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ABSTRACT: A highly sensitive and selective silicon-based
micro-analytical prototype was used to identify a few ppb of
volatile organic compounds (VOCs) in indoor air. Herein, a
new non-activated tannin-derived carbon synthesized by an
environmentally friendly method, DM2C, a MIL-101(Cr)
MOF and a DaY zeolite were selected for the
preconcentration of BTEX compounds (i.e. benzene, tolu-
ene, ethylbenzene and xylenes). Integrating a small amount

of these nanoporous solids inside a miniaturized %

preconcentration unit led to excellent preconcentration 'z

performance. By taking advantage of the high adsorption- ;3 0

desorption capacities of the DM2C adsorbent, concentra- %,

tions as low as 23.5, 30.8, 16.7, 25 and 28.8 ppb of benzene, &

toluene, ethylbenzene, ortho- and para-xylene, respectively, Z

were detected in a short analysis time (~ 10 min) even in the TE

presence of 60 % relative humidity at 25 °C. The DM2C 2 °

showed excellent stability, over a period of 4 months and o 1 2 3 4 5 s
more than 500 tests, as well as repeatability, which makes it Time (min)

a very reliable adsorbent for the detection of trace VOCs in
indoor air under realistic conditions in the presence of humidity.

KEYWORDS: indoor air monitoring, BTEX, miniaturized gas chromatograph, preconcentrator, hydrophobic carbon, MOF, zeo-
lite, microporous materials

1. INTRODUCTION 50 ppb in indoor air [13-15]. Therefore, in situ detection and
BTEX compounds (i.e., benzene, toluene, ethylbenzene and discrimination of these VOCs in a complex mixture such as
xylenes) are volatile organic compounds (VOCs) that have ambient air is a relevant and challenging task. Although in the
long been known to be carcinogenic to humans even at very last two decades a real effort has been made to develop porta-
low concentrations, near the ppb level [1-4]. Car exhaust, ble and low-cost sensors for indoor air quality monitoring,
heavy industry and oil refineries are the main outdoor sources methods based on gas chromatography (GC) coupled with
of these compounds [5-7]. On the other hand, the indoor load various detectors are st!ll the most efflc!ent te_chn_lques em-
of these compounds is not only related to indoor activities ployed for BTEX detection [16-17]. Despite their high analyt-
such as smoking, cooking, heating or cleaning, but it is also ical performance in terms of sensitivity gnd selectmty_, these
partly influenced by outdoor conditions due to the penetration methods do not allow in situ analysis, mainly due to their large
of ambient air pollutants into homes, especially when they are size, high energy and gas consumption, as well as complicated
equipped with ventilation systems [8-10]. Therefore, indoor preventive maintenance. Consequently, the use of adsorbent-
VOC levels are sometimes significantly higher than those filled cartridges for air sampling is necessary prior to full
found outdoors [11-12]. Studies have shown that concentra- laboratory analysis, which makes a real-time monitoring diffi-

tions of these compounds are generally between 0.1 ppb and cult [18].



Our research group has developed a silicon-based micro-
analytical prototype, which can be considered as miniaturized
gas chromatograph for a real-time analysis [19]. This device
consists of a gas micro-preconcentrator coupled to a silicon-
etched spiral GC micro-column and a metal oxide-based gas
sensor. Previous studies have shown that this miniaturized
device allows detecting compounds in complex mixtures with-
in minutes [20]. Preconcentration of target molecules is essen-
tial for the detection of indoor VOCs, as the levels of these
pollutants are very low and mostly below the limit of detection
(LOD) of various detectors. Many materials have been inves-
tigated as candidate adsorbents for the preconcentration of
compounds in the gas phase [21, 22]. For this specific applica-
tion and according to our previous studies, as the target gases
are in very low concentration, the suitable adsorbent should
have a sufficiently high adsorption affinity for VOCs, but not
too high, in order to facilitate their desorption upstream the
GC micro-column [23]. The adsorption-desorption process
must be reversible and as fast as possible. Small pore adsor-
bents will be preferred because the adsorption forces are en-
hanced in narrow pores, provided that VOC diffusion in the
porosity is not affected. In addition, as ambient air is never
dry, the adsorbents must be hydrophobic in order to avoid any
competitive adsorption between water and VOCs.

