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Abstract

Adsorption is a commonly used technique for removal and analysis of gaseous pollutants due
to its cost efficiency at low concentrations. In this work, single and competitive BTEX adsorptions were
studied on three non-porous, mesoporous and microporous commercial adsorbents, namely Carbopack®
B, SBA-16 and HKUST-1, respectively. For all these materials, Cs aromatics were preferentially
adsorbed, preventing in some cases the adsorption of the most volatile species, i.e. benzene and toluene.
This behavior indicates that the competition phenomenon is closely related to the strength of adsorbate-
adsorbent interactions. Activation energies for the desorption process were determined to be 33.8 and

33.7 and 35.9 kJ/mol for Carbopack® B, SBA-16 and HKUST-1, respectively, demonstrating that



stronger interactions are present in microporous materials. Among the investigated adsorbents, SBA-16
seems to be the best candidate for air treatment and analysis since it exhibited high adsorption capacity,
moderate hydrophobicity, minimal roll-up and low activation energy for the desorption. The
experimental results obtained illustrate the complexity of multicomponent adsorption process on

materials with different porosity and surface chemistry.
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1. INTRODUCTION

Benzene, Toluene, Ethylbenzene and Xylenes isomers (BTEX) are a group of highly volatile
gaseous pollutants frequently found in indoor [1]-[4] and outdoor air [5], [6]. It is known from the
literature that these compounds have a negative impact on the environment since they contribute to the
formation of ozone and other photochemical oxidants [7]. Moreover, BTEX are either known for being,
or suspected to be, irritants, neurotoxins, allergens or carcinogens [8] and their exposure on a long term
basis presents a serious threat to the human health [9], [10]. Therefore, implementing effective strategies
for pollution control is of paramount importance to limit human exposure and prevent the environment

degradation.

Nowadays, numerous techniques based on physicochemical or biological processes have been
developed for gaseous pollutant’s removal such as thermal, plasma, catalytic or photocatalytic oxidation,
condensation, membrane separation, biological degradation, absorption and adsorption [11]-[13].
However, the pollutant concentration in indoor air or industrial environments is relatively low, ranging
from sub ppb level to a hundred of ppm. It is worthy to mention that not all removal techniques can be
effective at such low concentration ranges [14]. Furthermore, some of these methods are expensive or
require regular maintenance limiting their use at domestic scale. Among them, adsorption has been
demonstrated to be a technique that exhibits a good compromise between cost and efficiency for BTEX

removal at low concentrations.

At the same time, analytical methods such as gas chromatography are required to monitor air
quality and/or control the efficiency of the aforementioned depollution techniques. Since BTEX
concentrations are usually very low, the integration of preconcentration devices is generally needed to
increase the sensitivity of these methods. Thus, in the mentioned preconcentration unit, an adsorbent is
used to trap pollutant molecules and concentrate the sample that will be, subsequently, analysed by
conventional gas chromatography. The adsorbent requirements in pollutant removal as well as gas
analysis include a minimal breakthrough, large adsorption capacity, thermal stability and selectivity to
the targeted pollutants. Additionally, the desorption temperature should be moderate to enable an

effective, inexpensive and rapid adsorbent regeneration.



In this regard, several materials differing in structure, porosity and surface chemistry have been
lately investigated. Among these materials, carbon-based materials have been addressed as VOC/BTEX
adsorbents including activated carbons [15], [16], ordered mesoporous carbons [17] or carbon nanotubes
[18]. However, graphitised carbon blacks, typically employed for sampling [19] and gas analysis [20]
applications, have been scarcely evaluated in terms of adsorption capacity. In contrast, BTEX adsorption
capacity of a wide variety of silicas have been extensively studied as shown in Table 1. Multiple silica
structures such as SBA-15, MCM-41, MCM-48, KIT-6 or SiO; exhibited significant adsorption abilities
ranging from 15.78 to 415.39 mg/g towards benzene and toluene. Several MOF have been also employed
for VOC adsorption studies [21]-[24]. More precisely, HKUST-1 have been widely investigated for the
adsorption of various aromatic compounds such as benzene, toluene, p-xylene and o-xylene (see Table

2).

