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Abstract

A new method was developed to measure on the &I sorption coefficients ¢k kg) on
the surface of a material by coupling a Field arabdratory Emission Cell (FLEC) to a
Proton Transfer Reaction-Mass Spectrometer (PTR-dM)resented in the first part of this
study. In this second part, the method is compdcedhe classical method based on a
CLIMPAQ chamber coupled to an on-line GC analyZeifferent models were used to
determine the sorption parameters from experimeatatd taking into account the sink effect
on empty chamber walls and the presence of a bowhalger. Determined sorption
equilibrium coefficients K(k#/kgy) for a mixture of BTEX on a gypsum board was fotmdbe

in good agreement between both methods. HowewveICthHMPAQ method seems to be less
robust than the FLEC method in the determinatiosarption coefficients since more than
one couple of (k; kg), showing the same ratio.Kcan retrieve the same CLIMPAQ
experimental data. Giving this result, the questiases about the reliability of the literature
data determined using emission test chamber wlockdde one of the reasons behind the
discrepancies found between experimental indoocaumations and predicted ones using
chamber derived parameters.

Key words
CLIMPAQ, FLEC, Sorption, Building materials, Indoair Quality, model
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1. Introduction

Nowadays, people spend between 60-80% of their timendoor areas that can be

contaminated by a large range of pollutants haharardous effects on human health [1-4].
Pollutants, especially Volatile Organic Compound®Cs), are ubiquitous contaminants for

indoor areas [5]. Other than their emissions byases such as building materials, VOCs can
interact with these indoor surfaces through différprocesses including adsorption and
desorption. Therefore sorption processes can beltegrs of indoor air concentrations since
building materials can act as both a source onlafer VOCs [6].

In the literature, studies were carried out usinipee static or dynamic (flow-through)
chamber experiments to determine sorption rateficaafts (k, and lg) of VOCs on indoor
materials or equilibrium partition coefficients K7-10]. In these studies, experimental data
were analysed using different mathematical sinkglet®oto extract sorption parameters [11,
12]. However, indoor air quality models using chamberived parameters failed to predict
real indoor concentrations [13] and differencesigh as a factor of 9 were observed [14].
First, this disagreement can be related to therepresentativeness of laboratory experiments
compared to field conditions (type of material, Iepentation conditions, aging due to
environmental conditions, etc.) and highlights ach® reliably measure sorption parameters
in the field under real conditions [14]. Secondigyption on experimental chamber internal
walls was considered in some studies as insigmififeb] while others [7, 16-18] reported a
sink effect on chamber walls for different VOCs sas ethylbenzene, n-dodecamginene,
1,2,4-trichlorobenzene...etc. Thus, any underesiomeof the chamber sink can introduce
biases in measuring sorption coefficients of matsri Thirdly, the use of inappropriate
mathematical models to extract sorption coeffigefiom experimental data may also
introduce biases that could be responsible fordieerepancies mentioned above. Blondeau
[11] demonstrated that models relating macroscdpicthe bulk air and the surface
concentrations through adsorption and desorptiomstents are not scientifically sound.
Zhang YP [19] highlighted that the mass transpootess taking place between the material
surface and the bulk air has to be accounted fhictwis not usually described in the
mathematical models used to analyse chamber exgatsmin fact, several models has been
developed without taking into account for the miaassfer coefficient but the adsorption)(k
and desorption ¢ rates [9, 10, 20] or the diffusion coefficient,(Din the building material
[21]. Later on, Deng [22] proposed an improved nhdllat considers for the convective mass
transfer coefficient (§) through the boundary layer present on the surédca material as
well as the diffusion and the partitioning coeféicts. Therefore, models combining local
sorption equilibriums should be used in combinatoth the mass transport equations to fit
the experimental measurements.

Trying to shed some light on the discrepancies dounliterature, a new methodology based
on a coupling between a FLEC (Field and Laborakmyssion Cell) and a PTR-MS (Proton
Transfer Reaction — Mass Spectrometer), was degdlophe experimental setup is detailed
in the companion paper (Part 1) [23], and only tistails are given here. The FLEC inlet is
connected to two gas generation systems, to beliedpeither with humid clean air at
constant flow rate and stable relative humiditywath a diluted VOC mixture; the outlet is
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connected to the PTR-MS to quantify VOC concerdreti exiting the cell. A sorption
experiment performed using the FLEC is similarhte tlassical experiments described in the
literature and using a test emission chamber oérséviters of volume. The method was
tested by performing sorption experiments on a gyp®oard and vinyl flooring using a
mixture of BTEX at ppb levels. Adsorption and dedimn coefficients were derived from
experimental output concentration profiles using Ttichenor model [10] that can be applied
to the FLEC cavity to determine elementary sorptioefficients. Sorption coefficients were
successfully determined and independently on flowdd@ions and on VOCs concentration,
with an experimental error lower than 15%. The tg@f applicability were also assessed for
this method and showed that sorption parametgrdkin the range of (0.01m’h 0.01h%)
and (0.09m.H; 0.09KH") can be measured using 2 and 20 seconds of timaution
respectively, with an accuracy better than 10%. FhEC-PTRMS method is suitable for
field applications and allows a reduction of theaswement time to 0.5-12 hours compared
to several days for the emission test chamber mdtha24, 25].