Zeolites and activated carbon materials have been widely
studied for this application due to their highly developed po-
rous texture and good adsorption performance [24, 25]. More
recently, Metal Organic Frameworks (MOFs) have attracted
attention as they offer many advantageous features, including
high specific surface area, tailorable porosity and surface
chemistry, structural diversity and interesting gas/vapor ad-
sorption properties [26-28]. These hybrid porous materials are
formed by self-assembly between metal ions and organic
ligands, resulting in permanent porosity [29, 30]. Although
extensive studies have been done on the capture of harmful or
toxic gases/vapors (e.g. benzene, toluene, xylene and linear
hydrocarbons) by MOFs, especially MIL-101(Cr) [31-33], few
researches address the preconcentration of BTEX. The use of
these adsorbent materials has led to a significant breakthrough
in detection limits, allowing ppb-levels to be achieved, i.e.,
close to those found in indoor air [34-35]. However, systems
capable of measuring these concentrations with a relatively
short analysis time are still in an early development phase and
remain confined to research laboratories.

The present work investigates the adsorption/desorption ca-
pacities of three types of nanoporous materials for the
preconcentration and identification of BTEX in indoor air
using a miniaturized analyzer. A zeolite, DaY, a MOF, MIL-
101(Cr), and a non-activated, tannin-derived micro-
mesoporous carbon, DM2C, were chosen based on their pore
volume, pore size distribution and surface properties. All three
of these materials have a pore diameter larger than the Kinetic
diameter of BTEXs and exhibit sufficiently high adsorption
affinity to capture these pollutants at very low concentrations
while allowing near complete desorption upon heating. After
characterizing the textural properties of the selected materials,
we first studied their adsorption properties in pure gas phase,
for toluene and water using the thermo gravimetric technique.
Then, the adsorption/desorption capacities of each adsorbent
material for the preconcentration of indoor air pollutants were
studied using the miniaturized analytical prototype. Specifical-
ly, a mixture of five different VOCs, i.e., benzene, toluene,
ethylbenzene and ortho-/para-xylene, was selected as repre-

sentative of aromatic indoor air pollutants in this study. In
addition, the influence of relative humidity (RH) ranging from
2 % to 60 % at 25 °C was investigated to reproduce the indoor
air environment. Here, we have demonstrated the interest of
using porous solids, in particular the DM2C material, to
achieve rapid detection and quantification of indoor air pollu-
tants present even at very low concentrations.

2. EXPERIMENTAL SECTION

2.1. Adsorbents. Three adsorbents were investigated for the
preconcentration of the selected BTEX compounds in indoor
air:

- A hydrophobic dealuminated faujasite zeolite sup-
plied by Degussa and referenced as DaY. Its chemical formula
is Nay(Al,Siyg03g,) and the particle size was in the 1-5 um
range.

- A chromium terephthalate metal-organic framework
referenced as MIL-101(Cr) with a chemical formula
Cr;(OH)(H,0),0(bdc);~25H,0 (bdc = 1,4-benzene
dicarboxylate). This material was synthesized at the National
Institute for Research and Development of Isotopic and Mo-
lecular Technologies (Cluj-Napoca, Romania). The synthesis
is based on the reaction between CrCl; and H,bdc in a fluo-
ride-free aqueous solution under hydrothermal conditions at
210 °C. Details of the synthesis can be found in [36].

- A hydrophobic disordered micro-mesoporous carbon
prepared by a surfactant-water-assisted mechanochemical
mesostructuration (SWAMM) method from mimosa tannin
and referenced as DM2C in this study but originally labeled
CT2P2W2_60 in [37]. Its composition is C;50q¢H, 7. Briefly,
the synthesis was carried out in a planetary ball-mill (PM 100,
Retsch) where mimosa tannin, Pluronic® F127 and water (2 g
of each) were milled for 1 h, and the retrieved material was
directly submitted to carbonization at 900 °C under nitrogen
flow to obtain the carbon material. More details can be found
elsewhere [37]. Unlike most carbons used for the
preconcentration of pollutants, DM2C did not undergo any
activation step to develop its porous texture.

