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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 ozone-

surface reactions. 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, with and 

without the addition of a bio-waste from Acacia dealbata (raw bark, BA, and bark 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 indoors, contributing to the improvement of indoor 

air quality. The gypsum-based plaster shows the lowest ozone deposition velocity, but also the lowest primary and 

secondary emissions. The addition of bark, either BA or BA250, increased by 50% the ozone deposition velocity of 

the coating but also increased primary and secondary emissions by 80% (BA) and 200% (BA250), 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). 

Keywords: Clay plasters, gypsum mortars, biomass, drywall, ozone removal, volatile organic compounds. 
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1. Introduction  

Human exposure to volatile organic compounds (VOCs) 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 

COx 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 
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indoors is passive removal of ozone by building materials selected to help purifying 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 a very good 

candidate 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 
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restoration projects (Freire et al., 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 is intended to 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.  

The eco-efficiency of a product is measured as the relation between its environmental and economic benefits (ISO 

14045, 2012), discounted over a time span (Lueddeckens, 2023). Eco-efficiency is also defined as “the delivery of 

competitively priced goods and services that satisfy human needs and bring quality of life, while progressively 

reducing ecological impacts and resource intensity throughout the life-cycle to a level at least in line with the Earth's 

estimated carrying capacity” (WBCSD, 1992).  A complete analysis of the eco-efficiency of the studied plasters was 

not run in the present study, but their binders (calcium sulphate hemihydrate and clay) have low embodied energy, are 

recyclable with low energy demand (and consequent emissions) or reusable (almost no energy). These binders, and 

respective plasters, are commonly recognized as low environmental impacting (Melià et al., 2014; Pedreño-Rojas et 

al., 2020; Santos et al., 2021). The addition of biowastes has a positive impact in their economic and ecological 

assessment (Nußholz et al., 2019; Matias et al., 2020). Moreover, the plasters potential to lower the operational energy 

requirements of the building while improving indoor environmental quality, responds to the criteria of reducing 

ecological impact and bringing quality of life.  

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 eco-efficient coatings based on 

gypsum and clay. Two formulations of clay-based plasters applied both as top and base coats and three formulations 
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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. 

2. Materials and Methods 

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 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., under review).   

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 (Alexandria Moulding, Inc.) 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. 
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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 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 1) used in this study are presented in Table 1, 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. 
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DW_CL DW_CL-M 

Figure 1. Specimens of the plastering mortars and drywall tested. 

Table 1. Synthesis of tested coatings, specimens, and fresh mortars 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. 

2.3.Test methods 

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 1 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 
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two borosilicate glass chambers, each with volume 6.5 L. Sensors (HOBO, S-THB-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 2. 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 
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with lint-free wipes (Kimwipes, KIMTECH). Then 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 3 and briefly described.  

 

Figure 3. 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 2.3.1. 

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). The 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 (or with inverse relation) for ozone concentration in the chamber at the range of concentration 

used here (~100 ppb) to that more typical of indoor spaces (~10 ppb) (Lamble et al., 2011) and no variation in removal 

activity are expected up to 300 ppb concentrations (Shen & Gao, 2018). 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. 

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): 
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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) chamber; Ce,O3 the ozone concentration at the exhaust (ppb) either in the 

control (subscript g) or in the sample (subscript s) chamber. 

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): 

𝜀𝜀1,𝑏𝑏 = 𝑄𝑄𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑 − 𝑄𝑄𝐶𝐶𝑏𝑏,𝑖𝑖𝑖𝑖,𝑑𝑑 − 𝜀𝜀𝑑𝑑 (3) 

𝜀𝜀𝑑𝑑 = 𝑄𝑄𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑 − 𝑄𝑄𝐶𝐶𝑏𝑏,𝑖𝑖𝑖𝑖,𝑑𝑑 (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): 

𝜀𝜀1,𝑏𝑏 = 𝑄𝑄(𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑 − 𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑) (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): 

𝜀𝜀2,𝑏𝑏 = 𝑄𝑄(𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑,𝑂𝑂3 − 𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑,𝑂𝑂3) (6) 
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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): 

𝑌𝑌 =
𝜀𝜀2,𝑏𝑏 − 𝜀𝜀1,𝑏𝑏

𝑣𝑣𝑑𝑑 ∙ 𝐴𝐴 ∙ 𝐶𝐶
 (7) 

the denominator of Y can be calculated from ozone mass balance as shown in equation (8): 

𝑣𝑣𝑑𝑑 ∙ 𝐴𝐴 ∙ 𝐶𝐶𝑂𝑂3,𝑖𝑖𝑖𝑖 = 𝑄𝑄(𝐶𝐶𝑂𝑂3,𝑒𝑒 − 𝐶𝐶𝑂𝑂3,𝑖𝑖𝑖𝑖) (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: 

𝑌𝑌 =
𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑,𝑂𝑂3 − 𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑,𝑂𝑂3 −  𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑 + 𝐶𝐶𝑏𝑏,𝑒𝑒,𝑑𝑑

(𝐶𝐶𝑂𝑂3,𝑒𝑒,𝑑𝑑 − 𝐶𝐶𝑂𝑂3,𝑒𝑒,𝑑𝑑)
 

(9) 

The building ozonation byproducts most expected are presented in Table 2 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 2. Synthesis of the carbonyl compounds selected in literature. 

