-90S 

(EN 459-1, 2015) was used to formulate the pre-dosed gypsum-biomass mortars as it is 

recognized for its antibacterial behavior and increase in hygroscopicity (Ranesi et al., 2024).   

For the clay plasters the commercial premixed products Enjarre (CL) and Maritimo (CL-M), from 

American Clay Enterprises LLC, were used. The two premixed products have very similar 

formulations with the addition of recycled, crushed seashells from the U.S. Gulf Coast to the 

CL-M, designated as maritime clay plaster. According to the producer the addition should 

improve the hygroscopic behavior of the plaster. 

An uncoated drywall with a thickness of 12.7 mm was used as a control coating, for validation 

of results and calibration of the protocol. It was also used as substrate for the plasters’ topcoat 

application. 

5.3.2.2 Mortars and plaster specimens 

Five specimens of the reference gypsum-based plastering mortar (G) were prepared mixing the 

product with water (water/dry ratio of 48%). Two additional mortars were obtained from the 

same gypsum pre-dosed product with the addition of biomass. Each bark addition (BA and 

BA250) was done at 10% by volume of the gypsum powdered product, first mixing with the 

dry product and then adding water. Both the modified gypsum-based plastering mortars 

BA_AL and BA250_AL were obtained with the addition of a small amount of the hydrated lime 

(AL) to prevent biological attack (increasing the neutral pH of gypsum). All the specimens of G, 

BA_AL and BA250_AL were cast into 20 mm-slices cut from a plastic pipe with an external 

diameter of 110 mm and a wall thickness of 2 mm. 

The clay-based plasters were obtained by mixing the two commercial premixed products (CL 

and CL-M) with water, according to workability requirements. Both the products were applied 

as base and topcoats, the latter with the drywall as substrate as advised by the producer. The 

basecoat specimens (CL, CL-M) were obtained with a cylindrical shape mold, 20 mm high and 

with a diameter of about 80 mm. The topcoat specimens were obtained by application on disks 

of drywall, cut with about 90 mm diameter and coated by a water-based commercial primer 

(Zinsser) enhanced with sand addition (mixed with it). To ensure low shrinkage and good 

adhesion, the finishing clay-based topcoat plasters (DW_CL, DW_CL-M) were applied in three 
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successive layers, spaced 24 hours apart, with a final thickness of about 5 mm. The specimens 

of drywall were obtained by cutting in squares (60 mm sides) the drywall panel. All the samples 

were kept preconditioned (RH 30±5%, T 23±3˚C) in the controlled environment of the 

laboratory and cured for a minimum of 28 days before being tested. 

The coatings (Figure 5.15) used in this study are presented in Table 5.13, along with 

descriptions of number of specimens tested and specimens’ dimensions (diameter or side of 

the square and thickness). The loose bulk density of the dried industrial gypsum-based and 

clay-based products, the water/dry product ratio of the mortars and their fresh density are also 

presented. 

   

G BA_AL BA250_AL 

   

DW CL CL-M 

  

DW_CL DW_CL-M 

Figure 5.15. Specimens of the plastering mortars and drywall tested. 
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The plasters coatings used in this study are enumerated in Table 5.13, along with descriptions 

of number of specimens prepared for the study and specimens’ dimensions (diameter or side 

of the square). The loose bulk density of the dried industrial gypsum-based and clay-based 

products, the water/dry product ratio of the mortars and their fresh density are also presented. 

Table 5.13. Synthesis of tested coatings, fresh mortars and specimens’ characterization. 

 nº d/s 

[mm] 

t [mm] LBD 

[kg/dm3] 

w/dry [%] FBD 

[kg/dm3] 

G 5 101 ± 2 20 ± 2 

0.75 

48 1.65 

BA_AL 5 98 ± 2 20 ± 2 51 1.61 

BA250_AL 5 99 ± 2 20 ± 2 51 1.62 

CL 5 85 ± 2 20 ± 2 
1.21 

30 1.98 

DW_CL 5 90 ± 2 18 ± 2 25 - 

CL-M 5 80 ± 3 20 ± 2 

1.08 

31 1.75 

DW_CL-M 5 87 ± 3 18 ± 2 25 - 

DW 3 60 ± 2 12.7 - - - 

Notation: nº - number of specimens prepared; d/s – diameter or side, according to the geometry; ; t – total thickness; 

LBD – loose bulk density of the dry products; w/dry – water/dry product ratio; FBD – fresh bulk density; * - only of 

the topcoat. 

5.3.2.3 Test methods 

5.3.2.3.1 Experimental layout and timing 

The experiments described here are designed to identify and quantify the primary and 

secondary emissions together with the ozone deposition velocities for each tested building 

coating. Figure 5.16 shows a scheme of the experimental apparatus used to enable these 

experiments. 

Dry air at positive pressure passed through a high efficiency particulate air (HEPA) filter and an 

activated carbon (AC) filter with a reduction valve (0.3 MPa). Then, the flow mass controller 

(FMC from GFC, Aalborg) was set at 3.6 L/min to ensure the sufficient stream of flow to the 

chambers (about 1.3 L/min each, inlet) for the ozone monitor. The air flow in each line was 

frequently checked by a calibrator (Model Gilibrator 2, Gilian, Sensidyne, LP). Although the 

exchange rate of 12 h-1 can be considered high for actual indoor spaces, it is similar to other 

experimental setups using similar small-scale chambers (Lamble et al., 2011; Grøntoft et al., 

2004a, 2004b; Grøntoft, 2004; Grøntoft, 2002; Gall et al., 2014; Rim et al., 2016). A UV lamp 

produced ozone (on: ≈ 100 ppb; off: 0 ppb) and then the flow passed through a humidifier 

(manually controlling the moisture of the air flow to be around 50±10% RH). The apparatus 

included two borosilicate glass chambers, each with volume 6.5 L. Sensors (HOBO, S‐THB‐
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M008) were placed and sealed in each chamber to continuously measure temperature and 

relative humidity. A bypass was set on the inlet line of the sample chamber to allow 

measurement of the inlet concentration of ozone (CO3,in). The two ozone monitors were 

positioned at the end of the setup line, one model 1003 AH, DAISIBI, and one model 106-L, 2B 