Despite the huge number of BTEX adsorption related studies to date, most of them have been
conducted at very high concentrations (5300 — 800000 ppm) as recently reported by Szulejko et al. [25].
Nevertheless, there is a lack of studies employing more realistic BTEX concentrations, ranging from 0.5

to 99 ppm [26]-[28].



Table 1. Summary of former studies on benzene and toluene adsorption on various types of silicas

SeeT Viotal Vmicro Dmeso Concentration Temperature Adsorption

Silica type (m?/g) (mL/g) (mL/g) R) Compound (ppm) (°C) Capacity (mg/g ads) Reference
SBA-16 572 0.72 - 3.4and 6.0 Toluene 100 23 24.88 This work
SBA-15 698 12 0.07 6.3 Benzene 1000 - 71.08 [29]
MCM-41 1088 0.92 - 2.9 Benzene 1000 -- 79.67 [29]
MCM-48 1210 1.02 - 24 Benzene 1000 - 76.55 [29]

KIT-6 912 1.29 0.13 6.3 Benzene 1000 - 98.42 [29]

SBA-15-1 612 1.00 0.05 5.6 Toluene 71.65 30 147.39* [28]

SBA-15-2 596 0.84 0.06 6.55 Toluene 71.65 30 190.74* [28]
MCM-41 538 0.64 - 2.38 Toluene 71.65 30 130.05* [28]

SiO; 558 0.8 - 4.33 Toluene 71.65 30 86.70* [28]
SBA-15 501 1.143 - 8.15 Benzene 1000 20 15.78 [30]

SBA-15 A 495 0.54 0.089 5.58 Toluene n. a. 25 167.42 [31]

SBA-15B 715 0.77 0.122 6.47 Toluene n. a. 25 187.27 [31]

SBA-15C 496 0.45 0.083 3.82 Toluene n.a. 25 415.39 [31]

SBA-15D 644 0.81 0.094 7.72 Toluene n. a. 25 321.58 [31]
MCM-41 539 0.64 - 2.43 Toluene n. a. 25 151.95 [31]

n. a.: not available data; * equilibrium adsorption capacity extracted from isotherm data; Dmeso: mesopore diameter



Table 2. Summary of BTEX adsorption studies on HKUST-1.

Reference (rSnB%) (r\é;it/aé ) (\r;ntc/rs) di:(r%ier Compound Conﬁsgg?tion Tem?oecr;:\ture Adsozrp:%c/)g aCélz:;)acity

This work 1733 0.89 0.68 5.4and 6.9 Toluene 100 23 7
[26] 11224 0.47 n. a. 7.5 Toluene 25 23 238
[26] 11224 0.47 n. a. 7.5 0-xylene 25 23 147
[27] 1237 0.47 n. a. 10.51 Toluene 99 25 150
[32] 907.2 0.46 n. a. n.a. Toluene 920000 25 516*
[33] 1718 0.68 n. a. n. a. o0-xylene 5925 125 297*
[33] 1718 0.68 n. a. n. a m-xylene 5925 125 255*
[33] 1718 0.68 n. a. n.a. p-xylene 5925 125 297*
[34] 1188.3 0.77 0.41 n. a. Toluene 950000 25 571*
[35] 1568.5 0.75 0.61 6.51 and 8.25 Benzene 64187 15 794*

n. a.: not available data; * equilibrium adsorption capacity extracted from isotherm data



On the other hand, a considerable number of compounds (pollutants) with different polarities
and molecular sizes are commonly coexisting in real environments [36], which may lead to competitive
adsorption on available adsorption sites, thus resulting in preferential adsorption. Therefore, the study
of multicomponent adsorption is a crucial issue to take into account when a material is assessed for
pollutant removal or gas analysis. In this sense, only few studies have simulated the adsorption of gas

mixtures including BTEX [26], [33], [37].