The objective of the present study is to compamptsm coefficients measured using the
FLEC-PTRMS and the emission test chamber methotsdgr a common VOC mixture and
the same unpainted gypsum board. In fact, the Flaa€ developed and used in previous
studies to measure materials emissions [26] as l@nnative method to emission test
chambers [27]. Under this framework, the two methegre only compared for emission
measurements in several studies [28-30]. Since-teC had never been used as a tool to
measuren-situ VOC sorption parameters, a comparison for sorph@asurements has yet to
be performed. To achieve this new objective, ait&d-CLIMPAQ chamber (Chamber for
Laboratory Investigations of Materials, PollutiondaAir Quality) coupled to a compact gas
chromatography analysgAirmoVOC, Chromatotechjvas used to perform the sorption
experiments. The comparison of the two methodsluaebtwo approaches:

(1) the comparison between CLIMPAQ experimental comedioh profiles and the
concentration profiles that should be obtained cemgg the sorption parameters derived
using the FLEC-PTRMS method and,
(2) the comparison of the sorption coefficients dedivom the CLIMPAQ data using
two models (that account for the sink effect on¢hamber walls and for the boundary-layer
mass transport) with the FLEC derived parameters.
A highlight on the usefulness of the FLEC derivegrgmeters for modelling sorption
processes in real buildings is also given.

2. Materialsand Methods

To perform the comparison experiments between FRE€C CLIMPAQ methodologies, both
experiments are conducted using the same BTEX neixpuovided by Air products and
containing the following VOC in the mixing ratio &ffor benzene, 6 for toluene, 1 for ethyl
benzene, 2 for p-xylene and 1 for o-xylene. Theestast material is used, a 12.5 mm thick
unpainted gypsum board. In the part 1[23], the afsevo samples coming from the same
material showed no significant difference on meedigorption parameters. Since the FLEC
experiment was described in the first part of gtigly [23], only the CLIMPAQ experiments
are presented in this section.
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2.1. Experimental setup

The experimental setup used in this part of thdysisibased on the coupling of a CLIMPAQ
chamber to an on-line GC analyser and presentEdyure 1.

Humidification

system
) —_—

Zero air Mass Flow
generator Controller T .
| £ g
U 2 s
Compressed Air ES
— | Eo
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. —
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Figure 1. Experimental setup for measuring VOCs gtion coefficients on building materials,
using a CLIMPAQ test emission chamber.

The CLIMPAQ chamber [27] is made of panes of 6 mmdew glass assembled with low-
emitting epoxy glue and has a volume of 50.9 lit@ther main surface materials used are
stainless steel and aluminium. One internal fanraelates air over the test material. The
chamber outlet is connected to on-line gas chrognaph (GC) equipped with a flame
ionization detector (FIDJAirmo VOC C6C12. Chromatotedir samples are collected every
30 min at a flow rate of 60 mL/min for 2 min. Thangpling flow rate iss controlled by a
critical orifice of 100 um diameter. Hydrocarbome greconcentrated at ambient temperature
on a glass trap filled with CarbotrapB. After samg) the trap is heated to 190°C in order to
desorb and inject the VOCs into an analytic coludXT30CE (30 mx0.28 mmx0.1 um)
connected to the FID. The calibration coefficieats determined using a certified standard
mixture provided by NPL(National Physical Laboratory, UKand are used to convert the
peak areas into concentrations in p/ifhe measurement uncertainty are not evaluated in
this work but was determined in a previous studhd & approximately 15% [31]. Using the
GC-FID technique, ethylbenzene and o-p/xylene asnfified individually whereas they are
detected together at the same mass (m/z of C8-écemd 07 Da) by PTR-MS.

2.2. Experimental protocol

To determine the sorption coefficients, a blankegkpent referred in the following as “No
sink” is first performed using an empty chambeet@luate the sink effect on the chamber
walls. For the adsorption phase, the chamber iplgtpwith humidified air containing the
targeted VOCs using a gas cylinder connected tduéiash system(Gas Calibration Units,
lonicon analytick) This dilution unit allows controlling the totdbfv rate and the humidity of
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the VOC mixture. When the monitored concentratioeach an equilibrium during the

adsorption phase, the desorption phase is trigggyexipplying the chamber with zero air at
the same flow rate and humidity, using a zero amegator(Claind) and a water bubbler

connected to mass flow controllers (MKS). Three ezipents are performed with empty
CLIMPAQ and two are performed using the test mateninder the same experimental
conditions. The conditions of CLIMPAQ experiments aompared to FLEC experiments in
Error! Reference source not found..