Technologies, both with resolution of 0.1 ppb and accuracy greater than 1.5 ppb or 2% of the 

measurement. The monitors were calibrated at the beginning of the experiment, with both the 

chambers empty, using a five-point regression line with R2 >0.99. Note that without activating 

the bypass both monitors read the ozone concentration at the exhaust of the respective 

chambers (CO3,e). The proton transfer reaction – time of flight – mass spectrometer (PTR-ToF-

MS, Ionicon, PTR-ToF 1000) reports the concentration of the emitted volatile organic 

compounds (VOCs) (further on indicated by the subscript b of byproduct) present in: inlet air 

(#1), outlet air from the sample chamber (#2) and from the control chamber (#3).  

 

Figure 5.16. Experimental system layout. Acronyms in the diagram: HEPA – high efficiency particulate air, AC – 

activate carbon, UV – ultraviolet, T – temperature, RH – relative humidity, PTR-MS – proton transfer reaction mass 

spectrometer. 

Prior to testing and after material changeout a passivation protocol was developed to ensure 

the non-reactivity of the glazed surfaces of the chambers (i.e., the protocol was run with empty 

chambers). The sample chamber was cleaned with lint-free wipes (Kimwipes, KIMTECH). Then 
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the chambers, both empty, were exposed to high O3 concentration (>300 ppb) for a minimum 

of 12 hours. After the ozone passivation, clean air was flushed through the chambers for a 

minimum of 12 hours.  

The test procedure lasted around 5.5 hours, with three main steps, schematized in Figure 5.17 

and briefly described.  

 

Figure 5.17. Sample timing of the experiment in the sample chamber (SC) and control chamber (CC). The 

experiment aims to quantify the concentration (C) of byproducts (b), ozone (O3) and byproducts in presence of 

ozone (b,O3) of the airflow inlet (in) or at the exhaust (e). 

First, VOC and ozone concentrations prior to ozone exposure (2 hours) were collected: the air 

flow was flushed into the chambers and the valve of the PTR_MS was on position #1 for 50 

minutes (inlet reading); #2 for 35 minutes (exhaust of the sample chamber) and #3 for 

additional 35 minutes (exhaust of the control chamber).  

Next, VOC and ozone concentrations during ozone exposure (2 hours and 15 minutes) were 

collected. The ozone generator was switched on with the bypass of the sample chamber on; 

60 minutes of measurements were made of the ozone and VOCs concentration at the inlet of 

the chambers. Then the bypass was turned off and the ozonated air was directed to the sample 

chamber and control chambers. For the next 45 minutes, the PTR-MS valve was switched to 

position #2 and both the reading of ozone and VOCs concentration at the exhaust of the 

sample chamber were run. After, the PTR-MS valve was moved to position #3, for 30 minutes, 

to monitor VOCs concentration at the exhaust of the control chamber. The ozone 

concentration in the outlet of the control chamber was continuously monitored. 

The experiment continued after the ozone exposure for a total of 1 hour and 15 minutes to 

characterize post-ozonation VOCs emissions. During this period, the ozone was switched off 

and the first step was run again, with shorter intervals of time. The valve was switched to 

position #1 for 15 minutes, to read the VOCs concentration of the inlet clean air, and switched 

to position #2 and #3, each for 30 minutes, with the air flow flushed through the chambers.  
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The sampling timeline of the protocol was followed until the near-steady state of each step 

was reached, as described in section 5.3.2.3.1. 

5.3.2.3.2 Analytical instrumentation 

The ozone inlet concentration was fixed around 100 ppb that corresponds to the lower limit of 

“unhealthy for sensitive groups” classification of air quality index (AQI) according to U.S. 

Environmental Protection Agency (USPEA, 2015) and exceed the currently established standard 

limit of 70 ppb (EPA, 2023). Note that our goal is to measure the deposition velocity, which 

normalizes the concentration of ozone in the test chamber; prior studies show deposition 

velocities are relatively insensitive to ozone concentration at the range of concentration used 

here (~100) to that more typical of indoor spaces (~10 ppb) (Lamble et al., 2011). The 

measurement of ozone concentration was done on the average of 30 datapoints, at steady 

state, with a standard deviation below 1%. The primary and secondary (during O3 exposure) 

VOC emissions were monitored using a proton transfer reaction – time of flight - mass 

spectrometer (PTR-ToF-MS, Ionicon, PTR-ToF 1000). The principle of the PTR-ToF-MS has been 

well described in the literature (Hansel et al., 1995; Lindinger and Jordan, 1988). Specifics of 

operation of the instrument are similar to a prior study of building materials (Chin et al., 2019) 

The mass spectrum acquisition was set to 10 s and then the traces of the targeted compounds 

(for the study) were analyzed to define the end of each experimental phase. From that point 

the previous 30 datapoint would be considered to calculate the average value of concentration 

of the specific compound, to ensure the steady state of the system. 

5.3.2.3.3 Deposition velocities 

The deposition velocity is a coefficient that parameterizes a pollutant loss rate to surfaces. The 

material’s surface deposition velocity (cm s-1) is quantified by using the deposition velocity 

observed in the control chamber (vdg) and in the sample chamber (vds) through a steady-state 

mass balance on the well-mixed 6.5 L chambers using equations (1) and (2): 

𝑣𝑑𝑔 = 𝜆 (
V

𝐴𝑔
) × (

C𝑖𝑛,𝑂3,𝑔

𝐶𝑒,𝑂3,𝑔
− 1) 

(1) 

𝑣𝑑𝑠 = 𝜆 (
V

𝐴𝑠
) × (

C𝑖𝑛,𝑂3,𝑠

𝐶𝑒,𝑂3,𝑠
− 1) − 𝑣𝑑𝑔 (

𝐴𝑔 − 𝐴𝑠

𝐴𝑠
) 

(2) 

where: λ=Q/V is the air exchange rate (s-1); Q the airflow rate (cm3 s-1); V the volume of the 

chamber (cm3); A the area of the glass exposed Ag or of the sample As (cm2); Cin,O3 is the ozone 

concentration inlet (ppb) either in the control (subscript g) or in the sample (subscript s) 
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chamber; Ce,O3 the ozone concentration at the exhaust (ppb) either in the control (subscript g) 

or in the sample (subscript s) chamber. 

