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Abstract

Several physicochemical processes occurring withiidings are key drivers of indoor
concentrations of Volatile Organic compounds VOK&any models and experimental studies
have been proposed to predict VOCs concentratidoors given these processes. However,
there is a lack of representative data in liteetor present gas-surface interaction in order to
validate mathematical models. This work is dividedwo parts and aims to develop and
validate a method to perform fast measurements@C€ \$orption parameters on the field by
coupling a Field and Laboratory Emission Cell (F)EE a Proton Transfer Reaction-Mass
Spectrometer (PTR-MS). In the part 1 of the workrpion coefficients of aromatic
compounds on a gypsum board and vinyl flooring wevestigated at ppb levels to test and
evaluate the proposed methodology. Sorption caefiis in the range of 0.03-1.88 r.for

ka and 2.04-17.32 hfor kg were successfully measured within a (0.5-8 hous)tlie two
materials. Robustness tests highlight that therat@tion of sorption coefficients does not
depend on operating conditions. While sorption ficehts for the gypsum board were
measured with a PTR-MS time resolution of 20 sesptite vinyl flooring material required
measurements at a higher time resolution of 2 sicduoe to its lower sorption properties.
Limits of applicability assessed for this methodigate that sets of sorption parametets (k
kq) of (0.01 m.A; 0.01 hY) and (0.09 m.#; 0.09 K") can be measured with an accuracy better
than 10% at time resolutions of 2 and 20 seconslsecdively.

Keywords

Field and laboratory emission cell (FLEC), Protaansfer reaction-mass spectrometer (PTR-
MS), Sorption, VOCs, Building materials.



38

39
40
41
42
43
44
45
46
47

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

71
72
73
74
75
76
77
78
79

1. Introduction

Volatile organic compounds VOCs are the main patitdé in indoor environment, which
present a strong impact on human health, comfod @noductivity [1-3]. Several
physicochemical processes occurring within buildingre key drivers of indoor
concentrations of VOCs [4]. These processes incheterogeneous and gas-phase chemical
reactions, air exchange with outdoor and gas-serfateractions. A good understanding of
these processes is important to develop effici¢nattegyies to reduce human exposure to
indoor air pollution. The available methods develdjn literature to study the concentrations
of VOCs indoors, given the above-mentioned proces$ak into two categories, modeling
approaches and experimental investigation unddragetrolled environments.

Under the first category, several models have bdeweloped to simulate the VOC
emission/sorption by indoor surfaces. As far as ghgotion process is concerned, some
models considered the adsorption) &nd desorption ( rates [5-7] while, other accounted
for the diffusion coefficient (R) in the building material and represents the sonptvith a
partitioning coefficient (K) between the air ande thmaterial through a diffusion-controlled
mass transfer model proposed by Little [8]. Laten® [9] proposed an improved model that
considers for the convective mass transfer coefiicfh,) through the boundary layer present
on the surface of a material as well as the diffiusaind the partitioning coefficients. For the
emission process, the diffusion-controlled massisfiexr model proposed by Little [8]
promoted the development of the emissions massfelamodel such as the model of Xu [10]
applied for single-layer building material, the nebdf Lee [11] applied for porous materials
and the model of [12, 13] applied for multilayerilding materials. A general model was
developed by Xiong [14] to characterize both emissind sorption process in ventilated and
airtight chambers taking into account the convectivass transfer coefficient, the diffusion
coefficient (D) and the partitioning coefficient (K). All theseondels are presented in the
reviews of Liu [13] and a comparison between soimée typical models is given elsewhere
[15] . Nevertheless, all the mentioned-above modetsider only the gas-surface interactions
and neglect the chemical reactions that can takeepindoors in both homogenous and
heterogeneous phases. Therefore, some studied TL@roposed indoor air quality models
which accounts for the effect of ventilation, depfoa of inorganic species on surfaces,
emission and photochemistry reactions with a camaitbn for a perfect mixing of the air
inside simulated room. However, these photocheyniswdels neglects the sink behavior of
surfaces.

Concerning the experimental investigations, onbpotatory studies have provided adsorption
(ka) and desorption @ rate coefficients for VOCs on surfaces, to déscthe role of these
interactions on VOCs indoors concentrations. Thpedrmental procedure is based on the
exposure of sample materials, inside an emissieh ¢hamber, to artificially polluted
atmospheres containing several ppm of VOCs [7,d8he mixing ratios of VOCs used in
these experiments are several orders of magnitugleeththan those observed in indoor
environments at ppb levels [21] and are then natesentative. These works were conducted
considering either a single organic compound asihgle material [7, 18, 22, 23] or mixtures
of VOCs and combinations of materials [5, 24, ZB). extract the parameters of interest,
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experimental concentration profiles, usually meadury gas chromatography techniques, are
fitted by a relevant model, more or less compleale=ady presented above, depending on the
processes considered (sorption processes, diffustonthe material, and diffusion through
the boundary layer formed above the material sajfaad the type of material (homogenous
or porous media). .