Table 1: Comparison of experimental conditions bewen the CLIMPAQ and FLEC experiments

Parameters CLIMPAQ FLEC
Temperature (°C) 2312 23+£2
Relative humidity (%RH) 50+£5 50+5
Volume (V ; nY) 50.9 10° 35 10°
Air flow rate (F ; ml min) 200 300 400 500
Air exchange rate (Q 0.3 (£5%) 514 686 857
Air velocity at test material surface {m s') 0.16 0.0106 | 0.0142 | 0.0177
Area of test piece (A ; i 0.099 0.0177
Loading factor (L ; hm°) 1.94 506
. . . GC-FID PTR-MS
Detection system (Time resolution) (30 min) (2-205)
Benzene 182 106 - 479
Toluene 658 377 -1131
Concentrations (ug™ | Ethylbenzene 128
P-xylene 253 289 - 868
O-xylene 127

*Experimental measurements ; ** [26]

3. Theory and data treatment

SigmaPlot and a Microsoft Excel Eulerian solver are use@sttract sorption parameters
from experimental data using three different modslsletailed below.

The model used in the companion paper to extraptisa parameters is the Tichenor Model

[10] referred in the following as “Tichenor Modell- surface” or TM-1S. This model, as

described in the companion paper is suitable whdyn one sorption surface is considered
(sorption effect on the chamber walls are negleibHowever, as mentioned above, some
studies have reported that for chambers of selitieak, the chamber can itself act as a sink
for some VOCs [16-18]. To account for this sinkeetfon the chamber walls and the tested
material, the Tichenor Model is modified to be usdten two sorption surfaces should be
considered (Tichenor Model - 2 surfaces or TM-ZSpally, as already mentioned in the

introduction, the mass transport process takingeplaetween the material surface and the
bulk air should be taken into account to analysandber experiments. Thus, a model called
“Tichenor Model with a boundary layer” or TM-BL cdmming the sorption and the mass

transport processes is proposed.

3.1. Tichenor Model - 1 surface (TM-1S)
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The Tichenor model, derived from the Langmuir tlyeld0] is based on the assumption that
the concentration of a species in bulk air is hoemagpus and proportional to the surface
concentration. Therefore, the concentration vammsti (dG/dt and d/dt) observed in a
chamber depends on the adsorptiog) @nd desorption ¢k coefficients, as shown in the
following equations:

dc, A Q

—8 =-2(k,C, -k,C.)+=(C,-C

dt V(a g d s) V( in g) (1)
dcC, _

dt - kan - des (2)

where, C, is the VOC concentration at the chamber inlet greréd (ug.rv), Cy the gas-
phase VOC concentration inside the chamber (jjg. is the material surface @nV the
volume of the chambef) the air flux in the chamber ™), Cs the surface concentration
(g.n?), ks the adsorption rate constant (f).landky the desorption rate constanth

3.2. Tichenor Model - 2 surfaces (TM-2S)

The model TM-2S is used to extract VOC sorptiorapaeters on the material surface taking
into account the sorption effect on the chambetswilquations 1 and 2 represents the model
TM-2S when the number of materials is2.

ng,i XA K K Q .

dt _;V( a,ijcg,i - d,ist,ij )+V(C|n,i _Cg,i ) i (3)
dCS’i]. -
Cdt =Ky Coi — ki Cs,ij 0,0y =1,n (4)

where,Cy is the concentration of a pollutantn the chamber gas phase (u@)mﬁq is the

surface of a materigl (m?), V is the volume of the chamber InQ is the air flux in the
chamber (Mh™), Cin,i is the concentration of a pollutaret the inlet of the chamber (g

Cs,jis the concentration of a pollutanon the surface of a materip(ug m?), kaj is the

adsorption coefficient of a pollutanbn the surface of a materjalandkyj is the desorption
coefficient of a pollutanit on the surface of a materjal

3.3. Tichenor Modd with aboundary layer (TM-BL)

This model TM-BL is applied to three compartmemtshe chamber: the material surface, the
boundary layer (i.e. a thin layer of air exhibitiagconcentration gradient above the material
surface) and the bulk air above the material. Thehematical equations to model the
concentrations in each compartment are detailembel

dC, . .
% (j’t =3 h,;A(C1 -C, ) +Q(C,, -C,;) D (5)
j=1
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. dC; . : e
V, IJ—hn”A‘(C -C'i) - AlkaiCli —kaiCyy) 00,0 =1n (6)

d
CS” kalJC'l kdl] S ij (7)

where,C*i,- is the concentration of a pollutann the elementary layer of air present above the
surface of the materigl and which defines the limit between the boundamyef and the
surface of the material (g V*i,- is the volume of the elementary layer of air pnésdove
the surface of the materi@l (m®) and hy,;; is the average mass transfer coefficient of a
pollutanti acting on the surface of a mateiigm h?). The coefficient i can be calculated
(See [32]) based on equations provided by [33]. Atwndary layer conditions depend on air
velocity at the surface j and on the targeted camga.