5.3.2.3.4 Primary and secondary emission rates 

Primary and secondary emission rates quantify, respectively, the rate of carbonyl compounds 

emitted from coatings in absence and in presence of ozone. Primary emissions from the sample 

chamber (ε1,b) and the control chamber (εg) (µg/h) are calculated from steady state mass 

balance on the chambers, as shown in equations (3) and (4): 

𝜀1,𝑏 = 𝑄𝐶𝑏,𝑒,𝑠 − 𝑄𝐶𝑏,𝑖𝑛,𝑠 − 𝜀𝑔 (3) 

𝜀𝑔 = 𝑄𝐶𝑏,𝑒,𝑔 − 𝑄𝐶𝑏,𝑖𝑛,𝑔 (4) 

with Q the airflow rate (cm3 s-1); Cb,e,s the byproduct concentration at the exhaust of the sample 

chamber (ppb); Cb,in,s the byproduct concentration at the inlet of the sample chamber (ppb); 

Cb,e,g the byproduct concentration at the exhaust of the control chamber (ppb); Cb,in,g the 

byproduct concentration at the inlet of the control chamber (ppb).  Assuming to have the same 

concentration inlet for the sample and the control chamber since the flow is split directly 

upstream the two chamber (Cb,in,s= Cb,in,g)  we have equation (5): 

𝜀1,𝑏 = 𝑄(𝐶𝑏,𝑒,𝑠 − 𝐶𝑏,𝑒,𝑔) (5) 

Primary emissions of the material εs depend on the airflow rate (Q) and on the concentration 

of pollutant at the exhaust from the sample chamber (Cb,e,s) and from the control chamber 

(Cb,e,g).  

The same mass balance (5) in presence of ozone gives the equation (6) for calculating the 

secondary byproduct (ε2,b): 

𝜀2,𝑏 = 𝑄(𝐶𝑏,𝑒,𝑠,𝑂3 − 𝐶𝑏,𝑒,𝑔,𝑂3) (6) 

5.3.2.3.5 Secondary emissions molar yields 

The secondary emission molar yields quantify the molar emission rate of carbonyl compounds 

produced by reaction between coatings and ozone. To quantify the rate of VOCs generated as 

product of the interaction of ozone with the coatings’ surface, the byproducts yields were 

calculated. 

Appling the equation (7) developed by Reiss et al., 1995 (Reiss et al., 1995): 

𝑌 =
𝜀2,𝑏 − 𝜀1,𝑏

𝑣𝑑 ∙ 𝐴 ∙ 𝐶
 (7) 

the denominator of Y can be calculated from ozone mass balance as shown in equation (8): 
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𝑣𝑑 ∙ 𝐴 ∙ 𝐶𝑂3,𝑖𝑛 = 𝑄(𝐶𝑂3,𝑒 − 𝐶𝑂3,𝑖𝑛) (8) 

The same airflow rate (Q) could be assumed during the experiment and the final equation (9) 

to calculate the byproduct yield is written as: 

𝑌 =
𝐶𝑏,𝑒,𝑠,𝑂3 − 𝐶𝑏,𝑒,𝑔,𝑂3 −  𝐶𝑏,𝑒,𝑠 + 𝐶𝑏,𝑒,𝑔

(𝐶𝑂3,𝑒,𝑔 − 𝐶𝑂3,𝑒,𝑠)
 

(9) 

The building ozonation byproducts most expected are presented in Table 5.14 and informed 

the list of target compounds for analysis in the PTR-MS mass spectra, of the present study. 

Darling and Corsi (2017) while testing a clay paint and a clay-based plaster decided to address 

only C5-C10 n-aldehydes (+ BA-benzaldehyde and TA- tolualdehyde) because they were 

considered of bigger impact on the perceived air quality. The emissions of C4 and lower 

aldehydes (and acetone) were found, also in other studies (Lamble et al., 2011; Cros et al., 2012) 

according to Darling and Corsi (2017), “negligible to comparative very low” both for clay-based 

coatings than not clay-based ones. 

Table 5.14. Synthesis of the carbonyl compounds selected in literature. 

Compounds C1:C4 C5:C10 benzaldehyde o-tolualdheyde acetone Sampling method 

Study 

Poppendieck et 

al. (2007) 

YES YES YES YES YES DNPH, Tenax-TA 

tubes 

Darling and Corsi 

(2017) 

NO YES YES YES NO Tenax-TA tubes 

Lamble et al. 

(2011) 

YES YES NO NO YES DNPH, Tenax-TA 

tubes 

Cros et al. (2011) YES YES YES YES YES DNPH, Tenax-TA 

tubes 

Notation: DNPH – 2.4-dinitrophenylhydrazine cartridge, C3 – propanal, C4 – butanal, C5 – pentanal, C6 – hexanal, 

C7 – heptanal, C8 – octanal, C9 – nonanal, C10 – decanal. 

The mentioned studies are very consistent in sampling method: all the authors sampled the 

lighter compounds on DNPH (2.4-dinitrophenylhydrazine) tubes and heavier ones using 

Tenax-TA tubes. The present study, instead, used the PTR-MS equipment, that relies on the 

proton transfer reaction with H3O
+. The compound identification is more limited due to 

assignment based on m/z ratio with the possibility of possibility of fragmentation of the 

aldehydes (Ernle et al., 2023) with consequent identification issues. For this reason, the VOCs 

targeted will be identified with their m/z ratio (Table 5.15). 