2.2. Characterization of the porosity of the adsorbents. The
pore textural properties of the adsorbents were characterized
by Ar adsorption-desorption isotherms at - 186 °C using an
automatic 3-Flex adsorption device (Micromeritics) equipped
with a helium cryostat to control the temperature. Before any
gas adsorption, the porous solids were outgassed at 110 °C
under secondary vacuum for at least 48 h. Then, Ar isotherms
were measured up to the atmospheric pressure. The BET area,
Ager, was calculated by applying the BET equation to the Ar
adsorption branch in the adequate pressure range [38]. The 2D
non-local density functional theory for heterogeneous surfaces
(2D-NLDFT HS) was applied to the Ar data in order to calcu-
late the pore size distributions (PSDs) of the adsorbents. By
integration of the PSD, we obtained the total pore volume, Vr,
the micropore volume, V,, and the mesopore volume, Vy,, was
calculated as the difference between Vr and V,. The PSD was
also used to calculate the volume under a given pore size.

2.3. Toluene and water adsorption properties. In addition,
toluene and water adsorption/desorption isotherms were meas-
ured at 25 °C by thermogravimetry (McBain type
thermobalance) under controlled vapor pressure. The experi-
mental set-up and the preparation of the organic adsorptive are
described in detail in [39].
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Figure 1. (a) Silicon gas micro-preconcentrator; (b) thick layer of adsorbent: the cross-sectional SEM picture shows an example of
the DM2C layer; (c) silicon gas chromatography (GC) micro-column; (d) cross-sectional SEM picture of the 100 nm PDMS sta-
tionary phase film; (e) tin oxide-based gas sensor. (f) Testing procedure: each step is schematized along with the evolution of tem-

perature over time.

The sample (around 15 mg) was first evacuated in situ under
dynamic vacuum (10" ° hPa) for 16 h at 400 °C for DaY and
DM2C, and at 25 °C for MIL-101(Cr). Then, the sample was
cooled down to 25 °C and the adsorption/desorption isotherms
were measured step-by-step using a static method by introduc-
ing successively doses of toluene or water vapor into the
thermobalance. Once a constant mass was reached, the next
equilibrium state was performed by slightly increasing or
decreasing the vapor pressure. The vapor pressure ranged from
10" to about 30 hPa.

2.4. Description of the miniaturized analyzer and testing
procedure. Figure 1 shows each analytical unit composing the
silicon-etched micro-analytical prototype used to identify low
concentrations of BTEX in indoor air. These units were con-
nected together by silica capillaries and a six-way valve
equipped with a 200 pL sampling loop [19]. Each selected
adsorbent was deposited as a thick and homogeneous layer
inside the gas micro-preconcentrators (Figures 1 (a) and 1 (b))
according to a method explained elsewhere [19, 20]. The
amount of adsorbent weighed after the deposition in each gas
micro-preconcentrator was 1.2, 0.8 and 0.2 mg for DaY, MIL-
101(Cr) and DM2C, respectively. The inner wall of the 5-m
long column (Figure 1 (c)) was covered with a thin film of
polydimethylsiloxane (PDMS) stationary phase (Figure 1 (d))
to separate all desorbed BTEX compounds from the micro-
preconcentrator. Finally, a miniaturized tin oxide-based gas
sensor (Figure 1 (e)) was used as a detector.

The testing procedure is schematized in Figure 1 (f) along with
the temperature evolution over time. First, the adsorbent was
exposed to a mixture of BTEX compounds at 25 °C and at a