However, when sorption coefficients derived fronaciber experiments was incorporated in
indoor air quality (IAQ) models , a significant fifences as high as a factor of 9 [6] was
shown between modeled concentrations and ambies@reditions made in test houses. This
disagreement may be due to sorption coefficientsdal indoor surfaces that are different
than those measured during laboratory experimedjtdb¢cause the implementation of a
material in a real environment and its aging duevdoying environmental conditions can
affect its sorption properties compared to thosgeoled in laboratory chambers. In addition,
the use of inappropriate models to describe reahisons can leads to this disagreement as
already highlighted by Xu [10] .

Given the studies mentioned above, there is agtaalieed to:

» Develop a model that account for all physical ahdngical processes occurring indoors
such as emission, outdoor input, chemical reagtiaitd also sorption on the surface of
building materials and,

» Validate proposed models using more representagixperimental data from real
environment to determine the influence of each ggscon the VOCs concentration
indoors.

Consequently, a research project called MERMAID giwtes Expérimentales Représentatives
et Modélisation Air Intérieur Détaillée / Repressivte Experimental Measurement-Indoor
Air Detailed Model) was designed to address thekdetound in literature as already
mentioned above [26The originality of the MERMAID project is the conmation between
an experimental approach based on several typeeasurements for VOCs, inorganic gases,
particulate matter and reactive species to a moglelpproach based on a detailed indoor air
quality model called INCA-Indoor, including the migal and chemical processes.
Concerning the sorption processes, the INCA-indowdel proposed by Mendez [27] treats
the sorption of VOCs on the surface of building enais through the adsorption,kand
desorption (K coefficients represented as a function of thesmiemnsfer coefficient ) in

the boundary layer. However, the INCA-Indoor modeblects the diffusion or the mass
transfer in the inner of the material since sevamplts parameters are needed which is
difficult to determine on the field (effective di§ion coefficients, initial concentration in the
materials...etc) and which also requires computati@fforts to solve diffusion equations.
Nevertheless, the emission rate coefficient isriaké account to represent the mass transfer
in the inner of the material. To meet the objectitéhe MERMAID project, this study aims
to develop a methodology suitable to perform in-gast measurements of VOC sorption
coefficients in indoor environments and under reahditions. Derived experimental
parameters will be useful as data inputs to INCdewr air quality model.
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This work aims to develop a method to determineifast and simple way the sorption
parameters on the surface of a material presantdoor environment. Therefore this work is
divided in three steps:

(1) Develop a new device based on a field and &tboy emission cell (FLEC) coupled to a
proton transfer reaction mass spectrometer (PTRMS);

(2) Vvalidate the proposed methodology during latmsaexperiments to assess the feasibility
of fast in-situ measurements and the limitationghefmethod applicability; and

(3) Compare this method to the traditional emisdiest chamber method used usually in
literature to perform sorption measurements.

Only the findings of the first two steps are prdednin this part of the study and the
comparison with the traditional method is presenmtetthe part 2 which includes a discussion
on the usage of the experimental data in the IN@dobr model. Therefore, in this first part
of the work the sorption properties of a mixture asbmatic VOCs at ppb levels were
investigated on an unpainted gypsum board and ¥iogting presenting contrasting sorption

behavior [18]. These VOCs are considered as ulmgsitompounds in indoor environments
and presents a large fraction of total VOC coneiains [21, 28-30]. Moreover, BTEX were

chosen to test the proposed methodology, becaesyecdn be easily purchased in certified
cylinders and are not prone to memory effects ompsiag materials.

2. Materials and Methods

2.1. Chemicals

For all the experiments, the BTEX mixture was pded by Air products and contained the
following VOC in the mixing ratio of 2 for benzen@ for toluene, 1 for ethyl benzene, 2 for
p-xylene and 1 for o-xylene.

2.2. Test materials

An unpainted 12.5-mm thick gypsum board and a 2w imick piece of vinyl flooring were
used. Several samples of each material were staret’C for three months before the
experiments to ensure that replicate measuremeniseaformed on samples having the same
aging history.

2.3. Experimental setup

The setup used in this study is based on coupliRgEC (Chematec) and a high resolution
PTR-MS (PTR-ToFMS Kore technology) and presented in Figure 1. The FLEC inlet is
connected to two gas generation systems usingea-thay valve. The first generation system
is composed of a dry zero air generatdia{(nd) and a humidificator made of a water bubbler
and mass flow controllerddKS). This system is used to supply the FLEC with hdugiean
air at constant flow rate (200-500 ml.nf)rand stable relative humidity (5045 % at 23+2°C).
The second generation system is made of a VOCdwgjfioonnected to a dilution syste@®@aé
Calibration Units - lonicon Analytik), which is used to dilute the VOC mixture at a stamt
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relative humidity of 50%. The FLEC’s outlet is camted to the PTR-MS to quantify VOC
concentrations exiting the cell. An exhaust is &fatmospheric pressure to prevent a pressure
build-up in the FLEC apparatus.

