
Building and Environment 254 (2024) 111306

Available online 15 February 2024
0360-1323/© 2024 Published by Elsevier Ltd.

Eco-efficient coatings for healthy indoors: Ozone deposition velocities, 
primary and secondary emissions 

Alessandra Ranesi a,b,*, Paulina Faria a, M. Rosário Veiga b, Elliott T. Gall c 

a CERIS, Department of Civil Engineering, NOVA School of Science and Technology, NOVA University Lisbon, Quinta da Torre, 2829-516, Caparica, Portugal 
b National Laboratory for Civil Engineering, Avenida do Brasil 101, 1700-066, Lisbon, Portugal 
c Department of Mechanical and Materials Engineering, Portland State University, 1930 SW 4th Ave, 97201, Portland, OR, United States   

A R T I C L E  I N F O   

Keywords: 
Clay plasters 
Gypsum mortars 
Biomass 
Drywall 
Ozone removal 
Volatile organic compounds 

A B S T R A C T   

Volatile organic compounds (VOCs) and ozone (O3) are harmful pollutants present in indoor air. Indoor con
centrations 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).   

1. Introduction 

Human exposure to volatile organic compounds (VOCs) indoors is a 
problem of increasing interest [1]. There are many possible indoor 
sources of VOCs, including human occupancy [2–4]; building materials 
[5–8]; ozone surface reactivity [9,10]; and the combination of the pre
vious factors [11]. Indoor exposure to specific concentration levels of 
VOCs [12] 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 [13,14]. The concentration of 
VOCs is modified by chemical reactions with other pollutants, e.g., 
ozone, which is an important driver of indoor chemistry. Weschler [15] 
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” [15]. According to the previous con
siderations, 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 [16] and increase of mortality [17]. 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 [18] in 86% of instances between 1 p. 
m. and 5 p.m. in summer [19]. 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 in
doors may result from indoor sources [20]. 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 
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indoor surfaces are building related factors [21] that can contribute to 
the control of the indoor ozone. 

Chemical reactions on indoor surfaces of increasing research interest 
[22] 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 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 [23]. 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 re
action 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 [24]. 

Building materials and products with different composition and 
porosity (from glass to clay plasters) showed different reactivity to 
ozone and byproduct generation [5,25]. Ozone passive removal mate
rials may help controlling indoor ozone concentrations while reducing 
energy consumptions [26]. The coating materials and products already 
studied are: gypsum drywall [10,27–31], activated carbon filters [32], 
carpets [9,33] clay-based plasters and paints [30, 34], concrete tiles [35, 
36] and wooden flooring [37]. 

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 
[38] and high reusability [39]. Their high hygroscopicity makes them a 
very good candidate for passive survivability [40] and carbon dioxide 
removal [41]. 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 [42–47]. Thus, they commonly represent a viable option for 
restoration projects [48–50]. The gypsum plasters are considered a 
green choice because their main binder, calcium sulphate hemihydrate, 
has low embodied energy (calcination temperature of 120–180 ◦C) and 
is highly recyclable (up to 5 times according to Ref. [51]) still using low 
temperatures (130 ◦C for 4 ). 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 [52,53]. 

The addition of biomass to clay-based materials is intended to 
improve some aspects of material performance. Acacia dealbata is an 
invasive plant species spread in many countries, that has a high germi
nation rate in burnt environments and contributes to fires propagation. 
The biowastes generated from the plant-control-actions must be recy
cled, to turn the mechanical removal more sustainable [54–57]. 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 [58], discounted over a time 
span [59]. 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 in
tensity throughout the life-cycle to a level at least in line with the Earth’s 
estimated carrying capacity” [60]. 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 conse
quent emissions) or reusable (almost no energy). These binders, and 
respective plasters, are commonly recognized as low environmental 
impacting [38,61,62]. The addition of biowastes has a positive impact in 
their economic and ecological assessment [63,64]. Moreover, the plas
ters 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 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 prod
uct, 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 [30,65]. 

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 ◦C for 1 h 
(this material is named BA250 in this study). A low content of hydrated 
air lime CL-90 S [66. 

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. 

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 
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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 h 
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 (Fig. 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. 

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. Fig. 2 shows a scheme of the 
experimental apparatus used to enable these experiments. 

Dry air at positive pressure passed through a high efficiency partic
ulate 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 [28,30,32, 
35,36,67,68]. 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-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 con
centration 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). 

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 
the chambers, both empty, were exposed to high O3 concentration 
(>300 ppb) for a minimum of 12 h. After the ozone passivation, clean air 
was flushed through the chambers for a minimum of 12 h. 

The test procedure lasted around 5.5 h, with three main steps, 

schematized in Fig. 3 and briefly described. 
First, VOC and ozone concentrations prior to ozone exposure (2 h) 

were collected: the air flow was flushed into the chambers and the valve 
of the PTR_MS was on position #1 for 50 min (inlet reading); #2 for 35 
min (exhaust of the sample chamber) and #3 for additional 35 min 
(exhaust of the control chamber). 