In this work, three commercially available materials differing in their composition, porosity and
surface chemistry have been selected to perform single and multicomponent adsorption of low
concentrated BTEX mixtures (10 - 100 ppm). Carbopack® B is a non-porous graphitised carbon black
traditionally used as a reference material in sorbent tubes for environmental monitoring [38], [39] and
preconcentration devices [40]-[42]. SBA-16 is a mesoporous silica with relatively high specific surface
area employed especially in catalytic applications [43, p. 16], [44], [45] and, to a lesser extent, in gas
analysis [46]-[48]. Finally, HKUST-1 (Cu3(BTC),) is a microporous MOF formed by copper nodes with
1,3,5-benzenetricarboxylic acid linkers between them. This material has been widely employed in
catalysis [49], [50], gas analysis [51] as well as in VOC adsorption [52], [53]. These three adsorbents
were characterized and evaluated in terms of adsorption capacity in single and multicomponent dynamic
adsorption experiments. Furthermore, toluene desorption activation energy was determined and
compared between the three materials. The present study provides, therefore, new experimental data
concerning the multicomponent adsorption of low concentrated BTEX mixtures, highlighting the

importance of adsorbate-adsorbent interactions on the competitive adsorption of aromatics compounds.

2. MATERIALS AND METHODS

2.1 Materials

Commercially available Carbopack® B (60-80 mesh, SUPELCO), HKUST-1 (Basolite® C300,
Sigma-Aldrich), and SBA-16 (ACS Materials) were used as received for adsorption tests. Toluene

diluted in synthetic air (100 ppm, Air Products, France) and BTEX mixture diluted in nitrogen (10 ppm,


javascript:Jmol.controls._click(null,34);
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Air Products, France) were employed in temperature programmed desorption (TPD) and dynamic

adsorption experiments.

2.2 Characterization of adsorbents

X-ray diffraction patterns were recorded on a Bruker D8 Advance diffractometer, with a Ni

detector side filtered Cu Ka radiation (1.5406 A) over a 20 range of 5-60°.

Scanning electron microscopy (SEM) images were acquired in a ZEISS GEMINI SEM 500

microscope using an electron high tension (EHT) voltage ranging from 2 to 6 kV.

The textural properties were analysed by means of nitrogen physisorption using a Micromeritics
ASAP 2420 equipment. Prior to analysis, the samples were outgassed at 180 °C for 5 h under vacuum.
The specific surface area was calculated using the Brunauer—-Emmett—Teller (BET) method. The total
pore volume was estimated by the single point method from the amount of adsorbed N at a relative
pressure (P/Pg) of 0.99. Pore size distributions (PSD) were determined using Barrett, Joyner, and
Halenda (BJH) method from the adsorption branch of the isotherm. The micropore volume and
micropore surface area were calculated by a t-plot method. Micropore size distribution was calculated

by Saito and Foley method [54].

Thermogravimetric analyses (ATG) were performed in a thermobalance coupled with a
differential scanning calorimetry apparatus (SDT 650, TA Instruments). The samples were analysed in

inert (N2) atmosphere from room temperature to 500°C by using a 10 K/min heating rate.

Temperature Programmed Desorption (TPD) experiments were used to calculate the toluene
desorption energy from the adsorbent surfaces. TPD analyses were carried out in a Micromeritics
AutoChem 11 2920 equipped with a TCD detector. Samples were outgassed in-situ at 280 °C during 1
h. Afterwards, they were cooled down to room temperature and a gas stream of 50 mL/min of toluene
diluted in synthetic air (100 ppm, Air Products, USA) was passed through the adsorbent bed for 15 min.

Subsequently, samples were analysed using a helium flow rate of 30 mL/min at several temperature



ramps between 10 and 30 K/min for Carbopack® B and SBA-16. Lower heating rates from 4 to 12

K/min were used on HKUST-1 samples to prevent adsorbent decomposition before toluene desorption.

2.3 Dynamic adsorption experiments

Carbopack® B, SBA-16 and HKUST-1 (15 mg) were packed separately in thermal desorption tubes
(Sigma Aldrich, USA) using two glass wool plugs. Prior to analysis, the samples were conditioned for
2 h at 280 °C under a helium flow of 50 mL/min using thermal desorber (TurboMatrix 350, Perkin
Elmer, USA) in order to ensure a clean surface. Then, the tubes were mounted on a self-made
experimental device showed in Figure S1 (Supporting Information). For a single component
breakthrough test, toluene diluted in synthetic air (100 ppm, Air Products, France) was flowed through
each tube under ambient conditions (room temperature, T=23 °C + 2 °C). As for the multicomponent
adsorption, BTEX mixture diluted in nitrogen (10 ppm, Air Products, France) was employed and flowed
at the same temperature, with a 5 mL/min flow rate in both experiments (Mass flow controller 1). The
effluent gas stream was continuously analysed by a gas chromatograph (UBTEX-1 In’Air Solutions,
France). Before the analysis and in order to avoid the detector saturation, the effluent was diluted using
a second mass flow controller operating at 995 mL/min and 95 mL/min nitrogen flow (99.999% purity,
Messer, Gemany) for single and multicomponent experiments, respectively, to obtain a concentration
of 500 ppb at the analytical instrument inlet. Prior to each adsorption experiment, the peak area
corresponding to the initial concentration (Co) was measured. To this purpose, the gas stream was flowed
through a bypass, diluted and analysed. For a given compound, the obtained bypass peak area was used