flow rate of 40 mL min™ for 5 min (adsorption step). The
BTEX compounds were generated by permeation and their
initial concentrations in air were 2.35, 3.08, 1.67, 2.50 and
2.88 ppm for benzene, toluene, ethylbenzene, ortho and para-
xylene, respectively. After the adsorption step, the adsorbent
was heated at 170 °C for MIL-101(Cr) and 220 °C for DaY
and DM2C using a PID temperature controller (heating rate ~
5.5 °C s™), in order to desorb the concentrated VOCs towards
the GC micro-column. For the MOF, the maximum desorption
temperature was lower in order to avoid its thermal decompo-
sition. After a certain time, called “desorption time”, ranging
from 0.25 to 2.5 min, the desorbed analytes were injected,
through the injection valve, into the silicon GC micro-column
heated at 35 °C. The carrier gas flow rate inside the GC micro-
column was equal to 7 mL min™" for all experiments. The
variation in the sensor response (S = (G-G°)/G®) as a function
of time served as the detection signal for the system, where G
is the conductance under the BTEX compounds, and G° is the
conductance under carrier air flow. To compare the detection
performance of the system, we plotted the evolution of the
sensor response S, normalized per mg of adsorbent (S/m), as a
function of time. In order to assess the presence of residual
compounds desorbed from the gas micro-preconcentrator, the
latter was held at the maximum desorption temperature during
the separation and detection phase; then, a second injection
was performed after the complete elution of all analytes from
the first injection. The experiments were first conducted in
nearly dry air (2 % RH at 25 °C), and then the influence of
water vapor on the adsorption capacities of porous materials
was also evaluated.
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Figure 2. Adsorption — desorption isotherms of Ar on the DM2C carbon, DaY zeolite and MIL-101(Cr) MOF at -186 °C in (a)
linear scale and (b) logarithmic scale. (c) Differential and (d) cumulative pore size distributions obtained by applying the 2D
NLDFT HS model to the Ar adsorption data. (e) Toluene and (f) water adsorption — desorption isotherms on the three selected
materials at 25°C. Full symbols: adsorption; empty symbols: desorption.

Table 1. Composition and textural properties of the selected adsorbents.

A V \Y V, d
Adsorbent Structure Formula ZBETl 3T 1 3” 1 rgeso-l "
(m“g”) | (em°g") | (cm°g’) | (cm'gY) (nm)
. e
Zeolite & J *I‘E Na,(Al,Si;000384) 762 0.29 0.27 0.02 1.01
DaY bt M
- ."EH .
MOF £
5 ai Crs(OH)(H,0),0(bdc)s~25H,0 | 3201 151 0.59 0.92 1.15
- T,
MIL-101(Cr) % ‘\"’
Carbon F 5% C75006Ho7 382 0.44 0.20 0.24 0.65
DM2C Qﬂ
» s

Ager: BET area; Vy: total pore volume; V,;: micropore volume; Vp,e,: mesopore volume approximated from the difference of V; and
V., dn: average micropore diameter. Vr, V,, and d, were determined by application of the 2D-NLDFT-HS model.



3. RESULTS AND DISCUSSION

3.1. Pore structure of the adsorbents. Figure 2 (a) shows the
Ar adsorption-desorption isotherms of the selected adsorbents
labeled DaY, MIL-101(Cr) and DM2C. All materials exhibit a
high argon uptake at low relative pressures (p/p, < 0.01), con-
firming the existence of narrow micropores (see Figure 2 (b)
for more details). DaY zeolite exhibits a small H4 hysteresis
loop according to the IUPAC classification, where the adsorp-
tion branch is a combination of type I and Il isotherms, associ-
ated with the presence of micropores and some mesopores
[40].

On the other hand, the DM2C isotherm exhibits an adsorption
branch resulting from the combination of type | and IVa iso-
therms, and an H5 hysteresis loop associated with micro-
mesoporous materials with open and partially blocked
mesopores with widths above ~ 4 nm [40].The MIL-101(Cr)
presents an isotherm derived from the combination of types |
and Vb found for micro-mesoporous materials with narrow
mesopores (width < 4 nm) [40]. Figure 2 (c, d) shows the
differential and cumulative pore size distributions (PSDs) of
the selected materials. DaY has a narrow PSD, in the
micropore range, centered at ~ 1 nm, while DM2C and MIL-
101(Cr) materials feature more complex PSDs. DM2C exhib-
its a PSD with two distinct peaks, one in the micropore range,
centered at ~ 0.5 nm, and a second broader peak in the
mesopore range at ~ 5 nm, extending from ca. 3 to 10 nm. In
contrast, MIL-101(Cr) has a PSD with two distinct broad
peaks, one spanning of the micropore range from ca. 0.4to 1.5
nm and the second centered at 2.4 nm and comprising both
large micropores and narrow mesopores (width < 5 nm). The
textural properties of the selected adsorbents, determined from
the analysis of the argon adsorption data, are reported in Table
1

The Aggr values are 382 and 762 m2 g'l for DM2C and DaY,
respectively, while MIL-101(Cr) reaches an Aggr 0f 3201 m2 g’
! and exhibits significant mesoporosity (0.92 cm® g™), com-
pared to the other materials. DaY has a high micropore vol-
ume, which represents more than 93 % of the total pore vol-
ume, while the micropore volume of DM2C and MIL-101(Cr)
only represents 45 % and 39 % of the total pore volume, re-
spectively. The average micropore diameter is around 0.65 nm
for DM2C and slightly higher for the other materials, around
1.01 and 1.15 nm for DaY and MIL-101(Cr), respectively.