Next, VOC and ozone concentrations during ozone exposure (2 h and 
15 min) were collected. The ozone generator was switched on with the 
bypass of the sample chamber on; 60 min 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 min, the PTR-MS valve 
was switched to position #2 and both the reading of ozone and VOCs 

Fig. 1. Specimens of the plastering mortars and drywall tested.  
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concentration at the exhaust of the sample chamber were run. After, the 
PTR-MS valve was moved to position #3, for 30 min, to monitor VOCs 
concentration at the exhaust of the control chamber. The ozone con
centration in the outlet of the control chamber was continuously 
monitored. 

The experiment continued after the ozone exposure for a total of 1 h 
and 15 min 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 
min, to read the VOCs concentration of the inlet clean air, and switched 
to position #2 and #3, each for 30 min, with the air flow flushed through 
the chambers. 

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 cor

responds to the lower limit of “unhealthy for sensitive groups” 

classification of air quality index (AQI) according to U.S. Environmental 
Protection Agency [69] and exceed the currently established standard 
limit of 70 ppb [70]. 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) [30] and no variation in removal activity are expected 
up to 300 ppb concentrations [25]. The measurement of ozone con
centration 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 [71,72]. Specifics of operation of the instru
ment are similar to a prior study of building materials [5] 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. 

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. 

Fig. 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. 

Fig. 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). 
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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) 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 pres
ence 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 concen
tration 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 equation (6) 
for calculating the secondary byproduct (ε2,b): 

ε2,b =Q
(
Cb,e,s,O3 − Cb,e,g,O3

)
(6)  

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 inter
action of ozone with the coatings’ surface, the byproducts yields were 
calculated. 

Appling equation (7) developed by Ref. [73,73]): 

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): 

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 2 and informed the list of target compounds for analysis in the 
PTR-MS mass spectra, of the present study. Darling and Corsi [65] 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 [30,31] according to Darling and Corsi [65], “negligible to 
comparative very low” both for clay-based coatings than not clay-based 
ones. 

The mentioned studies are very consistent in sampling method: all 
the authors sampled the lighter compounds on DNPH (2.4-dini
trophenylhydrazine) 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 [74] and associated identification 
issues. For this reason, the VOCs targeted will be identified with their 
m/z ratio (Table 3). 

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 stud

ied building coatings are displayed in Fig. 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 Ref. [30] 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 [28]. Also, higher results 
were found such as 0.8 ± 0.4 cm s− 1 [29] 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 [9] or 0.06 ± 0.02 cm s− 1 

[27] tested in a larger chamber (respectively 17 L and 14.3 m3) with a 
more similar ozone exposure (100–120 ppb and 150–200 ppb). 

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’’ [75]. 
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 pre
sent 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 
[76]. 

3.1.2. Ozone removal capacity of clay and the RH influence 
Similar results of ozone removal activity were found by Lamble et al. 

[30]. 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” [30]. It is true 
that the smectites (clay) for example contain different amount of iron 
(hydr)oxides Fe2+ and Fe3+ [77] that can be used to design products for 
ozone catalytic decomposition [78]. Moreover, both clay plasters when 
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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 2 cm 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 in
crease of hygroscopicity was found in a parallel study [79]). 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. [80] 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 [75] found for this building ma
terial 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. [28] for painted drywall re
ported 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 be
tween 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 

Table 2 
Synthesis of the carbonyl compounds selected in literature.  

Compounds C1:C4 carbonyls C5:C10 carbonyls benzaldehyde o-tolualdheyde acetone Sampling method 

Study 

[10] YES YES YES YES YES DNPH, Tenax-TA tubes 
[65] NO YES YES YES NO Tenax-TA tubes 
[30] YES YES NO NO YES DNPH, Tenax-TA tubes 
[31] 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. 

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+, 
tetrahydrofuran 
H+

Benzene 
H+

Ethyl Acetate 
H+

Toluene 
H+

4-OPA Xylene 
H+

Acetic Acid H+; 
fragment 

IPA H+; 
fragment 

Terpenes H+; 
fragment  

Fig. 4. Deposition velocities vd for the tested coatings: average values with standard deviation.  
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mechanism is based on iron catalyzed decomposition of ozone and 
ozone could compete with water (from moisture adsorption) [81]. 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 Fig. 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 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 cel
lulose 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. 

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 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 Fig. 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. 

Overall, all the coatings tested present a low total average yield 

Fig. 5. Primary and secondary emission rates for the analyzed building coatings.  
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(Fig. 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. [30]. 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. [30] (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 [65] (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 emis
sions, 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 byprod
ucts 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). 