237 

 

Table 5.15. List of compounds identified for the m/z ratio and respective putative identifications. 

m/z  31.018 33.030 45.026 47.017 47.057 59.046 69.054 71.066 73.070 

putative 

identification 

Form- 

Aldehyde H+ 

Methanol 

H+ 

Acet- 

Aldehyde H+ 

Formic 

Acid H+ 

Ethanol 

H+ 

Acetone 

H+ 

Isoprene 

H+ 

Croton- 

Aldehyde 

H+ 

Butyr- 

Aldehyde 

H+ 

m/z  73.064  79.050  89.084  93.078  101.05

4  

107.095  61.017; 

43.011 

61.064;  

43.047 

137.086; 

81.044 

putative 

identification 

MEK H+, 

tetrahydrofur

an H+ 

Benzene 

H+ 

Ethyl Acetate 

H+ 

Toluene 

H+ 

4-OPA Xylene 

H+ 

Acetic 

Acid H+; 

fragment 

IPA H+; 

fragment 

Terpenes 

H+; 

fragment 

5.3.3 Results and discussion 

5.3.3.1 Deposition velocities 

The average (over three samples) deposition velocities for the studied building coatings are 

displayed in Figure 5.18. The highest deposition velocities found among the tested coatings 

are observed for the clay-based plasters applied as a topcoat on the drywall (0.19±0.042 cm·s-

1 for DW_CL and 0.16±0.002 cm·s-1 for DW_CL-M) followed by the bare drywall. The deposition 

velocity of drywall was found 0.15 ± 0.002 cm·s-1, consistent with values from literature for 

small-scale chamber experiments (0.18 cm·s-1 determined by Lamble et al., 2011 with ozone 

challenge concentration 150-200 ppb) or 0.15-0.18 cm·s-1 for painted drywall (varying 

according to the time of exposure and the relative humidity) at 60 ppb ozone exposure (Rim 

et al., 2016). Also, higher results were found such as 0.8 ± 0.4 cm·s-1 (Kleno et al., 2001) when 

drywall samples were tested through the FLEC (field and laboratory emission cell) and exposed 

to 50 ppm or somewhat lower, as 0.069 cm·s-1 (Nicolas et al.; 2007) or 0.06±0.02 cm·s-1 (Kunkel 

et al., 2010) tested in a larger chamber (respectively 17 L and 14.3 m3) with a more similar ozone 

exposure (100 to 120 ppb and 150-200 ppb). 
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Notation: DW – drywall; CL – clay-based plaster, CL-M – maritime clay-based plaster: DW_CL – clay-based plaster 

applied on drywall; DW_CL-M – maritime clay-based plaster applied on drywall; G – gypsum-based plaster, BA_AL 

– gypsum plaster with addition of bark and air lime; BA250_AL – gypsum plaster with addition of bark heated at 

250 ºC and air lime. 

Figure 5.18. Deposition velocities vd for the tested coatings: average values with standard deviation. 

The lowest vd are observed for the gypsum reference mortar G and the addition of A.dealbata 

bark slightly increase it (from 0.04±0.007 cm·s-1 to 0.06±0.009 and 0.06±0.006 cm·s-1, namely 

for BA250_AL and BA_AL). Only one reference was found in literature for gypsum plaster, 

calculated as the mean values for the deposition velocities on ‘‘softer less dense alkaline stone 

materials’’ and ‘‘fine concrete’’ (Grøntoft and Raychaudhuri, 2004). The value calculated from 

the authors, at 50% and 70% RH is 0.044 cm·s-1, very consistent with the value experimentally 

obtained in the present work. The addition of bark and low content of air lime in the gypsum 

plaster introduces an increase of ozone deposition velocities possibly related to the 

enhancement of their moisture buffering ability (Ranesi et al., 2023). 

5.3.3.1.1 The ozone removal mechanism of clay and the RH influence 

Similar results of ozone removal activity were found by Lamble et al. (Lamble et al., 2011). The 

authors related the high ozone reactivity of these coatings, both drywall and clay plasters, to 

their mineral content, responsible for the “iron or aluminum catalyzed decomposition of 

ozone” (Lamble et al., 2011). It is true that the smectites (clay) for example contain different 

amount of iron (hydr)oxides Fe2+ and Fe3+ (Stucki et al., 2013) that can be used to design 

products for ozone catalytic decomposition (Wang et al., 2018). Moreover, both clay plasters 

when applied as a base coat (CL and CL-M) showed less reactivity to ozone. Thus, there might 

be a relation between the ozone deposition velocity and the plasters’ application. The topcoat 

was applied in three layers, each one very thin, while the base coat was applied in one thicker 

layer, in the 2cm thick mold (with no constraints to avoid the shrinkage from creating cracking 
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in the material). The difference in thickness of the two applications and the effect of different 

substrates (drywall instead of mold) could have led to a topcoat with higher bulk density (more 

compact) and, thus, a lower porosity, than the one of the basecoats with the same mortar. 

Moreover, the addition of crushed seashells of the CL-M formulation decreases a bit the 

reactivity to ozone (while an increase of hygroscopicity was found in a parallel study (Ranesi et 

al., 2024)). It is possible that a higher moisture content in the maritime clay plaster (when 

exposed to the same RH levels) affects its reactivity to ozone.  