__/'f.'._ Humidification

v system
i ¢ - .
N Al .
Zeroair Mass Flow | \ Humidified
generator Controller |E Cigan Air
7 | -
Vi im Wy
&
Compressed Air . I
1 = i i S
(P=s10bar) ] E=E
¥

Humidified Polluted Air

>

VOCs

- FLEC
Generation

Dilution System Test material <— Exhaust

Humidified Clean Air PTR-MS

Humidified ¥, D> Exhaust
Polluted Air

FLEC on the test mazterial

Figure 1. Experimental setup for measuring adsomuti and desorption coefficients of VOCs on
building materials.

The FLEC can be easily handled and fixed on susfao®e the PTR-MS instrument was
designed for easy and safe transportation. In faetdeployment of PTRMS instruments has
been demonstrated during field campaigns in amta@nf31] and for indoor studies [32].
This setup exhibits reasonable dimensions to bd dseing intensive field campaigns for
research purposes buildings but is not proposed as a tool for gurmdoor air diagnostics
due to its high price and high weight.

FLEC. The FLEC is a portable tool commercialized by CHEMATEC, gtican be
exposed on flat and non-porous surfaces to invastigas-surface interactions. Technical
details have been provided elsewhere [33]. Whenc#ikeis exposed on a flat material, it
covers a surface area of 177 %creading to a loading factor of 506°m>. It has a small
internal volume (35 mL), which allows conductingtfaorption experiments (a few hours)
compared to laboratory emission test chambersvarakliters (a few days).

PTR-MS The PTR-MS was chosen as a fast analytical toakctmrately monitor the
fast variations of VOC concentrations at the sub |gvel [34] with time resolutions in the
range of 2-20 seconds. As shown in the result@ecthe measurement time resolution is a
critical parameter to correctly describe fast sorpfprocesses taking place at the material
surface inside the FLEC apparatus. The PTR-MS tquaknhas been described in detail
elsewhere [34]. As proposed by De Gouw [34], sigmdiprotonated VOCs are normalized to
HsO" and HO'(H,0) to correct for a small humidity dependence & BTR-MS response.

5
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HsO"(H»0) is an ionic cluster that is formed when humidhpkes are analyzed. Detected
VOC signals are then converted to concentratiorgsnf) using calibration coefficients
determined experimentally for each targeted spetiethe following, ethylbenzene and o/p-
xylene are referred as C8-aromatics due to thdéactien as a sum of isobaric compounds
with the PTR-MS. Calibration coefficients were ma&asl before each experiment using zero
air and a standard mixture of VOCs provided by IOBN. Response factors measured over
a period of 3 months indicate a good stability lné PTR-MS instrument with a relative
standard deviation for each species in the rangj@%8- In addition, the stability of the PTR-
MS response over the time of a sorption experinjenty a few hours) is estimated to be
better than 3% from differences observed betwebrexjuent calibrations performed every 2-
3 days. VOCs background signals measured using @emvere used to estimate detection
limits (LOD) as three times the standard deviatammthe zero measurements. Measured
LODs are less than 3.4, 4.7 and 11 pg for a time resolution of 20, 10 and 2 seconds
respectively and which is low enough to measurairately the concentrations used in this
study (See Table 1- [15]).

2.4. Experimental protocols

First of all, a blank experiment is carried outaoRyrex glass before each sorption experiment
on a tested material and using the same procedlbig experiment, referred as “No sink” in
the following, allows evaluating sorption processas internal surfaces of the FLEC
apparatus and the Teflon tubing. A sorption expeniminvolves a 3-step procedure as
described in the following. The FLEC is first expdson a material and supplied with
humidified zero air. When concentrations reachtinedéy steady state, the FLEC is supplied
with humid air containing targeted VOCs. This setphase is named “adsorption phase” as
illustrated inFigure 2. During this step, VOCs concentrationsaase until an equilibrium is
reached where the concentrations are equal to thexstered for the adsorption phase
already performed on the Pyrex glass. Once the VE&bsentrations are stable (Figure 2:
teg), humidified zero air is provided to the cell ieatl of the VOCs mixture. This third phase
is named “desorption phase”. During this step, V@icentrations decrease until steady
concentrations similar to those reached in theddrtie first phase, are observed (Figure 2).
Standard operating conditions were defined as ateaiperature of 23 + 2°C and a relative
humidity of 50 + 5 % for all experiments describedhis study.

The feasibility of measuring sorption parameterthwine FLEC/PTR-MS coupling was first
investigated by repeating the same experiment @ypsum board and a piece of vinyl
flooring (FLEC inlet flow rate = 400 mL.mify PTR-MS time resolution = 20 s). The VOCs
concentrations used for the adsorption phase wesed to 565 pg.ffor toluene, 434 pg.m

® for C8 aromatics, and 160 pg°mior benzene. The VOC steady-state-concentrations
measured before the sorption experiment by expasiegnaterial to humidify zero air, are
negligible and represent less than 3% @f A second set of experiments was carried out on
the gypsum board to test the robustness of thihadetlt consisted in assessing (1) the
repeatability on 5 different samples (of the samoard); (2) the repeatability of 4 tests
performed consecutively on the same sample; (3)infleence of VOCs concentrations
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(threefold variation); and (4) the influence offdient inlet flow rates (threefold variation)
keeping VOCs concentrations unchanged. Experimentalitions are listed in Table 1.