3.4. Limitations and perspectives 

The present study quantifies short-term indoor ozone removal ac
tivity 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 [28], but also an 
increase in reactivity due to a surface reset by compounds reactivity 
related to occupant activities [25,82]. Nevertheless, the specificity of 

different materials might be considered in further studies when evalu
ating long term removal performance [31]. 

Even for a short-term analysis, ozonolysis products are of health 
concern [83], likely more so than the original VOCs emitted from con
sumer products [84,85]. Chen et al. [86] included the expected con
centration of reaction products from data on outdoor ozone 
concentration (and selected air change rates) while developing a pre
diction 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, meth
anol, acetic acid and IPA. It was found that methanol (m/z 33.030) ac
counts 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 [87]. Moreover, 
methanol poisoning is more likely oral [88] or due to inhalation of 
carburetor cleaning fluid fume inhalation [89]. Future holistic epide
miological and/or toxicological assessment that addresses primary and 
secondary emissions from materials in the context of oxidant removal 
from indoor environments is recommended. 

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 a new opportunity for dealing with this waste when the invasive 
species is cut. Moreover, the thermal treatment of the bark (250 ◦C for 1 

Fig. 6. Average specific compound yields for the eight tested coatings.  
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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 decom
position 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 environ
mental 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 long-term aging. 
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Laguerre for the help given with the PTR-MS analysis. 

References 

[1] D. Kotzas, Exposure to volatile organic compounds in indoor/outdoor 
environments and methodological approaches for exposure estimates -the 
European paradigm, Journal of Hazardous Materials Advances 8 (2023) 100197, 
https://doi.org/10.1016/j.hazadv.2022.100197. 

[2] C.J. Weschler, Roles of the human occupant in indoor chemistry, Indoor Air 26 
(2016) 6–24, https://doi.org/10.1111/ina.12185. 
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[55] A. Borges, H. José, V. Homem, M. Simões, Comparison of techniques and solvents 
on the antimicrobial and antioxidant potential of extracts from Acacia dealbata and 
Olea europaea, Antibiotics (Basel) 9 (2) (2020) 48, https://doi.org/10.3390/ 
antibiotics9020048. 

[56] L.J.R. Nunes, A.M. Rodrigues, L.M.E.F. Loureiro, L.C.R. Sá, J.C.O. Matias, Energy 
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[74] L. Ernle, N. Wang, G. Bekö, G. Morrison, P. Wargocki, C.J. Weschler, J. Williams, 
Assessment of aldehyde contributions to PTR-MS m/z 69.07 in indoor air 
measurements, Environmental Science: Atmosphere 3 (2023) 1286–1295, https:// 
doi.org/10.1039/D3EA00055A. 

[75] T. Grøntoft, M.R. Raychaudhuri, Compilation of tables of surface deposition 
velocities for O3, NO2 and SO2 to a range of indoor surfaces, Atmos. Environ. 38 (4) 
(2004) 533–544, https://doi.org/10.1016/j.atmosenv.2003.10.010. 

[76] A. Ranesi, P. Faria, M.T. Freire, M. Gonçalves, M.R. Veiga, Gypsum plastering 
mortars with Acacia dealbata biowaste additions: effect of different fractions and 
contents on the relative humidity dependent properties, Construct. Build. Mater. 
404 (2023) 133283, https://doi.org/10.1016/j.conbuildmat.2023.133283. 

[77] J.W. Stucki, in: F. Bergaya, G. Lagaly (Eds.), Chapter 11 - Properties and Behaviour 
of Iron in Clay Minerals, Developments in Clay Science, vol. 5, Elsevier, 2013, 
pp. 559–611, https://doi.org/10.1016/B978-0-08-098258-8.00018-3. 

[78] H. Wang, P. Rassu, X. Wang, H. Li, X. Wang, X. Wang, X. Feng, A. Yin, P. Li, X. Jin, 
S.-L. Chen, X. Ma, B. Wang, An iron-containing metal–organic framework as a 
highly efficient catalyst for ozone decomposition, Angew. Chem. Int. Ed. 57 (50) 
(2018) 16416–16420, https://doi.org/10.1002/anie.201810268. 

[79] A Ranesi, P Faria, MT Freire, M Gonçalves, MR Veiga, Eco-efficient plastering 
mortars for improved indoor comfort - the influence of A. dealbata bark addition, 
Construction and Building Materials (forthcoming). 

[80] E. Gall, E. Darling, J.A. Siegel, G.C. Morrison, R.L. Corsi, Evaluation of three 
common green building materials for ozone removal, and primary and secondary 
emissions of aldehydes, Atmos. Environ. 77 (2013) 910–918, https://doi.org/ 
10.1016/j.atmosenv.2013.06.014. 

[81] L. Yan, J. Bing, H. Wu, The behavior of ozone on different iron oxides surface sites 
in water, Sci. Rep. 9 (2019) 14752, https://doi.org/10.1038/s41598-019-50910- 
w. 