Few studies were found on the effect of RH on deposition velocities in building coatings. One 

study from Gall et al. (Gall et al., 2013) concluded that the influence of RH is not large for the 

building materials and products tested: stainless steel background, nylon loop pile carpet, 

perlite-based ceiling tiles and acrylic painted drywall. Nevertheless, the materials included in 

the study were not characterized by their hygroscopic behavior and, among them, the drywall 

is likely to be the most reactive to RH conditions. Other studies pointed out an increase in 

ozone deposition velocities for gypsum drywall exposed to higher RH. For example, Grøntoft 

and Raychaudhuri (2004) found for this building material an increase in deposition velocities 

from 0.12 cm·s-1 at 50% RH to 0.15 cm·s-1 at 90% RH. Also, Rim et al. (Rim et al., 2016) for 

painted drywall reported an increase of vd when RH test condition is increased from 50% to 

75%. The moisture content of a hygroscopic material is higher when the material is exposed to 

higher levels of RH. If a positive correlation between ozone deposition velocities and 

equilibrium moisture content of coating materials is verified, the maritime clay should have 

higher deposition velocity than the clay with no addition, unlike what is observed. It is possible 

that the maritime plaster product has a lower content of clay (note that the formulation is 

unknown) and, for this reason, is found less reactive to ozone. Otherwise, what is true for 

hygroscopic coatings in general may not apply for highly hygroscopic clay-based coatings if 

their removal mechanism is based on iron catalyzed decomposition of ozone and ozone could 

compete with water (from moisture adsorption) (Yan et al., 2019). Still, the influence of RH on 

ozone deposition velocities of highly hygroscopic coatings, and among them the clay-based 

ones, should be further investigated.  

5.3.3.2 Primary and secondary emission rates 

In Figure 5.19 are shown the results for primary and secondary emissions. The addition of 

crushed seashell (CL-M) seems to prevent the increase of secondary emission of the clay plaster 

(during the ozone exposure the total VOCs amount is the same that without ozone) with a 

small decrease in acetic acid (m/z 61.017) and a slight increase in acetone (m/z 59.046). When 
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the same plaster is applied as topcoat on drywall (DW_CL-M), the emissions of methanol (m/z 

33.030) increased from 20 to 90 µg h-1m-2, probably related to the reaction of clay with the 

cellulose layer present on the substrate, and acetaldehyde (m/z 45.026) was no longer 

detected. The total amount of VOCs detected is very similar in primary and secondary 

emissions for both DW_CL-M and CL-M plasters and the biggest difference between them is 

the methanol emission (m/z 33.030). The clay plaster with no maritime shells (CL) is more 

reactive with ozone and the secondary emission rate is overall higher, above all for acetone 

(m/z 59.046), IPA (m/z 61.064 + 43.047 fragment) and acetaldehyde (m/z 45.026). When the 

clay plaster is applied on drywall (DW_CL), again, the levels of methanol (m/z 33.030) in primary 

and secondary emissions rise sharply (from 15 to 80 (ε1) and from 20 to 140 (ε2) µg h-1m-2). 

Both DW_CL and CL plaster show high total secondary emissions. In both cases of clay 

application on drywall, DW_CL and DW_CL-M, the VOCs primary emissions increase above all 

in methanol.  
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Notation: DW – drywall; CL – clay-based plaster, CL-M – maritime clay-based plaster: DW_CL – clay-based plaster applied 

on drywall; DW_CL-M – maritime clay-based plaster applied on drywall; G – gypsum plaster, BA_AL – gypsum plaster with 

addition of bark and air lime; BA250_AL – gypsum plaster with addition of bark heated at 250 ºC and air lime. 

Figure 5.19. Primary and secondary emission rates for the analyzed building coatings 

The drywall tested showed overall low production of VOCs, with some higher values in primary 

emission of methanol (m/z 33.030), IPA (m/z 61.064 + 43.047 fragment), acetone (m/z 59.046) 

and acetic acid (m/z 61.017 + 43.011 fragment). The latter appears to decrease due to ozone 
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exposure, but a small production of acetaldehyde (m/z 45.026) was observed. The decrease in 

secondary emissions of methanol (m/z 33.030) was unexpected. Also, the amount of methanol 

(m/z 33.030) in primary emission for DW is lower than for DW_CL and DW_CL-M. The possibility 

that the high amount of methanol (m/z 33.030) for DW_CL and DW_CL-M is related to the 

water-based primer should be the subject of further study. 

Gypsum plaster (G) showed the lowest emissions, both primary and secondary. The primary 

emissions are mainly IPA (m/z 61.064 + 43.047 fragment), acetone (m/z 59.046) and acetic acid 

(m/z 61.017 + 43.011 fragment) with very low values (≤ 4 µg h-1m-2) of other compounds 

quantified in this work. Secondary emissions are higher than primary emissions, with the 

greatest relative increase of acetaldehyde (m/z 45.026) from 3.7 to 12.8 µg h-1m-2, but also in 

acetone (m/z 59.046) and IPA (m/z 61.064 + 43.047 fragment) and methanol (m/z 33.030) with 

a decrease in acetic acid (m/z 61.017 + 43.011 fragments) and the tendency of low variation or 

low decrease in the other VOCs. Overall, the addition of a small amount of air lime and bark, 

either only dried or also heated (BA_AL and BA250_AL), to the gypsum plaster did not modify 

the behavior, apart from the higher amount of methanol (m/z 33.030) observed in primary 

(from 4.4 to about 65 and 95 µg h-1m-2) and secondary (from 10 to about 88 and 97 µg h-1m-2) 

emissions. The methanol (m/z 33.030) accounts for about 60% of the higher primary and 

secondary emissions of the modified gypsum plasters.  

5.3.3.3 Secondary emissions molar yields 

Average specific-compounds yields are given in Figure 5.20 providing a more accurate 

quantification of the effect of ozone on the coatings in terms of byproduct, as it also considers 

the ozone concentration at the inlet and exhaust, during the experiment. 

Overall, all the coatings tested present a low total average yield (Figure 5.20) if compared, for 

instance, with other building coatings as the finished hardwood floor (0.4), the fabric acoustical 

wall panel (0.5), the bio-based resilient tiles (>0.3) or the porcelain tiles (≈0.2) analysed by 

Lamble et al. (2011). The same authors found the average total yield for a recycled drywall a 

little bit lower than the one tested here (slightly below 0.1). The total average yields for the 

clay-based plasters are consistent with what observed by Lamble et al. (2011) (total molar yield 

after 2 h and 24 h exposure below 0.05 for the clay plaster applied as topcoat) and by Darling 

and Corsi (2017) (0.06 referred as the average total yield at Month 0). The lowest yield is 

exhibited by the maritime clay plaster when applied on drywall (DW_CL-M), and when used as 

a basecoat (CL-M). 
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Notation: DW – drywall; CL – clay-based plaster, CL-M – maritime clay-based plaster: DW_CL – clay-based plaster 

applied on drywall; DW_CL-M – maritime clay-based plaster applied on drywall; G – gypsum plaster, BA_AL – 

gypsum plaster with addition of bark and air lime; BA250_AL – gypsum plaster with addition of bark heated at 

250 ºC and air lime. 