as reference to determine the time at which the adsorbent saturation is reached (C = Co).

The dynamic adsorption capacity (q) for given concentration and flow rate can be calculated as

the area above the breakthrough curve using the following equation:
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where g is the dynamic adsorption capacity per gram of adsorbent (mg/g ads), F is the volume gas flow
rate (m* min™), m is the mass of adsorbent (g), to is the initial time (min), t; is the saturation time (min),

Co is the initial concentration (mg m), C is the outlet concentration (mg m=) at a given time.

3. RESULTS AND DISCUSSION

3.1 Characterization of the adsorbents

XRD analysis of commercial adsorbents was carried out to assess the crystal structure (Figure
1). Briefly, Carbopack® B exhibits the characteristic diffractions of graphitic carbon (ICDD #00-023-
0064), HKUST-1 corresponds to those of C1oH10NsZn composite (ICDD #00-023-1971) while a broad
peak is observed in the case of SBA-16, which is ascribed to amorphous silica, usually appearing in the
XRD patterns of ordered mesoporous silicas. Related to the latter, the highest diffractions are observed
at small angles, not detectable with the present method. Nevertheless, XRD profiles allow confirming

the existing phases.
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Figure 1. X-Ray diffraction patterns of commercial adsorbents.
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Representative SEM micrographs of the studied materials are shown in Figure 2. Both Carbopack®
B and SBA-16 samples (Figs. 2a and 2b, respectively) are characterized by different sized agglomerates
(ranging from 10 to 180 um) with highly grainy surface. In contrast, HKUST-1 (Fig. 2c¢) exhibits a
homogeneous morphology constituted by smooth surface octahedral crystals having uniform sizes
between 10 and 25 um. The latter is congruent with previous literature reports [26], [35], [55], [56] or

was purchased as commercial material [57].

Figure 2. SEM micrographs of (a) Carbopack® B, (b) SBA-16 and (c) HKUST-1

The corresponding N2 adsorption-desorption isotherms are presented in Figure 3. Carbopack®
B (Fig. 3a) exhibits a type 11l isotherm according to the IUPAC classification, which is characteristic of
non-porous materials. The significant increase in adsorbed N, observed at P/Po = 0.8-0.95 suggests that,
at this point, all the layers were saturated, and the adsorbate molecules are filling the interparticle space.
Thus, the estimated total pore volume may not correspond only to the pores present on the adsorbent
but also to the space between particles. As displayed in Fig. 3b, SBA-16 exhibits a type IV isotherm,
characteristic of mesoporous materials. A hysteresis loop can be noticed at intermediate P/P, associated
to capillary condensation occurring in mesopores [58]. The form of the hysteresis curve, with two
different widths, reveals the presence of two different types of pores. This evidence was confirmed by
the pore size distribution (see Fig. S2) with pore diameters of nearly 3.4 and 6.0 nm. The high quantity
absorbed by HKUST-1 at low pressures (Fig. 3c) followed by a long horizontal plateau at higher

pressures is typical of type | adsorption isotherms and can be associated to a very strong adsorption
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within the micropores [37], [56], [59]. Most probable pore diameter were determined by Saito and Foley
method (see Figure S3) resulting to be 5.4 and 6.9 A, similar to the diameters of the small (4.5 A) and
large cages (9 A) theoretically presented in the MOF structure [53]. These diameters imply that, although
the dynamic diameters of BTEX molecules are larger (from 0.59 to 0.68 nm; see Table S1) than the size
of the small cages, they may enter inside the larger pores thus interacting by means of 7- stacking with

the organic linkers.
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Figure 3. Nitrogen adsorption (black) and desorption (red) isotherms at 77 K of (a) Carbopack® B, (b) SBA-