Compounds C1:C4 

carbonyls 

C5:C10 

carbonyls 

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. 
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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 fragmentation of the aldehydes (Ernle et al., 2023) 

and associated identification issues. For this reason, the VOCs targeted will be identified with their m/z ratio (Table 

3). 

Table 3. 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 

Formaldehyde 
H+ 

Methanol 
H+ 

Acetaldehyde 
H+ 

Formic 
Acid 
H+ 

Ethanol 
H+ 

Acetone 
H+ 

Isoprene 
H+ 

Crotonaldehyde 
H+ 

Butyraldehyde 
H+ 

m/z  73.064  79.050  89.084  93.078  101.054  107.095  61.017; 
43.011 

61.064;  
43.047 

137.086; 81.044 

putative 

identification 

MEK H+, 
tetrahydrofura

n H+ 

Benzene 
H+ 

Ethyl Acetate 
H+ 

Toluene 
H+ 

4-OPA Xylene 
H+ 

Acetic 
Acid H+; 
fragment 

IPA H+; 
fragment 

Terpenes H+; 
fragment 

3. Results and discussion  

3.1. Deposition velocities  

3.1.1. Ozone removal capacity of the building coatings 
The average (over three samples) deposition velocities for the studied building coatings are displayed in Figure 4. 

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 4. 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). 

3.1.2. Ozone removal capacity 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 
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was applied in one thicker layer, in the 2cm thick mold (with no constraints to avoid the shrinkage from creating 

cracking 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., under review)). 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 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.  

3.2.Primary and secondary emission rates  

In Figure 5 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 
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acetone (m/z 59.046). When 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. 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 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 
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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. 

3.3.Yields 

Average specific-compounds yields are given in Figure 6, 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. 
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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 6. Average specific compound yields for the eight tested coatings. 

Overall, all the coatings tested present a low total average yield (Figure 6) 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) analyzed 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). 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 
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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).  

3.4. Limitations and perspectives 

The present study quantifies short-term indoor ozone removal activity and byproduct yield of building materials and 

products. Most of the studies found in literature run short-term period experiments (hours or days), too. The durability 

of the materials reactivity remains, thus, a little-explored research topic. According to the few studies run on long term 

(months or years), a decay of ozone reactivity may happen due to the consumption of available surface reaction sites 

(Rim et al., 2016), but also an increase in reactivity due to a surface reset by compounds reactivity related to occupant 

activities (Wang &Morrison, 2010; Shen & Gao, 2018). Nevertheless, the specificity of different materials might be 

considered in further studies when evaluating long term removal performance (Cros et al., 2012).  

Even for a short-term analysis, ozonolysis products are of health concern (Fang et al., 2019), likely more so than the 

original VOCs emitted from consumer products (Nørgaard et al., 2014; Wolkoff, 2020). Chen et al. (2011) included 

the expected concentration of reaction products from data on outdoor ozone concentration (and selected air change 

rates) while developing a prediction model of short-term mortality by ozone exposure. In the present study small 

increases of many of the targeted compounds are observed during ozone exposure period, including acetone, 

acetaldehyde, methanol, acetic acid and IPA. It was found that methanol (m/z 33.030) accounts for a large fraction of 

the primary and secondary emissions of the topcoat clay-based plasters (DW_CL and DW_CL-M) and the modified 

gypsum (BA_AL and BA250_AL). Although a toxicological analysis was out of scope, it is worth noting that the 

concentration of methanol considered lethal dose for respiratory intake is around 4000–13000 mg/l and the initial 

concentration of optic neuritis and blindness is 228.5 and 1103 mg/l, respectively, for a 12 h exposure (Moon 2017). 

Moreover, methanol poisoning is more likely oral (Holt & Nickson, 2017) or due to inhalation of carburetor cleaning 

fluid fume inhalation (Wallace & Green, 2008). Future holistic epidemiological and/or toxicological assessment that 

addresses primary and secondary emissions from materials in the context of oxidant removal from indoor 

environments is recommended. 
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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 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 top coats (-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, 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 



22 
 

removal, and to answer questions about the decay of the ozone removal activity and the relation between primary and 

secondary emissions and long-term aging.  
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