Assuming that \f<<V, equation 4 for each species and surface bezome

Cij* hmIJCgI +kd|j SIJ (8)
hmv'l +k g jj
When equation (6) is introduced into equationsaf8) (5), they become:
L_Z ( kal]hnu g‘i Kjl]hnu S”) Q( |n|_Cg’i) Oi (9)
j=1 h‘nu +ka|] h‘nu kalj
su — kauhnu _ kd,ijhn,ij (10)

g,i C:s,ij
dt hn,u + ka,lj hn,ij + ka,ij

Using the new formalism:

Kk
auhmj (11) and k.dIJ K;iuhnu

Ko = i =
‘ hm i a,i' hﬂ,lj kcl,lj

(12)

The equations (7) and (8) have the same appeathacesquation (1) and (2), witha,lﬁ and
k‘d,ij being apparent sorption coefficients measured tast emission chamber or in a real
room, considering the influence of the mass transéefficient hk,; due to the boundary
layer.

dGC,; _
dt g, S.j |n J Cg,i ) DI (13)
dCs ij ' '
dt :ka,ing’i _kduCS” (14)
4. Results
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4.1. Sorption experimentsin CLIMPAQ

The experimental concentration profiles obtainedtiie three experiments performed in the
empty emission test chamber (No Sink) show reljtigwod overlay as well as the two
experiments performed with the gypsum board (Segiril in [32]). Therefore and for
simplicity reason, only one profile for each tydesgperiment will be shown in the following.
These profiles show that the duration of a sorpéarperiment in CLIMPAQ varies between
20 and 40 hours for the No Sink and between 40 &hdours for the gypsum board,
depending on the target VOC. However, the FLEC expmnt is 6 to 13 times faster,
showing the advantage that provides the FLEC-PTRM80d for field studies.

4.2. Investigation of VOCs sor ption effect on chamber walls

The sink effect on the chamber walls is investidatey calculatingthe theoretical
concentrations that should be obtained for a bgeriment (No sink) under the conditions
of this study and assuming negligible walls effeGise equation used, accounts only for air

exchange in the chamber andGft) = Cee_Nt[lo], with C(t) the concentration versus time (u1g

m®), Ce the equilibrium concentration reached at the driti@adsorption phase (ngnand
N the air exchange rate measured experimentafiy (h

Unlike the FLEC, the CLIMPAQ experiment shows angfigant difference between the
theoretical and experimental no sink profiles aswshin Error! Reference source not found..
This difference is likely due to a sorption effemt the internal walls of the CLIMPAQ
chamber and it is only observed for ethylbenzend smylenes (See Figure 2 in [32]).
Therefore the CLIMPAQ itself acts as a sink anddhamber surface should be considered in
the analysis of the concentration profiles. VOCgogon coefficients for ethylbenzene and
xylenes on the chamber walls are assessed usimgdtiel TM-1S and obtained values for the
three experiments performed in empty CLIMPAQ amspnted in Table 2.

Ethylbenzene - CLIMPAQ C8 aromatics - FLEC
80 500

© Nosink - Experimental data ©  Nosink - Experimental data
® Gypsum board - Experimental data 500 ¢  Gypsum board - Experimental data
400
400 ¢

". No sink - Theoratical data Nao sink - Theoratical data
»

60

A
404 2

o
» 300

. = \"'"”\v—..___,
) S
] 100 4,

o

Concentration (ug.m~)

20 4

Concentration (pg.m'?’)

0 20 40 60 80 g 5 5 5
Time (hrs) Time (hrs)

Figure 2.Comparison of concentration profiles obtained dugrthe desorption phase for
ethylbenzene using the CLIMPAQ method and C8 aroioatusing the FLEC/PTRMS method.

Table 2. Obtained results for adsorption jk desorption (K) and equilibrium (K;) coefficients of
ethylbenzene and xylenes on the CLIMPAQ walls usiiyl-1S. RSD is the random standard
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deviation corresponding to dl obtained for the three experiments referred as EkpExp. 2 and
Exp.3.

Sorption coefficient — Empty chamber

voC

ka(m.h”) ka(h”) Ke (m)
Exp. 1 5,40x107 2,16x10" 0,03
) -1
Ethylbenzene Exp. 2 6,84x10” 1,91x10" 0,04
Exp. 3 6,48x10 1,87x10 0,03
RSD (%) 12 7,9 19
Exp. 1 5,04x10° 1,91x10™" 0,03
0xv] Exp. 2 5,54x107 1,62x10™" 0,03
yiene Exp. 3 5,40x10° 1,80x10™ 0,03
RSD (%) 4,9 8,2 13
Exp. 1 5,15x10° 1,66x10™ 0,03
b-Xvlene Exp. 2 7,20x10° 1,62x10™ 0,04
v Exp. 3 5,04x10° 1,37x10™ 0,04
RSD (%) 21 10 18

Obtained results show that the adsorptigrakd desorption coefficients kor ethylbenzene
and o-p/xylene are in the same order of magnitukpesented consistent results between
the three experiments with an RSD varying betwe8nd’21%.