16, (c) HKUST-1

The textural properties of all studied samples are summarized in Table 3. As expected, the specific
surface area increases with the porosity (112, 572, 1734 m? g * for Carbopack® B, SBA-16 and HKUST-
1, respectively) with the highest value for the microporous adsorbent. Concerning the pore volume,
SBA-16 presents a total volume of 0.72 cm® g2, barely lower than that observed for HKUST-1, 0.89
cm® gt These adsorbents exhibit therefore similar pore volumes but different pore diameters.
According to the pore size distribution, 95% of the total pore volume in SBA-16 corresponds to pores
having 3.4 or 6.0 nm diameter (Vmeso). In contrast, most of the pores in HKUST-1 have diameters around
0.54 and 0.69 nm. The micropore volume of HKUST-1 sample was calculated to be 0.68 cm?® gt which

corresponds to 77% of the total volume, thus assessing a highly microporous nature.
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Table 3. Textural properties of investigated adsorbents

SBET Vtotal Vmeso Vmicro Dpore
Sample
(m?g) (emigh)  (emig?)  (cmPg?) (nm)
Carbopack® B 112 - - - -
SBA-16 572 0.72 0.68 - 3.4/6.0
HKUST-1 1733 0.89 0.14 0.68 0.54/0.69

Sget: BET surface area; Viotal: total pore volume; Vimeso: mesoporous volume; Vmicro: microporous volume; Dyore: pore diameter.

In order to evaluate both the thermal stability and water affinity of the adsorbents, a
thermogravimetric study was carried out over the samples after 2 h of exposure to ambient air (Figure
S4). All samples have in common a first weight loss situated around 100 °C, usually ascribed to
physisorbed water. As deduced from the thermal profiles, Carbopack B is the most hydrophobic
adsorbent (showing less than 2% weight loss at 100°C) followed by SBA-16 (6%) and HKUST-1
(exhibiting 32% weight loss between 80 and 150°C). It is well known from the literature that HKUST-
1 exhibits a high affinity towards water [26], [35], [55] since water molecules can coordinate to the free
copper sites [60]. These results are in agreement with those observed by Seo et al. [61] reporting a
weight loss of 30% at ~110°C associated to a presumed loss of 15 water molecules (29.7%) per Cus unit
present in HKUST-1 structure. This great affinity to water prevents the use of HKUST-1 as an effective
adsorbent in moist environments since water molecules may occupy adsorption sites resulting in a
considerable decrease in the adsorption capacity. Nevertheless, this adsorbent can be employed for VOC
removal in dry environments such as aircraft cabins where the relative humidity ranges between 2 and

23% [62].

HKUST-1 decomposition takes place at around 320°C as evidenced by a dramatic weight loss
of ~30% accompanied by a heat release (exothermic peak), which is usually ascribed to the MOF
decomposition into Cu.O and CuO [55], [61] and the subsequent benzene di-carboxylic group oxidation
[63]. The material decomposition involves the loss of its chemical structure and, thus, its adsorption
properties. Consequently, this temperature must not be exceeded during the activation/desorption

process. No remarkable thermal events were observed at higher temperatures. As depicted in Figure S4a
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and S4b, Carbopack® B and SBA-16 suffered a total weight loss of 3 and 7%, respectively, up to 400°C,

demonstrating high thermal stability.

3.2 Single component adsorption experiments

Single aromatic adsorption experiments were carried out using toluene as probe molecule
(Figure 4). The breakthrough curves represent the evolution of the pollutant concentration in the effluent
leaving the adsorbent bed as a function of time. They provide information about the bed adsorption
capacity and the Kinetics of the adsorption process. Three different zones can be distinguished in these
consecutive curves: the unsaturated zone, mass transfer zone and saturated zone. The first zone ranges
from the beginning of the experiment (to) to the breakthrough time (t,). Usually, in air treatment, even a
very low amount of pollutant in the effluent is not allowable; therefore, the breakthrough time is reached
when 5% of the concentration of the feed (Co) is leaving the adsorbent bed. Prior to the breakthrough,
adsorption can be considered complete. Industrially, the quantity of pollutant adsorbed during this stage
represents the usable capacity of the reactor. From the breakthrough point, the concentration measured
at the outlet progressively increases until the saturation time (t;) is reached (C/Co = 1). The steepness of
the concentration profile between t, and ts represents the mass transfer zone. The profile of this zone
provides insights about the mass transfer from gas phase to the adsorption sites inside the sorbent
particles. From an industrial point of view, a short mass transfer zone is preferred considering that from
t, the adsorption is considered ineffective. From ts, all the adsorption sites are occupied, and no further
adsorption takes place. Therefore, the measured concentration of the effluent at the outlet is equal to the
concentration of the feed. At this point, the dynamic adsorption capacity of the adsorbent under the