Table 1. Experimental conditions used to performste of robustness on an unpainted gypsum
board at a PTR-MS time resolution of 20sec.

e - -3
Air exchange Specific flpw Concentration (ug.m-)
Flow rate rate per unit of
Test - rate C8
(mL.min™) () surface Benzene _ o Toluene
[m3/(h.m?)]
R
(n=5) 300 514 1.0 106 289 377
'\f 300 514 1.4 106 289 377
(n=4)
(nz3) 300| 400 500 514 686 857 10 14 17 106 289 377
479 868 1131
(nC::S) 400 686 1.4 319 434 565
106 289 377

n: number of experiments; R= Repeatability testsrfpemed on different samples of the same board; M=
Multiple successive measurements (replicates on shene sample); F= Inlet flow rate tests performesing
three different air flow and C = Concentrations tissperformed using three different concentrations.

3. Theory and data treatment

The data analysis yields values fof @e mass of VOCs in the sink per unit area of the
material at equilibrium (1g.1), ks the adsorption rate constant (if))kq the desorption rate
constant (1) and K. (k4/kq) the equilibrium constant (m) described in thédiaing.

3.1. Determination of G

Based on the experimental procedure described alblogemass of VOCs adsorbed on the
material is in steady state at timg. fThe total mass adsorbed or desorbed by a material
corresponds to the area between the sorption cRIdsC exposed on a material) and the
“no sink” curve (FLEC exposed on pyrex), for thesagbtion and the desorption phases
respectively (Figure 2).

Equations (1) and (2) were used to calculate tisorbled and the desorbed mass of VOC
respectively.

‘“C, xF
Ce=|—+—dt 1
= (1)

se

to

“"C xF
C.=|—2—dt 2
= (2)

se

teq

where, F is the flow rate at the FLEC's inlet fh), A the surface area of the material
covered by the cell (177xTm?), andt the exposure time to the VOCs mixture (h).

3.2. Determination of kg and ky
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The model used to derive sorption parameters frope@mental data is the Tichenor model
based on the Langmuir theory [7]. This model iseda®n the assumption that the
concentration of a species in bulk air is homogeseand proportional to the surface
concentration. However, this model neglects théusibn (D) inside the material and the
mass transfer coefficient {h between the surface of the material and the hulkDespite
these limits, this model is suitable for this wadkdetermine kand lg coefficients, for the
reasons detailed below. Zhang [35] studied the fided in the FLEC cavity and calculated
the local Sherwood number Sfor the different flow rates (186 to 509 mL.nf)nAccording

to this work, the mass transfer coefficient waalated in the FLEC cavity for the different
flow rates used in Table 1 (See Figure 1 in [38)e flow field in the FLEC is laminar
because the Reynolds numben@ries between 1.4 and 2.3 for.316 mL/min and rdQ&min
respectively (2000 for laminar flow). The mass transfer coedfidi is very high on the
FLEC periphery and decreases in the center to reaclue varying between 1.4 and 2.3
m.h'. The mass transfer coefficient,tis always higher than the specific flow rate peit of
surface (Table 1) which means that the that anytanbe present on the surface of the
material is immediately diffused in the transvedgection of the flow by molecular diffusion
as already highlighted by Zhu [37]. Therefore, éffect of the mass transfer coefficient is not
significant on the concentrations in the FLEC cawhd the concentration measured in the
FLEC is considered uniform in the entire cavity)@s Zhang [35] confirmed previously by
conducting experimental and numerical studies ef ftnid flow and the convective mass
transfer coefficients in a FLEC. They concluded tha air becomes nearly saturated shortly
after it begins to flow on the emission surfaceg tlu the small spacing between the cap and
the bottom surface. Concerning the diffusion in ittmeer of the material, this parameter is
neglected in this work and supposed to be slowan the instantaneous adsorption on the
surface of the material, since the FLEC-PTRMS nmeth® dedicated to fast in-situ
measurements and the INCA-indoor model neglectsliffigsion in the inner of the material.

It worth to note that further works will use a mbteat considers the diffusion coefficient in
the inner of the material to determine the diffasamefficient and this point will be discussed
later in this paper.

Giving the reasons above, the concentration vanati(dG/dt and d@dt) observed in a
chamber depends on the adsorptiog) @nd desorption ¢k coefficients, as shown in the
following equations:

dC

dtg =NC,, - NCg - kanL +k,C.L (3)
dC

dts = kan - des (4)

where, N is the air exchange rate (h Ci, the VOC concentration at the chamber inlet
performed (ug.n), Cy the gas-phase VOC concentration inside the chafpizem?®), ks the
adsorption rate constant (fh ks the desorption rate constant™fh Cs the surface
concentration (pg.if), andL the loading factor (fam™).