Figure 5.20. Average specific compounds yields for the eight tested coatings. 

The latter shows some removed compounds like formaldehyde (m/z 31.018), acetaldehyde and 

formic acid (m/z 45.026 and 47.017, respectively) and acetic acid (61.017). DW_CL-M has a 

negative yield of acetaldehyde (m/z 45.026). The clay plaster (CL) shows a production of 

acetaldehyde (m/z 45.026) in secondary emissions, like the gypsum reference plaster (G) and 

the modified version with raw bark added (BA_AL). The same plaster, applied on drywall 

(DW_CL), has a negative yield of acetaldehyde but some other byproducts are released, all in 

very small quantities. All the clay-based products showed a removal activity and two plasters 

based on gypsum (G and BA250_AL) did too. The positive yield of gypsum modified with 

heated bark (BA250_AL) is very heterogeneous, with some higher presence of acetic acid (m/z 

61.017) and acetone (m/z 59.046). 

5.3.4 Conclusions 

The eight coatings selected for the study would reduce the indoor ozone concentration if 

applied on indoor walls and ceilings. The highest ozone removal activity was found for the 

clay-based plasters applied in thin layer on drywall. A positive effect on the ozone removal 

activity (+50% ozone deposition velocity) was obtained with Acacia dealbata bark additions to 
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the reference gypsum mortars. It is an interesting outcome that the small addition (10% by 

vol.) of the bark to the mortars’ formulation had a positive effect on passive ozone removal 

activity, as it shows an interesting way of dealing with this waste when the invasive species is 

cut. Moreover, the thermal treatment of the bark (250°C for 1 h) has no impact on this property, 

avoiding the need for extra energy consumption. The primary and secondary emissions of the 

gypsum reference mortar are the lowest among the tested coatings. The addition of bark and 

heated bark, together with air lime, increased namely 80% and 200% both primary and 

secondary emissions, with methanol (m/z 33.030) accounting for about 60% of the increase. 

Methanol is observed in high quantities in indoor air and thought to potentially be a 

decomposition product of cellulose and other wood materials. Future work is necessary to 

identify the source of methanol on the coatings studied here. The lowest byproducts of 

oxidation were found for the clay plasters with crushed seashells both as base and topcoats (-

102% and -120%, respectively). Finally, the yield rates confirm that the clay-based plaster with 

seashells is promising as a passive removal coating, showing negative yields of some 

compounds both applied as a base or a topcoat. The gypsum-biomass-air lime plasters have 

slightly lower yield than the reference one when raw bark is added and -60% total yields, with 

some removal activity, when the thermally threated bark is added. Very low yields are observed 

for all the plastering mortars; indeed, there is an important difference of the total average yield 

between the mortars and the drywall. 

According to the test conditions and results interpretation, both the clay-based plasters and 

the gypsum-based ones appear to be promising passive removal coatings. These traditional 

plasters, widely used for coating indoor masonry walls and ceilings with reinforced concrete 

slabs, showed their potential contribution to indoor air quality. Moreover, their formulations 

with both types of biowastes (crushed seashells for clay-based and bark from A. dealbata for 

the gypsum-based plasters), can further enhance their contribution for healthier indoors while 

lowering the plasters environmental impact. Nevertheless, further investigations are needed to 

better justify the high presence of methanol as a byproduct and the humidity dependence of 

the ozone deposition velocities for highly hygroscopic coatings. The surface chemistry of clay- 

and gypsum-based plasters needs an in-depth study to better understand the mechanisms 

behind the ozone removal and to answer questions about the decay of the ozone removal 

activity and the relation between primary and secondary emissions and aging.   
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5.4 Additional Considerations 

The two studies presented in this chapter (sections 5.2 and 5.3) analyzed the effect on 

hygroscopic behavior and pollutant reaction of the enhanced gypsum-based plasters obtained  

with the addition of A. dealbata bark and a small quantity of air lime, all along compared with 

clay-based plasters. Results point out that the overall characterization of the gypsum mortars 

is not significantly modified by the addition of the biomass but a higher hygroscopicity is 

observed (Table 5.16). The sorption isotherms and the moisture buffering tests show an 

increase in the ability of the products to adsorb moisture and a slight hysteresis effect in 

desorption, probably introduced by the biomass. Nevertheless, the two modified gypsum-

based mortars (BA_AL and BA250_AL) show a higher moisture buffering value (that includes 

the evaluation of desorption too) than the reference gypsum mortar. The mortars BA_AL and 

BA250_AL were both produced with the addition of air lime at 4% by wt. of the premixed 

gypsum product (found effective to prevent biological growth) and differ for the treatment 

applied on the biomass that was firstly crushed, milled and sieved raw (BA) and then heated at 

250ºC for 1 h (BA250). Their MBVs are almost double the MBV of the reference gypsum mortar 

and very similar between them. Indeed, not different enough to justify the thermal treatment 

of the raw bark (BA250) and the consequent increase in the embodied energy of the product. 

Moreover, among all the plaster tested, the clay-based ones were still showing the highest 

hygroscopicity both under static and dynamic conditions. 

Table 5.16. Synthesis of results from studies 5.2 and 5.3. 