[82] H. Wang, G. Morrison, Ozone-surface reactions in five homes: surface reaction 
probabilities, aldehyde yields, and trends, Indoor Air 20 (2010) 224–234, https:// 
doi.org/10.1111/j.1600-0668.2010.00648.x. 

[83] L. Fang, C. Norris, K. Johnson, X. Cui, J. Sun, Y. Teng, E. Tian, W. Xu, Z. Li, J. Mo, 
J.J. Schauer, M. Black, M. Bergin, J. Zhang, Y. Zhang, Toxic volatile organic 
compounds in 20 homes in Shanghai: Concentrations, inhalation health risks, and 
the impacts of household air cleaning, Build. Environ. 157 (2019) 309–318, 
https://doi.org/10.1016/j.buildenv.2019.04.047. 

[84] A.W. Nørgaard, J.D. Kudal, V. Kofoed-Sørensen, I.K. Koponen, P. Wolkoff, Ozone- 
initiated VOC and particle emissions from a cleaning agent and an air freshener: 
risk assessment of acute airway effects, Environ. Int. 68 (2014) 209–218, https:// 
doi.org/10.1016/j.envint.2014.03.029. 

[85] P. Wolkoff, Indoor air chemistry: terpene reaction products and airway effects, Int. 
J. Hyg Environ. Health 225 (2020) 113439, https://doi.org/10.1016/j. 
ijheh.2019.113439. 

[86] C. Chen, B. Zhao, J.C. Weschler, Assessing the influence of indoor exposure to 
“outdoor ozone” on the relationship between ozone and short-term mortality in U. 
S. Communities, Environ. Health Perspect. 120 (2) (2011) 235–240, https://doi. 
org/10.1289/ehp.1103970. 

[87] C.S. Moon, Estimations of the lethal and exposure doses for representative 
methanol symptoms in humans, Annals of Occupational and Environmental 
Medicine 29 (2017) 44, https://doi.org/10.1186/s40557-017-0197-5. 

[88] N.R. Holt, C.P. Nickson, Severe methanol poisoning with neurological sequelae: 
implications for diagnosis and management, Intern. Med. J. 48 (3) (2018) 
335–339, https://doi.org/10.1111/imj.13725. PMID:29512320. 

[89] E.A. Wallace, A.S. Green, Methanol toxicity secondary to inhalant abuse in adult 
men, Clin. Toxicol. 47 (3) (2009) 239–242, https://doi.org/10.1080/ 
15563650802498781. 

A. Ranesi et al.                                                                                                                                                                                                                                  

https://doi.org/10.1021/es00008a007
https://doi.org/10.1021/es00008a007
https://doi.org/10.1039/D3EA00055A
https://doi.org/10.1039/D3EA00055A
https://doi.org/10.1016/j.atmosenv.2003.10.010
https://doi.org/10.1016/j.conbuildmat.2023.133283
https://doi.org/10.1016/B978-0-08-098258-8.00018-3
https://doi.org/10.1002/anie.201810268
https://doi.org/10.1016/j.atmosenv.2013.06.014
https://doi.org/10.1016/j.atmosenv.2013.06.014
https://doi.org/10.1038/s41598-019-50910-w
https://doi.org/10.1038/s41598-019-50910-w
https://doi.org/10.1111/j.1600-0668.2010.00648.x
https://doi.org/10.1111/j.1600-0668.2010.00648.x
https://doi.org/10.1016/j.buildenv.2019.04.047
https://doi.org/10.1016/j.envint.2014.03.029
https://doi.org/10.1016/j.envint.2014.03.029
https://doi.org/10.1016/j.ijheh.2019.113439
https://doi.org/10.1016/j.ijheh.2019.113439
https://doi.org/10.1289/ehp.1103970
https://doi.org/10.1289/ehp.1103970
https://doi.org/10.1186/s40557-017-0197-5
https://doi.org/10.1111/imj.13725
https://doi.org/10.1080/15563650802498781
https://doi.org/10.1080/15563650802498781

	Eco-efficient coatings for healthy indoors: Ozone deposition velocities, primary and secondary emissions
	1 Introduction
	2 Materials and methods
	2.1 Materials and products
	2.2 Mortars and plaster specimens
	2.3 Test methods
	2.3.1 Experimental layout and timing
	2.3.2 Analytical instrumentation
	2.3.3 Deposition velocities
	2.3.4 Primary and secondary emission rates
	2.3.5 Secondary emissions molar yields


	3 Results and discussion
	3.1 Deposition velocities
	3.1.1 Ozone removal capacity of the building coatings
	3.1.2 Ozone removal capacity of clay and the RH influence

	3.2 Primary and secondary emission rates
	3.3 Yields
	3.4 Limitations and perspectives

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