285  The model used to fit the experimental observatisrtharacterized by equations (3) and (4).

286  Analytical solutions given in equations (5) and ¢(@n be derived for the desorption phase

287  using the following initial conditions a§tt= 0; Cy(0) = Ce and Cy(0)=Cse= Ce(Ka/Kq).
Cl(N-r)e™ —(N-r)e™]

288 C, ()= (5)
n=r,

Ck, [re™ -re™]

289 C.(t) =
kd (rl - rz)

(6)

* 2 _ 1/2
290  where,r,, = (N +k,L+Ky) £[(N ;kaL +K,)? — 4NK,]

291 To determine kand k, the concentration time profiles; ) measured fromed to the end of
292 the test (desorption phase) is fitted using equatt) and a non-linear least square regression
293 procedure in SigmaPIBf. C. is the average concentration observed in the basepat the
294 end of the adsorption phase. N, L ang &e experimental parameters so that they are
295  constrained during the fit.

296 4. Results

297 4.1. Technical feasibility

298 Time-resolved concentration profiles obtained foluéne are shown in Figure f@r two
299 experiments performed on a gypsum board and a méoenyl flooring. Concentration
300 profiles of other compounds are given elsewhere Bgure 2 in [15]) and exhibit the same
301  behavior.

Toluene Toluene
800 800
t —— Gypsum Board —— Vinyl flooring
- L “ No sink ;‘E 700 b No Sink
£ Ao 0 ,,ly| | : .-\ ' :
E" 600 |,W."u .Mtf\, E 600 ‘f#’m“‘*"-l"fhm\‘?'-"
= 500 = 500
'1% 400 Adsorbed '% 400
s mass on = Adsorption Desorption
£ 300 surface S 300 phase phase
e 200 Desorbed e —
S mass from t S
100 - ¢t0 surface f 100
0 0 L.._*._--A-._.___,-__ - Y
0 1 2 3 - 5 6 7 8 0 1 2 3 4 5 6 F 8
302 Time (hrs) Time (hrs)
303 Figure 2. Concentration profiles measured during sorption esqiments on a gypsum board and a
304 piece of vinyl flooring for benzene, C8 aromaticacgtoluene. The “no sink” plot is also shown for
305 comparison.

306 The concentration profiles indicate that the doratf a sorption experiment is about (0.5-8
307 hours), which is faster than that observed for l@gchamber experiments, usually few days
308 [7, 18]. The experimental no sink profile obtainesing Pyrex glass indicate that VOC

309 sorption on the FLEC internal walls is negligiblecg no difference can be observed with the
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theoretical no sink profile obtained according he tquationC, (t) =C.e ™. In addition,

these results figure out different sorption behes/ior the 2 materials as seen from the total
mass adsorbed on the material at equilibrium aedithe needed to reach this equilibrium.

Similar concentration profiles are observed foryliflooring and pyrex, suggesting low
sorption properties for this material. As a congsme, experiments discussed below to
characterize the proposed methodology were onlippeed using the gypsum board, which
exhibit significant sorption properties. Valueslgfand lg were evaluated for the gypsum
board by fitting Equation (4) to concentration jlexf acquired during the desorption phase as
described in the theory and data treatment sectistained values for ;kand k are
respectively (3.2 m:h24 h?) for benzene, (1.3 nmi*l1.6 k') for C8 aromatics and (1.7 mth
5.5 H') for toluene. The modeled curves shown in Figurar& in good agreement with
experimental observations because the correlatiefficient R is very close to 1 (0.96 for
benzene, 0.97 for C8 aromatics and 0.97 for tolueh@ds good agreement is also observed
for the first minutes of the experiments (Figur@}p contrary to some previous studies made
using emission chambers [7, 38].

Benzene C8 aromatics
200 500
« E i tal Dat: *  Experimental Data
l (a) L:EZ&Tierr;\/laodeT ) (b) Langmiur Model
A J Experimental No Sink & 400 Experimental No Sink
c 150 e
ES) ES)
= | \Z'/ 300 -
< i 3
£ 100 - 2 .
o © 1
€ £ 200
3 8 3
c
o 50 o
(&) O 100
0 - = 0 ’ ]
3 4 5 6 0 1 2 3 4 5 6
Time (hrs) Time (hrs)
Toluene Toluene
700 400
*  Experimental Data +  Experimental Data
600 (C) Langmuir Model (d) Langmuir Model
A Experimental No Sink A Experimental No Sink
£ 500 - £ 300
B E=)
2 | 2
c 400 - c
2 = 2 200 |
= 300 + _.E
§ 200 g
b i
o ]
8 S 100
100 4
0 ; g sl : 0 ; |
0 1 2 3 4 5 6 0 10 20
Time (hrs) Time (min)

Figure 3. Analysis of the desorption phase for tggpsum board: Benzene (a), C8 aromatics (b),
and toluene (c, d). The “no sink” curve is also sha in grey for comparison. The first minutes of
the toluene decay are expended in panel (d) to eatd the “best-fit” curve.