operating conditions can be determined.
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Figure 4. Breakthrough curves of toluene over SBA-16 (blue), Carbopack® B (red) and HKUST-1

(green). Toluene concentration = 100 ppm, flow rate 5 mL/min.

Table 4 shows the obtained breakthrough times and the calculated dynamic adsorption capacities.
Although the duration of the unsaturated zone is similar for the three adsorbents, HKUST-1 exhibits the
shortest breakthrough time. It could be somehow related with the adsorbent density, which is different
in each case. Certainly, HKUST-1 density (bulk density of 0.35 g/cm®) was higher compared to
Carbopack® B and SBA-16, which implies that the adsorbent bed length was slightly shorter and, thus,

toluene molecules might pass through faster.

As evidenced by the breakthrough curves, the mass transfer zones have different shapes depending
on the adsorbent, being the steepness of the concentration front related to the kinetics of the adsorption
process. In this way, the breakthrough curve of HKUST-1 increases sharply from the breakthrough point
to the saturation suggesting fast toluene adsorption Kinetics. It might be related both to the particle size,
as smaller sizes should enable higher intraparticle mass transfer rates, and with the presence of
micropores. HKUST-1 consists of smaller particles (10 — 25 um, see Fig. 2), compared with the other

two adsorbents (10 — 180 um), which may lead to shorten the mass transfer zone.

15



Table 4. Breakthrough times and adsorption capacities obtained in toluene adsorption experiments

Adsorbent Breakthrough time (min) Adsorption Capacity (mg/ g ads)
Carbopack® B 54 18.74
SBA-16 32 24.87
HKUST-1 20 6.96

The adsorbent adsorption capacities were calculated from the area below the respective
breakthrough curves (Fig.4). Surprisingly, the adsorbent with higher specific surface area (HKUST-1)
led to the lowest adsorption capacity, suggesting that toluene adsorption may be influenced by different
factors. Theoretically, in HKUST-1, the structure is composed by two large cages with a pore diameter
of 9 A and internal diameters of 13.2 and 11.1 A connected to 6 A sized smaller cages with 4.5 A
diameter. These values are slightly different from those obtained experimentally (5.4 and 6.9 A),
however, in both cases, toluene molecules (kinetic diameter = 5.8 A) are not expected to enter in the
smaller cages, but they can be adsorbed in the larger ones. Nevertheless, if HKUST-1 is slightly
hydrated, the water molecules may reduce the opening diameter of pores thus preventing the entrance
of toluene molecules [26], [64]. Despite the existence of adsorbed water molecules is highly unlikely
after the adsorbent outgassing at 280 °C, it has been demonstrated that the powder pre-treatment at
temperatures above 250 °C may cause a drastic decrease in porosity [53], hence reducing the available

surface area.

In contrast to HKUST-1, SBA-16 presents the highest adsorption capacity compared to other
adsorbents. The results suggest that the presence of large pores (3.4 - 6.0 nm) can lead to an increase in
the adsorption capacity, as demonstrated by Zhang et al. for the toluene adsorption over UiO-66 MOF
[65]. They reported an enhancement of toluene dynamic adsorption capacity of the micro-mesoporous
UiO-66 compared to the microporous counterpart, due to an increase in the molecular transfer rate that
allows toluene molecules to diffuse in the material further thus increasing the residence time of the
adsorbate molecules in the adsorbent bed. Moreover, it seems that the adsorption of toluene molecules
in larger pores can promote the adsorption of new toluene molecules by m-m stacking within the

mesopores, which may lead to higher adsorption capacity. Carbopack® B exhibited lower adsorption
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capacity than SBA-16 probably due to its lower specific surface area and, thus, less available adsorption

sites.