4.3. Determination of VOCs sorption parameters on testterial

After the assessment of the sorption behaviouhenGLIMPAQ walls, sorption coefficients
of the ethylbenzene and the o-p/xylene on the gypsoard are determined using the model
TM-2S. However, the sorption coefficients of thenbene and toluene on the gypsum board
are evaluated using the model TM-1S since any isorgffect on CLIMPAQ walls is noticed
for these two compounds. Sorption coefficients asfjet VOCs on the Gypsum board are
compared to those previously obtained with FLEChoét(Part 1) in Table 3.

Table 3. Comparison of BTEX sorption coefficientsn ogypsum board between FLEC and
CLIMPAQ methods. n=5 correspond to five repeatatyiliests performed with the FLEC.

Sorption coefficients — Gypsum Board

VvOoC Model Method

ka(m.h”) ka(h”) K. (m) R’

FLEC (n=5) 1,5+0,13 11+0,68 0,13+0,01 0,96

Benzene TM-1S 3
CLIMPAQ 3,25x10 0,26 0,01 0,99
FLEC (n=5) 1,5+0,10 51+0,54 0,30+0,04 0,97
Toluene T™-15 CLIMPAQ 0,33 1,02 0,32 0,99
C8 aromatics T™M-1S FLEC (n=5) 1,3+0,18 1,7+0,29 0,76+0,12 0,97
Ethylbenzene 14 18 0,80 0,99
O-Xylene T™-2S CLIMPAQ 0,16 0,20 0,79 0,99
P-Xyléne 1,8 2,2 0,81 0.99

First, the coherence in the. I€oefficient results obtained with the CLIMPAQ cHaen for
ethylbenzene and o-p/xylene, proves the similaptsmr behaviour for these 3 compounds.
Thus, the comparison of their sorption behaviour lsa done with the C8 aromatics (i.e. the
sum of these 3 compounds when the FLEC-PTRMS metlasdised).
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Additionally, the K ratios obtained for all tested compounds betwesh Imethods show a
good agreement except for benzene. Benzene shavwesala sorption effect on CLIMPAQ
walls, but also on the gypsum board and the detetion of the sorption parameters is
consequently associated to a more important unagrtidnan other compounds. However, the
adsorption and desorption parameterg ;(ky) are significantly different between the
experiments conducted in the CLIMPAQ chamber aedHbEC. Given this high discrepancy
between k and k parameters determined with FLEC and CLIMPAQ meshdtle FLEC
results obtained previously(k ky) were used as inputs to simulate the concentratiofile
that should be observed in the CLIMPAQ test chamineder the chamber operating
conditions and using the model TM-1S for the beezamd toluene and the model TM-2S for
the other compounds. Obtained profiles with FLE@des shown on Figure 3, retrieves the
experimental profile as well as the model TM-1Sduse retrieve sorption parameters for
benzene and toluene from the experimental profiled the model TM-2S used for other
compounds. This results highlight the presenceswémal pairs of solutions {k k) that can
reproduce the same experimental profile obtainedLilMPAQ.
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Figure 3. Analysis of the experimental profile obied for the gypsum board in the CLIMPAQ test
chamber. The concentration profile obtained thedoatlly in CLIMPAQ using sorption parameters
determined in FLEC is also presented.
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5. Discussion
5.1. Methods sensitivity

Given the discrepancy between FLEC and CLIMPAQ @s$hin the determination of the
adsorption and desorption parameterg ;(Kkg), a further investigation is conducted to
understand how many couples of;(kg), could describe the same experimental conceoirati
profile. A set of desorption curves are simulatedidoth the FLEC and CLIMPAQ apparatus,
using different couples of {k kq), but having the samecKatio. A factora varying between
0.01 and 100 is used to multiply both sorption peeters ¢k, ; akg). An example of
simulated curves is displayed on Figure 4 for G@vaatics and o-xylene for the FLEC and
CLIMPAQ apparatus, respectively. Only 2 valuesugfs and 10) are shown in this figure.
While a clear difference can be observed betweeretperimental profile and the simulated
curves for the FLEC experiment, this differencelass significant for the CLIMPAQ
chamber.