Regarding the values of kinetic diameters of BTEX com-
pounds (0.535, 0.525, 0.58, 0.68 and 0.58 nm for benzene,
toluene, ethylbenzene, ortho- and para -xylene, respectively
[41]) it is worth noting that all molecules can enter the pores
of the selected materials. Even though the DM2C material
exhibits a narrower microporosity than that observed for the
DaY and MIL-101(Cr) samples (see Table 1), the well-
connected micro-mesoporosity in DM2C could increase the
accessibility of the micropores [42], which is necessary for
trapping BTEX compounds at low concentrations.

3.2. Toluene and water adsorption under equilibrium con-
ditions. Before evaluating the BTEX preconcentration per-
formance of the selected adsorbents with the micro-analytical
device and under dynamic conditions, toluene and water ad-
sorption-desorption isotherms under equilibrium conditions
were first measured in order to obtain more information on the
adsorption capacities of these porous solids. Toluene, having
an intermediate diameter, is chosen here as a representative

BTEX VOC. The complete adsorption-desorption isotherms of
toluene on the porous solids studied are presented in Figure 2
(e). The toluene uptake at high relative pressure (saturation
plateau) can be correlated with the accessible pore volume of
the solids. Given the density of liquid toluene, 0.867 g cm?,
the amounts adsorbed at the plateau are: 1.33, 0.45 and 0.32
cm® g for MIL-101(Cr), DM2C and DaY, respectively. The
highest value was observed for MIL-101(Cr) due to the very
high porosity of this material (see Table 1), in agreement with
the Ar adsorption data. However, this part of the isotherm is
not relevant for the present study since our goal is the
preconcentration of very low concentrations of BTEX com-
pounds (< 1 ppm or ~ 0.001 hPa or ~ p/p, = 2.6x10°°). The
analysis of the low-pressure part of the toluene isotherms (see
insert in Figure 2 (e)) shows that the trend in this pressure
range is different from that observed at saturation: the highest
adsorption capacity is found for DM2C. This fact can be at-
tributed to the well-known high adsorption affinity of carbon-
based materials towards aromatic species. Comparatively, the
adsorption capacity of DaY zeolite at such low pressures is
much lower than those of DM2C and MIL-101(Cr).

Another important characteristic of the adsorbents used for the
preconcentration of BTEX compounds in ambient air is their
hydrophobicity. To characterize this property, the water ad-
sorption isotherms were measured (Figure 2 (f)). It results that
DM2C and DaY are highly hydrophobic and therefore have a
low water adsorption (< 0.1 g g™) over a wide relative humidi-
ty range up to 60 % (water relative pressure of 0.6 at 25 °C).
In contrast, MIL-101(Cr) shows a moderate water uptake up to
RH ~ 35 % (p/p, ~ 0.35), but at higher pressure a sharp in-
crease in the adsorbed amount is observed. This behavior
suggests that in the case of MIL-101(Cr), water molecules
present in the ambient air at RH above 35 % will strongly
compete with BTEX species during adsorption, resulting in a
less efficient preconcentration performance (see below).

However, it should be kept in mind that all the results present-
ed in this section were obtained at equilibrium from single
component adsorption experiments, and that the performance
of the gas micro-preconcentrator is also highly dependent on
the adsorption-desorption kinetics and the gas composition.

3.3. BTEX detection performance with the micro-
analytical prototype. In this section, we present results con-
cerning the effect of the experimental conditions, in particular
desorption time and relative humidity, on the detection and
identification of BTEX compounds in the mixture. Figure 3
illustrates the dynamic response normalized per milligram of
adsorbent (S/m), of the microsystem for the detection of a
BTEX mixture with and without adsorbent in the gas micro-
preconcentrator for adsorption and desorption times equal to 5
and 2 min, respectively, and under nearly dry conditions (2 %
RH at 25°C). These first results confirm that the device is able
to selectively detect all the VOCs in the mixture in a short
time, ~ 11 min.