Comparison with the literature

The adsorption of aromatics has been widely studied in the last years. However, the variability
of the conditions used in the experiments render difficult the comparison of the results. Table 2
summarizes the results for aromatics adsorption previously reported over HKUST-1 [26], [27], [32]-
[35]. Since most of the studies were performed at very high concentrations (5925 - 950000 ppm)
compared to ours (10 ppm), the measured adsorption capacities in these studies were (in comparison)
rather high. Only the results reported by Vellingiri et al. [27] were conducted under similar conditions
(initial concentration of 99 ppm and 25 °C) and can be compared to the adsorption capacity determined
herein. In this regard, our measured toluene adsorption capacity over HKUST-1 sample (6.96 mg/g) was
significantly lower than the value of 150 mg/g obtained by Vellingiri et al. The difference could be
associated to the temperature employed during the outgassing process, 170 °C (Vellingiri et al.) instead
of 280 °C (this study), which would further confirm that HKUST-1 is very sensitive to the temperature,

starting its structural degradation at T < 280 °C.

Similarly, Table 1 summarizes the obtained results for both benzene and toluene adsorption over
micro- and mesoporous silicas. As noted above, most of the experiments were conducted at very high
initial concentrations, which do not provide representative data for realistic environments. Mesoporous
silicas with diverse structures have been tested for aromatics adsorption, some of them combining meso-
and micropores. The latter ones exhibited higher adsorption performance due to the stronger interactions
of the molecules in the narrow pores that promotes their adsorption. Indeed, considering only the
mesoporous silicas, the pore volume did not seem to be a key parameter influencing the adsorption,
whilst a linear increase in adsorption capacity appears to be related to the decrease in the pore diameter,
as shown in Figure S5 for toluene. This may explain the low toluene adsorption capacity of SBA-16

compared to other silicas with narrower mesopores.
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As for graphitised carbon blacks solids, few data addressing BTEX total adsorption capacity
have been found in literature. In contrast, these materials have been traditionally used for VOC
sampling; the studies dealing mainly with its regeneration [40], uptake rates [39] and samples stability
[66]. Furthermore, Carbopack® B has been lately replaced by Carbopack® X due to its higher specific
surface area (240 m?g to be compared with 112 m?/g for Carbopack® B). The adsorption capacity of
this material was investigated by Khan et al. that reported a benzene adsorption capacity of 6.79 mg/g
(50 ppm, 25 °C) [67]. This value, relatively lower than the toluene adsorption capacity found for
Carbopack® B in the present work, could be explained by the lower volatility of toluene, as it will be

highlighted during the multicomponent experiments.
3.3 Multicomponent adsorption experiments

Single component adsorption experiments allowed determining the adsorption capacity of each
material, illustrating the differences on toluene adsorption among them. In indoor air, however, a broad
spectrum of gaseous pollutants usually coexists, resulting in competitive adsorption phenomena.
Therefore, the capacity of an adsorbent for pollutant removal or analysis cannot be based solely on the
adsorption of a single compound. To determine this capacity in a more realistic environment, a mixture

of aromatic compounds was employed for dynamic adsorption experiments.

Figure 5 illustrates the obtained breakthrough curves for BTEX under ambient conditions
(T=296 K * 2 K), using a feed of 5 mL/min containing 10 ppm of each pollutant. For each adsorbent,
the plot is composed of five breakthrough curves corresponding to each single compound in the mixture,
excepting coeluted m- and p-xylenes that are represented by the same curve. In general, the obtained
plots are somewhat comparable, and higher boiling point compounds are preferentially adsorbed
following the order benzene > toluene > ethylbenzene > m/p-xylenes > o-xylene. Nevertheless, the
concentration profiles and the calculated adsorption capacities (see Table 5) for each compound vary
from one adsorbent to another suggesting that slightly different adsorbate-adsorbent

interactions/diffusional processes are co-existing.
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Initially, all compounds were completely adsorbed, excepting benzene over Carbopack® B that
passed through the adsorbent bed from the beginning. Afterwards, the other species start to break
through in accordance with their increasing boiling point. In this way, the outlet adsorbate concentrations
start to rise, reaching, in the case of benzene and toluene, higher values than the inlet concentration
(C/Co > 1). This phenomenon, called roll-up, appears when the thermodynamic effects govern the
adsorption process [68] i.e. the adsorbate with weaker interactions is replaced by other species with
more favourable adsorbate-adsorbent interactions. Roll-up was observed over all materials in different
degrees, resulting in the desorption of the most volatile compounds in favour of the adsorption of the

less volatile compounds.