FLEC - C8 aromatics CLIMPAQ - o-Xylene
500 100

o  Experimental data o Experimental data
Modeled data, Model TM-1S (k, - k) Modeled data, Model TM-2S (k, - k,)

—— Simulated curve (ka*0.1 - kd*0.1) 80 —— Simulated curve (ka*0.1- kd*0.1)
—— Simulated curve (ka*10- kd*10) P —— Simulated curve (ka*10 - kd*10)

'S
o
o

W
=}
o
@
=]

8]
=]
o

Concentration (g m‘g)
5

Concentration (ug m™®)

o
=]

20 4

T T T T T T T T T T
0 1 2 3 4 5 6 0 20 40 60 80 100
Time (h) Time (h)

Figure 4: Results obtained for simulated curves ngia factora for o-xylene using the CLIMPAQ
chamber and for C8 aromatics using the FLEC.

The difference between the simulated curve for eaalue of a and the experimental
observations could be computed using a parameti&fiQed below.

_ Y. N(Exp-Mod,)

Q= > N(Exp—Modg. )

(15)

>A’(Exp-Modq) is the sum of the square differences calculatedden the experimental
profile and the curve simulated using{; akg) andza’ (Exp-Mod) is the sum of the square
differences calculated between the experimentdilprand the curve obtained from the best
fit (BF) for (ka; kg) wheno=1 (Modeled data on Figure 4).

Therefore, when the Q parameter presents a vabse ¢b 1, the difference between the curve
simulated with ¢ka; akg) and the modelled one4(kky) is negligible. The curves presented on
the Figure 4 show in the FLEC case a Q value ohBd16 for the curves simulated with {5k

; bky) and (10k ; 10ky) respectively. However, in the CLIMPAQ case thep&ameter

12
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presents a value of 0.94 and 0.95 for the curvesilaied with (5k; 5kg) and (10k; 10ky)
respectively. Giving these results, the experimentancentration profile obtained using
CLIMPAQ can be retrieved using different couplessofption parametersK, ; aky) having
the same K

In order to look for all possible solutions, a kargtudy is conducted using the same
methodology for different couples aik; ; Bkg). It is worth noting that this time both, knd

kq are scaled by different factossandp, respectively. This methodology is applied for all
sorption parameters determined for all compoundsngu both CLIMPAQ and FLEC
methods, and for sorption on internal walls or gpsym board.

First, the analysis result obtained for a “No sieikperiment performed in empty CLIMPAQ
is presented on Figure 5, for only the ethylbenzam the o-p/xylenes since the toluene and
the benzene doesn’t show any sorption propertieimtennal walls. This figure shows that a
single pair of solution (foan=f=1 ) corresponds to Q=1. This result indicates thaho sink
experiments, the analysis of the experimental CLA@QRdata using the model TM-1S, gives
only one value of (k kg).

13



336

337

338

339
340

341
342
343
344
345
346
347
348
349
350
351
352

Ethylbenzene - CLIMPAQ - No Sink

1000

100

1000

Figure 5. Variation of the parameter Q as a functiof the factorsa and# used to multiply the
sorption parameters jand k;, in the case of empty CLIMPAQ chamber.

Second, the same analysis performed for the sorgiarameters determined for gypsum
board using the CLIMPAQ method, is displayed onuFég6. This figure shows that more
than one couple of sorption parameters are chaizeteby a Q value close to 1 and
corresponding t@=p (the model TM-1S is used for the benzene and nalend the model
TM-2S for the ethylbenzene and o-p/xylene). Thisuleproves that different couples of
solutions having the same ¢Kratio lead to overlapped concentration profilesd an
consequently, the analyses of experimental datg, gine several couples of solutions. It is
important to note that the benzene presents acpkatibehaviour as shown on Figure 6 where
many couples of sorption parametersg ;(kg), not corresponding to the same iatio, can
retrieve the same concentration profile. This resah be due to the low sorption properties
of benzene on gypsum board associated to an inmpanteertainty in the determination of its
sorption parameters as already highlighted usiad-ttEC method.
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356 Figure 6. Variation of the parameter Q as a funchmf the factorsa and £ used to multiply the
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sorption parameters Jand ky, in the case of gypsum board tested in a CLIMPARamber.
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Finally, in comparison to the FLEC method for apsmn experiment conducted on the
gypsum board, Figure 7 shows that the Q value usmidoto be 1 for only one couple of
sorption parameters, showing a unique solutign Kg) with a=p=1. This result proves that
the application of the model TM-1S on the experitakdata, gives only one value of;(ky).