The discrimination of each compound is attributed to the use
of the GC micro-column prior to the resistive gas sensor. As
expected, the response of each compound was significantly
enhanced by using an adsorbent in the gas micro-
preconcentrator. The appearance of residual peaks after a
second injection indicates that the desorption process is not
complete under the conditions used. The presence of these
peaks is related to the adsorption affinity of the compounds
with the porous materials. Indeed, the higher the affinity, the



more difficult it will be to desorb the compounds from the
porous structure of the adsorbents.
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Figure 3. Dynamic normalized response, normalized per
milligram of adsorbent, of the micro-system for the detection
of BTEX in nearly dry air (2% RH at 25 °C) with and without
adsorbent in the gas micro-preconcentrator (desorption time
equal to 2 min).

For all tests, an adsorption time of 5 min was applied and the
concentrations of the BTEX compounds were 2.35, 3.08, 1.67,
2.50 and 2.88 ppm for benzene, toluene, ethylbenzene, ortho-
and para-xylene, respectively. From the normalized dynamic
responses shown in Figure 3 and normalized per mg of adsor-
bent, these peaks are most visible for DM2C, suggesting that
the adsorption affinity is the highest for this material. This
result is in line with the toluene adsorption isotherm at low
pressure (see insert in Figure 2 (e)). Despite this high affinity
for the compounds, DM2C exhibits the best performance for
the preconcentration of BTEX since the response intensity for
all compounds is the highest from the first desorption cycle.
As previously mentioned, the interconnected texture of DM2C
favors access to the micropores, which are responsible for the
surface area and therefore the BTEX adsorption capacity,
compared to the other adsorbents with higher BET area and
micropore volume (see Table 1).

Desorption time is the key factor determining the detection
performance of each compound. To be effective, the system
should detect each BTEX simultaneously with the maximum
possible response. Figure 4 (a) depicts the influence of desorp-
tion time on the response of each compound in dry air for the
DM2C material.

As can be seen in Figure 4 (a), the desorption of benzene is
very fast compared to that of the other compounds in the mix-
ture since the maximum response was obtained with a short
desorption time (less than 0.5 min). With a longer desorption
time, the response of benzene decreases rapidly indicating a
rapid desorption from the adsorbent. The response of the other
adsorbates increases gradually up to 2.5 min, except for tolu-
ene, for which starts to decrease after a desorption time equal
to 1.5 min. This indicates that all of these benzene-derived

compounds are more strongly adsorbed than benzene and
therefore need more time to completely desorb from the ad-
sorbents. Figure S1 demonstrates that the other materials (DaY
and MIL-101(Cr)) have the same behavior. These different
desorption rates of BTEX compounds can be explained by
both diffusional and thermodynamic factors. The diffusion of
BTEX within the porous structure of the adsorbents depends
on the size of the molecule in relation to the size of the pores
and their connectivity. Even though the selected VOCs exhibit
similar kinetic diameters, benzene is the smallest molecule in
this mixture, and hence its diffusion within the porous struc-
ture of the adsorbents is faster than that of the other com-
pounds. On the contrary, a molecule such as ortho-xylene,
exhibiting a larger Kinetic diameter, will have more difficulties
to enter and exit the microporosity of the adsorbents. The
interaction strength of the species with the adsorbents also
strongly contributes to the observed trend. Given the non-polar
character of these adsorbents, the main contribution to the
interactions comes from Van der Waals forces, which depend
on molecular polarizabilities. Indeed, the polarizabilities of the
studied species vary in the following order: o-xylene ~
ethylbenzene ~ p-xylene > toluene > benzene (see Table 2)
[41]. A similar order is observed for the variation of the re-
sponse of these BTEX species as a function of desorption time
in our micro-analytical device (Figure 4 (a)). These different
behaviors explain the disparity in desorption rate between
benzene and the rest of the compounds.

Thus, a compromise is needed to obtain the highest response
for each compound. In nearly dry air, a desorption time equal
to 2 min seems to be a good compromise to identify each
chemical compound with a high response. The impact of hu-
midity on the preconcentration performance of the system was
also investigated since the relative humidity of indoor air
usually varies between 30 and 60 % [43]. The electrical sig-
nals presented in Figure 4 (b) show the real-time responses of
the micro-system for humidity values of 30 and 60 % RH at
25°C compared to nearly dry air (2 % RH at 25 °C) after a
desorption time of 2 min. It is well-known that the presence of
water vapor affects the adsorption-desorption process.