4.2. Robustness
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Figure 4 shows mean values @f ky and K. measured for the targeted VOCs for the Gypsum
board and using experimental conditions describedve in Table 1. The first set of
experiments made on different samples of the saypsugn board (R in Figure 4) indicates a
good repeatability for the 5 tests, with RS»)Yalues lower than 17% for,kky, and k.
Four adsorption/desorption cycles (M in Figure 4da successively on the same sample also
show a good repeatability foreKk,, and lg, with RSD values lower than 12%, except for
benzene for which the RSD reaches 38% fgr khe high uncertainty seen on the
determination of benzene sorption parameters istdube fact that the benzene profile is
close to that obtained on pyrex glass, having gdxé sorption effect. The uncertainty on the
determination of low sorption values will be dissed later in this work. Tests performed at
different VOCs concentrations (C kigure 4), as well as different inlet flow rates ifF
Figure 4), give consistent results for sorptiorapagters with RSD values lower than 12% for
C8 aromatics and toluene but around 40% for benz€&hese results highlight that the
determination of sorption coefficients does noteatepon operating conditions such as the
VOCs concentration used, the inlet flow rate, ahd humber of measurements made
previously on the investigated material.

Benzene C8 aromatics Toluene
1.0 4 1.0 5 1.0
0.8 4 0.8 4 0.8 —H
T 06— 0.6 — 0.6 —
E 0.4 — 0.4 — 0.4 —
0.2 0.2 0.2—|j|j Ij
25— 25— 25 —
—~ 20— 20 — 20 —
= 15 15 — 15 —
» 10 E 10 — 10 —
5 — 5 — 5 —
= o_l‘_“lﬂmﬂlﬂ 0_@@@@@
4 4 - 4 —
E 3 - 3 3
é 2 2 — 2 —
SN % & 2 ¥ A v AR 2y Y
IAIRIMIFICI [AIRIMIFICI IAIRIMIFICI

Figure 4. Average results for k ky and K. measured on the gypsum board using a mixture of
aromatic compounds (A=All experiments; R=Repeatépiexperiments; M = Multiples adsorption-
desorption experiments on the same piece of matgRa= different air flow rates at the FLEC
inlet; C = different concentrations of VOCS). Errdvars correspond to 1 standard deviation.

5. Discussion

5.1. Method evaluation

Based on the results shown above, the FLEC/PTR-0PImg appears as a promising setup
to measure sorption coefficients of VOCs on bugdmaterials within a few hours (1-16
hours). Compared to common test chamber experinusoialy conducted over 27-600 hours
(i.e. over 1-24 days) [18-20, 38, 39], the expentaktime is reduced by a factor of 54-75.
This method exhibits also a good repeatability #reddetermination of sorption coefficients
Is independent on gas concentration or the numbtasts investigated on the same sample.
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In addition, derived parameters are independerilomnrates conditions, which validated the
choice of the Langmuir model to extract sorptiomapaeters from experiments performed
using an enclosure where the gas-phase concentrabiove the material is homogenous
under the conditions of this study.

The applicability of the Langmuir isotherm was fied by investigating the partitioning of
VOCs between the gas and adsorbed phases whequitibreim is reached. The relationship
between G (calculated from equations 1 and 2) andeXperimental measurements) for the
Gypsum board and target VOCs, shows a linear tvatida correlation coefficient of 0.92,
0.80 and 0.94 respectively for benzene, C8 aromatid toluene (See Figure 3 in [15]).
According to the relation (&CexKe), the slope of the regression line should be etpuél.

The slope determined for benzene (0.16), C8 aresd0h.66) and toluene (0.29) is in
excellent agreement with the averageuélue derived from 15 measurements presented in
Figure 4. This linear relationship confirms thamnbauir equilibrium can be applied at the
concentrations used in this study (106-1131 [}y.m

In order to test the robustness of the fitting pohre, multiple fits have been performed for
several sorption experiments by varying the encktioh desorption phase (Table 2). All
desorption phases were performed for 450 minutddlan were analyzed for three different
time durations of 450, 300, and 200 minutes.

Table 2.Comparison betweenkand k; values derived from the fitting procedure appli¢d the
gypsum board. All experimental measurements were dmafor duration of 450 minutes.
Mathematical fits were performed using an end-tinget at 450, 300, and 200 minutes of the
desorption phase. Errors correspond te &tandard deviation. Number of replicates = 5.