Benzene - FLEC - Gypsum board Toluene - FLEC - Gypsum board
\ \
\\ / \\1
A L
1000 AR 1000 m

100

1000
/ 100

1300\\\\ 1//10
100
10 1\\\/4,1 R
01
A gor 0o
o

C8 aromatiques - FLEC - Gypsum board

Figure 7. Variation of the parameter Q as a functiof the factorsa and# used to multiply the
sorption parameters Jand k;, in the case of gypsum board tested in a FLEC cell

In conclusion, Figure 8 presents the same angtysisented previously on Figure 5, 6 and 7,
with a focus on the results obtained for a congtar{tiks; okg). In the FLEC case, 3 equal

to 1 for only the couple of (k; ky) determined by applying the model TM-1S to the
experimental profile obtained for the gypsum bo&ydncreases significantly when different
couple of (k; kq) are used even if Kis kept constant, which is consistent with thewdated

curves being significantly different from experint@nobservations as shown in Figure 4.
However, the parameter Q is close to 1 for the GRAD and remains at a constant value
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374 wheno was varies between 1 and 100. Consequently, BiChIMPAQ case, there is no
375 significant difference between simulated curvesigslifferent (k; kg), if the ratio K is kept
376  constant (Figure 4). It is interesting to note thasignificant difference was observed only
377  between both methods when the ratiearies between 0.01 and 1.
Benzene (K, constant) Toluene (K, constant)
100 100
E FLEC: Gypsum board TM-1S J9 o FLEC: Gypsum board, TM-1S
5] 0O CLIMPAQ: Gypsum board, TM-1S 5] O O CLIMPAQ: Gypsum board, TM-1S
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1005 7
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381 Figure 8 : Calculated ratio Q (Log scale) betweexperimental data and modeled curves obtained
382 using different couples of sorption parametergk(; pkq) for CLIMPAQ and FLEC.
383 To conclude about the effect of the chamber sizethan results observed above, some
384 simulations are performed by changing the inite@les of k and lg with an factora varying
385  between 0.01 and 100, using three chambers haiffegetit volumes, 40 mL, 1 frand 30
386 m° (See Table 1 and Figure 3 in [32]). Only the michamber shows sensitive results for the
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sorption parameters changed as already observethdoFLEC. However other chambers
show similar results as the CLIMPAQ chambers. Tloeeg small chambers, characterised by
high loading factor and high air exchange rateg IKLEC and the micro chamber are
recommended to perform sorption experiments arextiact robust couples of solutions, (k
kq) from an experimental profile while larger chandbha&eems only to provide robust K
coefficients.

5.2. Influence of the mass transfer coefficient

The mass transfer coefficiers, is calculated in the CLIMPAQ chamber under theditions

of this work from the correlations between dimenkss numbers that are the Sherwood
number, Reynolds number and Schmidt number acaptdithe equations presented in [32].
According to Table 4, the flow of air is laminar the CLIMPAQ chamber, since the
boundary between the laminar flow and the transséate corresponds to a Reynolds number
of 5 x 16 [34]. The mass transfer coefficien} kiaries between 3.1 and 3.4 m tiepending

on the type of VOCs. The thickness of the boundaygr developed on the surface of the
material is estimated to be around 0.9 cm.

Table 4. Parameters and dimensionless numbers usedalculate the mass transfer coefficienf,h
in the CLIMPAQ test emission chamber.

Benzéne Toluéne Ethylbenzéne o-Xyléene p-Xylene

Molecular diffusivity of the a-airp

binary VOC a in the air (m°.s?) 0,09 0,09 0,08 0,09 0,08
Length of the surface in the L
oo . 0,60
direction of the air flow (m)
Kinematic viscosity of the air v =
2 -1 1,57%10
phase (m°.s™)
Mean fluid velocity (parallel to
the surface) outside of the 1 0,17
(m.s”)
boundary layer
Reynolds number Re 6,5%10°
o hn(m.s?) 9,52x10* 9,45x10" 8,56x10* 9,45x10™ 8,70x10™
Mass transfer coefficient -
hm(m.h™) 3,4 3,4 3,1 3,4 3,1

According to the equations 9 and 10, the ratioccKuld be represented by the equation (9):

K' = kla,ij _ ka,ij hm,ij
e ™ k._ -1, .
d i kd,ij hm,ij

where h, is equivalent to the factar used before to carry out the study of the methods
sensitivity in the determination of sorption paraenge. Nevertheless, the, lvalue determined
for the CLIMPAQ is in the range of variation of tifector a, corresponding to a couple of
parameters (k; k) that can reproduces the experimental trace asasehe couple i
ka,j). Therefore, the boundary layer effect cannotrivestigated in the CLIMPAQ chamber
under the conditions of this study, due to the gmee of several possible solutions for the
same experimental data.

(16)
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413 5.3. Influence of the mass transfer coefficient in a remoom

414  The influence of the mass transport within the lataug layer is also investigated in a real
415 indoor environment. For this, a real room of 7.2%@.7m (V=134 m3) is considered for the
416  simulations. Ethylbenzene and a gypsum board nahi@e selected as an example to model
417  the concentration decay using 2 couples of sorgiemameters. The first couple is the FLEC
418 derived parameters {kriec ; kg rec) determined independently on the mass transfer
419  coefficient h,. The second couple used is;(kk’g) calculated according to equations 11 and
420 12, using FLEC results and the mass transport icait hy, calculated for the real room. All
421  parameters used are shown in Table 5, where onexelrange rate (ACH) was chosen to
422 mimic conditions when the ventilation is turned. dthe details of all calculations are given in
423 [32].