Table 2. Comparison of polarizability () and kinetic diameter
(o) of benzene, toluene, ethylbenzene, p-xylene, o-xylene and
water [41].

Molecule 10% @ (nm”) o (nm)
Benzene 10-10.7 0.535
Toluene 11.8-123 0.525
Ethylbenzene 14.2 0.580
p-Xylene 13.7-14.9 0.580
0-Xylene 141-149 0.680
Water 1.44 0.265

In the presence of humidity in the mixture, the responses of
each compound decrease significantly compared to the re-
sponses in nearly dry air, for all the adsorbents used. As an
example, for DM2C, the presence of humidity (60 % RH at 25
°C) in the mixture made the desorption process faster for all
compounds (see Figure 4 (c)). In particular, the disparity pre-
viously noticed in dry air (see again Figure 4 (a)) was reduced
and all compounds desorbed in a shorter time. The same be-
havior was observed for the other adsorbents (Figure S2).
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Figure 4. (a) Evolution of the response for each compound in nearly dry air (2 % RH at 25 °C) as a function of desorption time for
the DM2C adsorbent. (b) Dynamic normalized response of the micro-system for the detection of BTEX as a function of humidity
for each adsorbent using a desorption time of 2 min; inserts show, in more details, the dynamic responses for 30 and 60 % RH at 25
°C. (c) Evolution of the response for each compound under 60 % RH at 25 °C as a function of desorption time for the DM2C ad-
sorbent. (d) Dynamic normalized response of the micro-system for the detection of BTEX as a function of humidity for each adsor-
bent using a desorption time of 1 min. For all tests, an adsorption time of 5 min was applied and the concentrations of the BTEX
compounds were 2.35, 3.08, 1.67, 2.50 and 2.88 ppm for benzene, toluene, ethylbenzene, ortho- and para-xylene, respectively.

This can be explained by the competitive adsorption of water
and BTEX on the surface of the adsorbents, occurring in
multicomponent adsorption-desorption processes. Faster
desorption under humid conditions allows for shorter desorp-
tion times. Thus, Figure 4 (d) displays the response of the
micro-system for 30 and 60 % RH at 25 °C after reducing
the desorption time to 1 min. It follows that, under humid
conditions, a desorption time of 1 min leads to better results
for all adsorbents compared to the optimal condition under
nearly dry air (2 min desorption time). We observed that,
regardless of the hydrophobic or hydrophilic nature of the
selected adsorbents, the preconcentration performance was
slightly reduced or, in certain cases, even improved in a
humid environment. In addition, the analysis time was re-

duced to ~ 10 min instead of ~ 11 min in the case of a nearly
dry atmosphere.

The electrical responses to different concentrations of BTEX
diluted in humid air (60 % RH at 25 °C) were also measured
in order to evaluate the analytical performance of the micro-
system as a function of the adsorbent used. The electrical
signals presented in Figure 5 (a) show the real-time respons-
es of the micro-system for different dilutions of the initial
BTEX mixture (see experimental conditions) and under 60
% RH at 25 °C.

As expected, the amplitude of the responses decreases with
an increasing dilution ratio. For DaY and MIL-101(Cr),
although benzene, toluene, ethylbenzene and para-xylene
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as a function of BTEX concentration and amplitude of the re-

sponse of each VOC with an adsorption time of 5 min and a desorption time of 1 min in humid air (60 % RH at 25 °C). (b) Influ-
ence of adsorption time on the response of each VOC (1 min desorption time) for the DM2C material under 60 % RH at 25 °C. (c)
Study of the repeatability and stability of the DM2C adsorbent during 18 weeks of use in humid air (60 % RH at 25 °C).

Table 3. Limit of detection (LOD) extrapolated for each compound for the DM2C adsorbent in the presence of 60 % RH at 25 °C.