Time of Benzene C8 aromatics Toluene

;;;;;m Ke (MY ka(h) ke ka(h)  ka(MhY) ke ()
450 1.8+0.57 16+5.2 1.3+0.11 2,0+0.24 1.6+0.11 6.2+0.59
300 1.6+0.16 12+1.1 1.3+0.10 1.8+0.32 1.6+0.05 5.2+0.35
200 1.7+0.24 15+3.4 1.2+0.13 2.1+0.35 1.6+0.04 5.8+0.69

This test indicates that determinations @gfdnd k are robust for these 3 experimental
durations. Deviations between individual calculatetles and mean values (of all sorption
experiments) are within the experimental RSD diggiain Figure 4 (10-17 %). This result
also indicates that the time of a sorption expenimeécluding adsorption and desorption
phases, can be adjusted to less than 7 hoursisdype of material.

5.2. Limitations of applicability

While the setup described in this study is suitafde fast measurements of sorption
coefficients in laboratory and indoor environmertkss setup exhibits some drawbacks. On
the first hand, it is important to avoid high legkabetween the cell and the material. For
homogenous and flat materials, the cell can bectlijreexposed on the surface. However,
porous or rough surfaces cannot be sampled diraatiyneed to be introduced in a sub unit
(cylindrical container) made of aluminum, with tReEC exposed on the top of the container.
Even if this method is destructive in the case ofops materials, it still exhibits the
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advantage of reducing the measurement time compgretest chambers. In addition,
measurements of sorption coefficients require & &mslytical tool such as the PTR-MS
instrument used in this study. In addition, PTR-MStruments can only measure a limited
number of VOCs present in indoor environments amies species such as formaldehyde
cannot be measured due to a proton affinity thanlg slightly higher than the water proton
affinity [34]. Further studies should focus on clwg the FLEC apparatus to other fast
analyzers, such as a formaldehyde analyzer to sttdyactions of this important indoor
pollutant with indoor surfaces. Fast analyticall$otinat are currently under development in
several laboratories, designed to measure diff@@mpounds, may offer a more compact and
lighter alternative than the PTR-MS.

On the other hand, the Langmuir model used to eixisarption parameters neglects the
diffusion inside material which is an important kegrameter for indoor air quality models.
Nevertheless, Jorgensen [40] used previously tmgiair model and a diffusion model to
analyze sorption experiments performed in emisseast chambers. They found that the
adsorption and desorption coefficients still unadeth between the two models even if the
diffusion models determined a supplementary diffascoefficients. Further works will be
conducted to analyze experimental data obtainedhbyFLEC-PTRMS method, using a
model that accounts for the diffusion in the inoérthe material, to determine the VOCs
diffusion coefficient.

In order to determine the lower values of sorppanameters that could be measured with this
method, measurements made on a piece of vinylifigaxhibiting sorption properties close
to that observed for a Pyrex glass, were invedtyatt different PTR-MS time resolutions.
Indeed, an adsorption experiment made at a tim@utesn of 20 seconds showed that it was
not possible to extract sorption coefficients frire desorption phase using equation (5) due
to a fast decrease of VOCs concentrations (ovewaniinutes). Additional experiments were
performed at resolution times of 10 and 2 secombsse experiments showed thatakd k
values could only be extracted from measurementsipeed at the fastest time resolution of
2 seconds (Table 3).

Table 3.Average values of i kg, and K. for a piece of vinyl flooring at a PTR-MS time rekition of
2 seconds. Number of replicates = 5.

VOC Toluene C8 aromatics Benzene

Sorption Ka Kqg Ke Ka Kqg Ke Ka Kqg Ke
parameters (m.h")  (h) (m)  (mh?Y (hH (m)  (mh?Y (hh (m)

Average 0,06 11 0,01 0,18 17 0,01 0,03 8,3 0,01
Std 0,02 5,2 0,01 0,03 5,2 0,01 0,02 9,0 0,01
RSD (%) 28 46 26 18 30 16 57 109 119

RSD values calculated from 5 replicates range fa®¥l10% and are higher than values
determined for the gypsum board due to higher neses on the PTR-MS measurements at
faster time resolutions (Table 3). These resulyblight that large uncertainties are associated
to the determination of weak sink effects. Howewvegterials exhibiting very weak sink
effects will have minor influences on the variatioh VOCs concentrations in indoor
environments.
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As mentioned above, faster measurements lead tehigpise levels on measured signals,
and thus lead to a degradation of the measuremeaispn. Therefore, the best conditions
correspond to a compromise between temporal resoland noise levels. To determine the
best operating conditions of the proposed setumetaof curves, characteristic of the
desorption phase, was simulated at 3 different ties®lution (2, 10 and 20 seconds) using
equation (4), an air exchange rate of 514 dand several values of adsorption;)(land
desorption (K coefficients. To reduce the number of coupleskipand kg, the same value
was used for both parameters. The simulations alseperformed using experimental values
measured for the vinyl flooring at a PTR-MS timsailaition of 2 seconds. Equation (4) was
fitted on the simulated curves using Sigma Plotheck whether the mathematical fit is
capable of retrieving the values of &nd kg used to generate the curves. The accuracy of the
fit was calculated as the difference observed betwelues of kand kg used to simulate the
curves and values determined by fitting the cusselewn in Table 4.