424  Table 5: Main parameters used to model ethylbenzerencentration decays in a real room
425  configuration.

Parameters Real room parameters
Cy(0) (ug nv) 10
Volume, V () 135
Air exchange rate ACH, N (h 0.5
Surface of the material, S §n 150
Loading factor, L (fhm®) 1.11
Length of the surface in the direction of the fld\m) 7.6
Air flow velocity, v (m.s%) 9 x 10*
Mass transfer coefficient ;{m HY) 0.07
Thickness of the boundary layefs Tm) 4.1 x 10
Ka rLec (M 1Y) 1.3

Ka rec (07) 1.7

K, (m hY) 0.06
kg (b9 0.08

426 a\entilation off; ® Ventilation on

10 (J’ Air exchange without sorption effect
b o Air exchange and sorption effect without B.L. effect
% o Air exchange and sorption effect associated to B.L. effect
81&
— 0
o« Q0
S &
J° 3
c %)
S 4] %
o
c
8
5 21
O
0 2 4 6 8 10 12 16 18 20 22 24 26 28 30
427 Time (h)
428 Figure 9: Decays of ethylbenzene concentration modeled ial room taking into account air

429 exchange and neglectingorption effects (gray plot), taking into accoundrption effects but
430 neglecting the boundary layer effect{ky) (red plot), and taking all processes into account
431 (K'a; K g) (green plot).
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432  As expected, Figure 9 shows that the sorption eféaxls to a slower decay of concentration
433 in a real room compared to the ventilation procdisss also interesting to note that the
434  concentration decay is significantly slower whea thass transport of VOC in the bulk air is
435 taken into account, which indicates that sorptioncpsses on surfaces are significantly
436 influenced by the presence of the boundary layethenscale of a real room. This result
437  highlights that sorption parameters should be wsedata inputs to indoor air quality 1AQ
438  models to predict concentrations in combinatiorhweitmass transport model. In the literature,
439 IAQ models usually considered indoor processes ék@ssion, ventilation and chemical
440 reactions related to reactivity phenomena [35]. Eeev, the interactions of pollutants with
441  surfaces through sorption processes were neverebetmsidered in IAQ models except the
442  newly developed INCA-indoor model [36]. Using theEHC-PTRMS device, it is become
443  possible to measure VOC sorption parameters ormoimslarfaces to validate this model and
444  predict better indoor air concentrations.

445 6. Conclusion

446  Comparing the equilibrium coefficienteKit was proved that the sorption properties agskess
447  are consistent for all VOCs using the FLEC andGh&éMPAQ methods. However, using the
448 CLIMPAQ method, several limitations can introducéades in the determination of
449  adsorption and desorption parametegsard k, respectively. The sink effect of the chamber
450 walls can introduce a bias on derived parametens$ i$ not taken into account in the
451  mathematical model used to analyze the concentratiofiles. Giving the experimental error
452  of 15% observed on measured concentrations [3%grakecouples of (K ky) values can be
453  determined from the same set of experimental datathe CLIMPAQ chamber. In contrast,
454 it is found that the analysis of FLEC data is mesnsitive to the variation of sorption
455  parameters, and as a consequence, the method seemsobust for measuring sorption
456  parameters. The robustness of the fit procedureneasr assessed before in literature and the
457  discrepancy found can be behind the differencerabdewith indoor air quality models using
458  chamber derived parameters.

459 In actual applications conducted in our group,Rh&C method proved to be promising, very
460 useful for both field and laboratory experimentgreyf it requires a fast analytical tool such
461 as the PTR-MS. The measurement of sorption parasnessn be performed within a few
462 hours, and a simple model can be used to accuraletive the elementary sorption
463  coefficients of several VOCs on the surface of hgemmus materials. In addition, the TM-BL
464  model used in this study is well adapted to usedltata in combination with the VOC mass
465 transfer properties in the gas phase, to deschiarifluence of adsorption and desorption
466  processes on ambient concentrations. Howevernfheence of the diffusion in the inner of
467  the material is not taken into account since dossidered to be slower than the instantaneous
468  sorption phenomena on the surface of the teste@rialtin real case, it is interesting to
469  predict indoor air concentrations using a modet thkes into account the diffusion inside
470 porous materials and the available quantity of VOsde a material present on the field.
471  Unfortunately, it is a real challenge to measurdtanfield such parameters [36] and further
472 works are needed to develop rapid and accurate oshetb determine the diffusion
473  characteristics in porous material on the field[19
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Highlights

* First comparison of two methodologies used to measure VOC sorption parameters on
indoor surfaces

» Highlighting on the robustness and the advantages of the FLEC-PTRMS method for
field measurements

» Usefulness of FLEC derived parameters as data inputs for indoor air quality models