Adsorption time (min) | Benzene (ppb) | Toluene (ppb) | Ethylbenzene (ppb) | p-Xylene (ppb) | o-Xylene (ppb)
5 12+£2 10+1 14+2 11+2 21+3
10 8+14 4+05 8+13 5+1.1 15+2
20 4+1 <1+0.2 3+£0.7 1+0.6 8+15

The DM2C adsorbent offers the best detection performance as
it was still possible to identify each compound in the mixture
with concentrations as low as 23.5, 30.8, 16.7, 25 and 28.8
ppb of benzene, toluene, ethylbenzene, ortho- and para-xylene,
respectively, and in the presence of humidity. It is worth not-
ing that these concentrations are the lowest that our experi-
mental set-up can generate (dilution of 100 from the initial
concentrations of BTEX compounds).

Based on these studies, DM2C appears to be a very promising
adsorbent for the preconcentration of indoor air VOCs, even in
the presence of high levels of relative humidity. Moreover, the
efficiency of DM2C can be further increased by using longer

adsorption times. Figure 5 (b) depicts the relationship between
the adsorption time and the response of each compound for the
DM2C material under 60 % RH at 25 °C. It is interesting to
note that the response increases progressively as the adsorp-
tion time increases from 5 to 20 min, suggesting that the de-
tection limit of the species can be lowered to a sub-ppb level.
Indeed, the detection limit of the system can be extrapolated
from the calibration curve as long as the sensor signal is great-
er than or equal to 3 times the noise (the average noise level of
the gas sensor is 0.01). Table 3 lists the extrapolated LODs
obtained for each compound. It follows that by increasing the



adsorption time, we can detect all BTEX compounds present
in indoor air with a high sensitivity.

Finally, we performed repeatability tests as well as stability
tests of the micro-system over time. Figure 5 (c) represents the
evolution of the response, for each BTEX compound, obtained
with the same DM2C-based gas micro-preconcentrator, in
humid air (60 % RH at 25 °C) and during 18 weeks of use. It
can be observed that the normalized conductance for each
VOC compound shows a slight variation (between 5 % and 10
%), which may be related to the drift of the metal oxide-based
gas sensor. Based on these results, over a period of 4 months
and more than 500 tests that include thermal cycles, DM2C
presents excellent stability and repeatability, which makes it a
very reliable adsorbent for the detection of trace VOCs in
indoor air under realistic relative humidity conditions.

Although in the last decade, efforts have been made to develop
compact detection devices [34, 44 - 47], very few studies have
been reported in the literature on the use of silicon-etched
preconcentrator and GC micro-column units combined with a
metal oxide-based gas sensor for in situ detection of BTEX in
humid air. However, we can cite the work of Zampolli et al.
[35] who identified a sub-ppb benzene concentration using a
sampling time of 55 min. It is noteworthy that the miniaturized
prototype presented in this study allows to achieve analysis
performances comparable to those presented in the literature
but with shorter analysis times (~ 10 min) and in humid condi-
tions.

4. CONCLUSION

In this study, we characterized the efficiency of three
nanoporous solids (DaY zeolite, MIL-101(Cr) MOF and
DM2C, a tannin-derived carbon) for the preconcentration of
trace amounts of BTEX compounds in indoor air. Each mate-
rial was placed in three different gas micro-preconcentrators
that are part of a micro-analytical prototype also containing a
GC micro-column and a miniaturized metal oxide-based gas
sensor. With the initial BTEX mixture containing 2.35, 3.08,
1.67, 2.50 and 2.88 ppm of benzene, toluene, ethylbenzene,
ortho- and para-xylene, respectively, all the selected adsor-
bents allowed the detection of BTEX compounds under both
dry and humid conditions (up to 60 % RH at 25 °C). The
response of the micro-analytical prototype to each BTEX
species was evaluated as a function of desorption time and the
variation was found to be molecule dependent. Due to this
effect, an optimal desorption time was determined in order to
detect all species. In the presence of humidity in the BTEX
mixture, this desorption time was lowered to about 1 min.
After diluting the initial mixture by a factor of up to 10, only
the DM2C material remained efficient as preconcentration
adsorbent for detecting the BTEX species. Thus, we have
shown that the excellent preconcentration performance of the
DM2C material allows the identification of each indoor air
pollutant with concentrations as low as 23.5, 30.8, 16.7, 25
and 28.8 ppb of benzene, toluene, ethylbenzene, ortho- and
para-xylene, respectively, and in a short analysis time, of
approximately 10 min. DM2C also showed excellent stability
and repeatability over a period of 4 months and more than 500
tests.
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