Table 4.Accuracy determined by simulation for low valueslqfand k; for three PTR-MS temporal
resolutions.

Temporal resolution (sec) k (mh? kq (h) Accuracy k, (%)  Accuracy Kq (%)
0.01 0.01 9.89 10.00
0.02 0.02 4,71 5.00
2 0.10 0.10 0.10 0.10
0.01 0.10 0.001 0.60
0.10 0.01 1.20 1.00
0.03 17.00 0.33 0.24
0.07 0.07 6.22 8.71
10 0.09 0.09 2.51 4.33
0.10 0.10 1.63 3.00
0.09 0.09 5.39 10.11
20 0.10 0.1 3.63 7.30
0.20 0.20 0.02 0.95

An accuracy lower than 10% is considered as sat®fiato accurately determing &nd k. A
close inspection of Table 4 indicates that tempoablutions of 20 and 10 seconds are fast
enough to accurately measure adsorption and desorparameters (k ky) as low as
(0.09m.H"; 0.09KY and (0.07m.f; 0.07hY), respectively. Faster measurements (2 seconds
time resolution) are needed to determine loweresfiown to k=0.01m.A" and k=0.01h". It

is important to note that these results only pre\ad estimation of the lower values gfaknd

kq that can be measured at a specific time resolwtitim the FLEC-PTRMS coupling since
combinations of different values of, land lg are usually observed. Experimental values
derived for the vinyl flooring were also tested atitky prove that more resolute
measurements are necessary to accurately detesoipgon coefficients in this range. In
addition, these simulations indicated that the rdeteation of low values of kis more
impacted by the temporal resolution tharbkcause the value of s mainly determined by
using the first minutes of the experimental measers.

5.3. Literature comparison

Won [6] measured sorption coefficients for a gypstward exposed to toluene and
ethylbenzene. Tichenor et al. [7] also report sorptoefficients of toluene for the same type

14



463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478

479
480

481

482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

497

of material. To the best of our knowledge, thenedsmeasurement of sorption coefficients for
benzene available in the literature. Sorption c¢oefits measured in this study are in the
same order of magnitude of previous studies and shdifference by a factor of 2-3 times
for Keparameter (Table 5). However, a difference is edported between previous works for
the same type of material with ethylbenzene. Ferwuimyl flooring the difference is more
important. This difference can be due to the contiposof the tested material as reported by
Won [41]. The aging of the surface, or its physlemmical properties may also introduce
some variability in the results as observed by hgihaus [42]. From the other hand, this
difference can be due to the inappropriate usehef Tichenor model for emission test
chambers used for sorption experiments. The effieitte mass transfer due to the presence of
a boundary layer on the surface of the tested mhtegn have an important effect on the
determination of sorption parameters. The compapaper (part 2 of this work), will present
a comparison using an emission test chamber andame type of material and the same
VOCs mixture. Therefore, different type of modeldl vbe used to determine sorption
parameters with a consideration for the effechefrhass transfer coefficient and the effect of
the boundary layer.

Table 5. Comparison of literature values of.Kor a gypsum board with results from this
study.

VOCs ka (M.hY) kq (h™) Ke (m) References
Benzene 1.8 £ 0.57 14 +5.2 0.12+£0.01 This work
Toluene 0.21 1.7 0.12 [6].
1.6+0.11 5.4 +0.59 0.29 £0.03 This work

0.21 0.87 0.24 [6]

Ethylbenzene 0.45 1.50 0.30 [7]
C8 aromatics 1.3+0.11 1.8+0.24 0.72 £0.09 This work

6. Conclusions

The proposed experimental approach, based on a fHAJEMS coupling, has been used
successfully to measure sorption coefficients afraatic compounds on different types of
materials. This method presents the advantage tabsportable and non-destructive method
for flat and homogeneous material to perform fasgsurements in real environments and
under indoor conditions. Moreover, this new setuwilgts the advantage of reducing the
measurement time to 0.5-8 hours compared to emigsst chambers that require several
days of measurements and allows measuring low isarptalues. The FLEC/PTR-MS
coupling allows measuring low sorption values anlll e used for in-situ measurements in
energy efficient buildings. Sorption coefficientstermined on the field will be then used as
inputs for a new indoor air quality model (INCA-mat) that takes into account the boundary
layer effect and the mass transfer coefficigot,predict VOCs concentrations in indoor
environments (see companion paper). The FLEC-PTRMSod will be compared in the
part 2 of this work, to the traditional emissiorstte&ehamber method used previously in
literature to measure sorption parameters onlyheraboratory scale. Further works, will use
a more complex model to take into account for fiffeglon inside building materials.
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Highlights

» Development of anew methodology to measure in-situ VOCs sorption on building
materials

» Evaluation of sorption parameters under real conditions within few hours

* Measurement of low sorption properties with 10% of accuracy

» Sorption parameters are useful to IAQ models to predict VOCs concentration indoors