Property REF BA_AL BA250_AL CL CL_M 

Adsorption [%] at 80%RH 0.16 0.53 0.48 0.75 0.96 

MBV [g/(m2%RH)] 0.47 0.99 0.89 1.76 1.87 

vd [cm/s] 0.04 0.06 0.06 0.11 0.10 

ε1,b * [µg/(m2h)] 51 33 59 133 137 

ε1,b [µg/(m2h)] 55 96 153 149 157 

ε2,b *[µg/(m2h)] 77 66 79 206 126 

ε2,b [µg/(m2h)] 87 154 175 228 147 

Y [-] 0.107 0.083 0.032 0.082 -0.021 

Notation:  REF - reference gypsum-based plaster; BA_AL - gypsum-based plaster with addition at 10% of raw bark 

and 4% of air lime (by wt.); BA250_AL - gypsum-based plaster with addition at 10% of heated bark and 4% of air 

lime (by wt.); CL - clay based plaster; CL_M - clay based plaster with addition of crushed seashells;  MBV - moisture 

buffering value; vd - deposition velocity;  ε1,b - total primary emissions; ε2,b - secondary emissions; Y -  molar yields 

; * - without methanol (m/z 33.030). 
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All the plasters were reactive to ozone and considered promising coatings for passive ozone 

removal. Deposition velocity shows that the addition of bark (raw and thermally treated) has a 

positive effect on the property. Moreover, without accounting the methanol that can be 

somehow linked to the biomass addition and needs further investigations (at these fluxes 

anyway would likely only introduce a small change in concentration indoors), the total average 

primary and secondary emissions of the gypsum plasters are the lowest, with very interesting 

results obtained by the addition of raw bark (33 and 66 µg·m-2h-1, respectively). Finally, the 

lowest total average molar yield rate, calculated as the average on three specimens of the sum 

of positive and negative yields (for all the targeted byproducts), is observed for the clay-based 

plaster with addition of crushed seashells (-0.021) followed by the very low yield of BA250_AL 

(0.032). The clay mortar and the mortar BA_AL have similar molar yields (0.082 and 0.083) and 

the gypsum mortar has the highest total average yield of 0.107, meaning it has the highest 

emission rate of carbonyl compounds produced by reaction with ozone. Nevertheless, all the 

yields here found are still very low if compared with other coatings like finished hardwood floor 

(0.4), bio-based resilient tiles (>0.3) or porcelain tiles (≈0.2) tested by other authors (Lamble et 

al., 2011). 
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6  

 

CONCLUSIONS 

6.1 Final Remarks 

The present work investigates the potential of eco-efficient plastering mortars to be used for 

the passive contribution to indoor comfort and air quality.  

Through the brief analysis on the context of the study of the 1st chapter, the guiding principles 

of the thesis work were exposed: the effect that indoor relative humidity and high 

concentrations of harmful pollutants, like ozone and volatile organic compounds, can have on 

human health; the importance of the compatibility and the sustainability of new designed 

coatings. The purpose, thus, was to better understand the contribution modern and traditional 

plasters can give to indoor comfort and air quality and, eventually, how to enhance a plaster 

for the purpose, observing compatibility and sustainability criteria. 

The 2nd chapter presents the study on the monitored hygrothermal conditions in residential 

buildings located in the temperate climate of Lisbon. The study started with a research question 

about the representativeness under real conditions of widespread methods and protocols to 

test plasters hygroscopic response. Indoor RH fluctuations were found closer to the middle 

humidity conditions (ΔRH 50%-75%) of ISO 24353 (2021) than other testing methods and, thus, 

the use of this method was advised for designing products to be applied in unheated or 

intermittently heated residential buildings in temperate climates. In terms of indoor comfort, 

study cases were found over 50% of wintertime out of the comfort area (higher relative 

humidity and lower temperature). Moreover, hygroscopic behavior of plasters based on clay, 

air lime, natural hydraulic lime, and cement was modeled (calibrated using results from mortar's 
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laboratory characterization) and used for simulations under real microclimatic conditions. The 

moisture content variations were qualitatively in agreement with the MBVs determined by both 

the NORDTEST (2005) and ISO 24353 (2008) and the clay-based plaster was found to be the 

most promising coating showing the widest fluctuations, i.e., moisture reactivity. Once the 

preliminary study settled the most suitable testing conditions and collected results of moisture 

reactivity for different binder-based plasters (traditional and modern), a research work on their 

state-of-the-art was run. Test methods and results were collected in a systematic review which 

principal outcomes was the establishment of ranges of adsorption, MBV and WVP for several 

binder-based plasters and the ranking of most applied methods for each of these properties. 

Nevertheless, a huge heterogeneity of test methods and testing conditions was found, turning 

the comparison of results from different studies more challenging. Also, the review pointed at 

the clay-based plasters as the most hygroscopic ones. 

The 3rd chapter presents the study on the hygroscopic behavior of traditional and modern 

plasters based on binder presented in the previous chapter. The characterization applies the 

most popular testing methods according to the previous literature review (section 1.1) and, 

through some simplification, permits the comparison of experimental results with ranges from 

literature. Overall, results are found consistent with the ranges; only in the case of plasters 

obtained through the combination of gypsum and air lime seems that the bibliographic range 

underestimate their moisture response. Nevertheless, this was found a very particular case, 

where the combination of the two binders has a very positive effect on the adsorption, 

remarkably higher than for any plaster based on only one of the single binders. But it came 

with drawbacks on desorption capacity, with hysteresis observed in both pastes. Nonetheless, 

the event of a still ongoing carbonation of the plastering pastes was not discarded and more 

tests need to be run on plasters based on gypsum and air lime with an assured total 

carbonation rate. The clay-based plasters were confirmed by this study very hygroscopic and 

the hydraulic binder-based mortars, such as cements and natural hydraulic lime, showed a 

behavior in the middle between the clay plaster and gypsum-lime pastes (very good) and the 

poorest one of only gypsum and only air lime. In the same chapter, the effect of two paint 

systems (A - vinylic, and B -acrylic) on the same properties was evaluated. It was found out that 

the effects were very different. Paint A modified the properties very little, increasing the 

thickness of the equivalent air layer of the systems (plasters + paint A) with different effect on 

different plasters, and the hygroscopic behavior (which in some case was overall enhanced due 

to the stabilizing effect of the paint that reduced the hysteresis). On the contrary, the 
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application of paint system B substantially reduced the water vapor adsorption and the 

dynamic response to RH fluctuations. Results are consistent with what expected for a paint 

commercialized for external application and, so, probably designed with a different scope from 

passive indoor moisture regulation, which, more likely, the paint A has been. 

The 4th chapter presents the study on the enhancement of gypsum-based plasters with the 

addition of the biomass from Acacia dealbata. The plant is an invasive species that is very much 

spread all over the world (in Portugal too) representing a threat for the local ecosystem and 

for people safety due to its high fire propagation. Furthermore, it is not suited for burning to 

generate heat. Therefore, all the fractions of the plant were introduced in the study, after 

extractive recovery, to evaluate their contribution to mortars properties; namely flowers, leaves, 

branchlets, bark and wood were added at 5% and 10% by vol. to a chosen premixed gypsum-

based product and a fixed amount of water. From there, mortars were produced, cured, and 

characterized. The fresh, hardened, and mechanical properties were found overall adequate 

(complying with the standard), with the best effect introduced by wood fraction but with all 

the additions (fractions and quantities) found viable. After that, a study more specifically 

oriented to the hygroscopic behavior of the mortars found that: all the biomass additions 

increased the adsorption/desorption of the gypsum-based plasters (static and dynamic 

conditions); the highest addition (10% by vol.) introduced highest changes in properties; the 

10% by vol. of bark was the most promising addition, among all the combinations. In fact, with 

this addition the hygroscopic behavior of the mortars was found four times enhanced, with a 

MBV reaching the range of clay-based plasters. Nevertheless, biological growth was observed 

in all the gypsum-based mortars with biomass addition (apart from wood) during the first 

curing days, maybe due to environmental factors, biological factors, or a combination of both. 

Thus, a preliminary study for the final formulations was run to evaluate the possible solutions 

to avoid biological growth on plasters, either through pH control, thermal treatment of the 

biomass or a combination of both. 

The 5th chapter presents the final formulations for innovative gypsum-based plastering 

mortars, done with the addition of raw bark and heated bark at 250 ºC (for 1 h) at 10% by vol. 

and air lime at 4% by wt. to the premixed gypsum product. The raw biowaste used for the 

campaign had never been used for extraction. The mortars were tested among the chapter in 

comparison with the reference gypsum mortar and with two premixed clay plasters (one with 

the addition of crushed seashells in formulation). An extended mechanical and physical 

characterization is presented with a special interest in the hygroscopic response of the plasters. 
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The enhancement of adsorption capacity through the addition of the biomass (both raw and 

thermally treated) was confirmed by results of sorption isotherms and moisture buffering test. 

Nevertheless, the desorption of the mortars showed a minor hysteresis probably introduced 

by the biomass. Overall, their adsorption/desorption ability, quantified by the calculation of 

MBV, was found to be double than the gypsum mortar, but still half of the clay ones. All the 

plasters were found good at ozone removal. The addition of bark (raw and thermally treated) 

can have a positive effect on this property, increasing deposition velocity for gypsum plasters. 

Gypsum coatings showed the lowest total average of primary and secondary emissions if 

methanol emissions are not counted. Finally, the clay-based plaster with the addition of 

crushed seashells had the lowest total average molar yield rate. 

To conclude, the use of clay-based plasters is advised for intervention both on ancient and new 

constructions, representing a good eco-efficient choice for its low embodied energy and 

reactivity to indoor moisture variations (adsorbing from the indoor air when the RH is 

increasing and releasing the moisture back to the air when the RH is decreasing) for moisture 

passive regulation. Moreover, they have a good ozone removal activity and generally low 

primary and secondary emissions of VOCs. It seems that some formulations can be better than 

others for the scope.  

Calcium sulfate hemihydrate is a very suitable binder too, for plastering any type of indoors, 

with good compatibility with heritage (and new buildings) and is produced with low calcination 

temperature and easy milling. The eco-efficiency and hygroscopic behavior of gypsum-based 

plastering mortars can be increased with the addition of a biomass, bark from A. dealbata 

selected for this work, better if biowastes from other industry value-chain. The addition of air 

lime in these cases is advised to prevent biological growth but, anyway, the new plasters show 

an important increase in their moisture reactivity even with small additions (10% by vol.). The 

gypsum VOCs primary and secondary emissions are low, and so they are with the bark addition. 

The ozone removal capacity of the gypsum plasters is improved by bark additions.  

As plasters can coat a significative area of indoor walls and ceilings, the impact that eco-

efficient clay or gypsum-based plasters can have to passively contribute to indoor comfort and 

air quality, reducing energy consumption, improving indoor air quality and contributing to 

inhabitants’ health is, therefore, extremely important. 
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6.2 Further Studies/Perspectives 

The present work aims to be a starting point for a more environmentally friendly management 

of indoors, through the implementation of passive solutions to eventually integrate mechanical 

systems for ensuring good air quality and comfort. Nevertheless, further investigations are 

needed to better understand: 

• The properties that better can describe the plasters moisture regulation. 

• If there are other mechanisms involved in the enhancement of indoor hygroscopic comfort. 

• The reactivity of traditional and modern plasters to other common indoor pollutants, like 

carbon dioxide. 

• The effect that finishings like different painting systems can have on the passive regulation 

of moisture and pollutant removal. 

• The effect of using bark as byproduct after extractives removal (as the one used in chapter 

3) on the optimized bio-gypsum-air lime plaster formulation. 

• The reason for high emissions of methanol when the biomass is added to the plasters 

formulations and what this implies. 

• The humidity dependence of the ozone deposition velocities for high hygroscopic coatings. 

• The surface chemistry and the mechanisms behind the ozone removal and with them the 

decay of the ozone removal activity  

• The relation between all the considered properties and the aging of the coatings. 

• The possibility of obtaining higher enhancements, not increasing drawbacks, with higher 

additions of biomass. 

• Assessing the effect of additions to clay-based plasters on ozone capture. 

• The quantification of the environmental impact of different binder-based plasters and the 

ones here developed, through a life cycle assessment. 
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