SBA-16 and Carbopack® B present minimum benzene/toluene roll-up whereas over HKUST-1 the
effect is more pronounced. Consequently, the adsorption capacities of each compound were strongly

related to adsorbate-adsorbent interactions as well as to the presence of micropores.
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Figure 5. Breakthrough curves for BTEX over Carbopack® B (a), SBA-16 (b), and HKUST-1

(c). BTEX concentration = 10 ppm, flow rate 5 mL/min.
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In Carbopack® B, London interactions are the prevailing adsorbate-adsorbent forces that govern
the adsorption process due to the non-polar surface of this material. Consequently, the adsorption
capacity for each compound is considerably different due to the different strength of these interactions
and, logically, follows the order of the boiling points (0-xylene > m/p-xylenes > ethylbenzene > toluene
> benzene) provided in Table S1. It should be noted that the effect of the competitive sorption between
the different species in this material is remarkable, resulting in the total desorption of the most volatile
compound, i.e. benzene. Therefore, special attention should be paid when this material is used to

remove/analyze benzene or similar boiling points pollutants in presence of less volatile compounds.

Even when interactions of different nature can be established, London forces are usually the
driving force in the adsorption of high boiling point molecules, having also high molecular mass. It is
known from the literature that in mesoporous silicas, the hydroxyl groups located at the surface may
behave as weak acid sites interacting with the w-electrons of the aromatic rings [69], [70]. Hence, in
SBA-16, adsorption can take place via London forces and weak n-system—hydrogen bonding of the
aromatic ring with silanols. For these dipole forces, the strength increases with the polarizability of the
molecule, which explains the low adsorption capacity obtained for benzene and toluene compared to
ethylbenzene and m/p-xylenes. As in the previous case, the adsorption capacity follows the order of the
boiling points (o-xylene > m/p-xylenes > ethylbenzene > toluene > benzene). Obviously, 0-xylene, with

its highest boiling point and high polarizability, demonstrated the highest adsorption capacity.

Similarly to SBA-16, BTEX adsorption in HKUST-1 occurs through London forces as well as
n-interactions but, in this case, these interactions are between the aromatic ring of the adsorbate and
those presented in the HKUST-1 structure [71] formed with benzene 1,3,5-tricarboxylate linkers. Once
again, the adsorption capacity follows the order: o-xylene > m/p-xylenes > ethylbenzene > toluene >
benzene. However, the roll-up observed in the breakthrough curve for benzene and toluene is
considerably more pronounced than in the mesoporous silica. This difference is probably due to the fact
that in HKUST-1, BTEX molecules are adsorbed within the micropores instead of mesopores, and the

BTEX molecules size is very close to that of micropores. Since London forces are distance sensitive,
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they are expected to play an important role in the adsorption within the micropores resulting in a huge
difference between the adsorption capacities of smaller molecules, i.e. benzene and toluene, compared

to the larger molecules.

These results are in line with those reported in other studies. Chevalier et al. performed
breakthrough experiments of 1.25 ppm binary mixtures of toluene and 0-xylene on HKUST-1 [26]. They
observed a pronounced roll-up effect of toluene indicating highly selective adsorption of o-xylene over
toluene. Peralta et al. investigated the single and competitive adsorption of xylene isomers on HKUST-
1 [33]. In single experiments, they found similar adsorption capacities for the three isomers, with a
slightly higher value for o-xylene. Nevertheless, in multicomponent experiments, a preferential

adsorption of o-xylene over m- and p-xylenes was reported.

As a priori expected, the results regarding total adsorption capacity in the multicomponent
adsorption study are consistent with those obtained in single component experiments. Total adsorption
capacity followed the order SBA-16 > Carbopack® B > HKUST-1. It is clear from our results that
multicomponent adsorption is a complex process in which polarizability, molecular size, surface
chemistry and porosity play a crucial role. In this context, the multicomponent breakthrough curves can
provide valuable information about the key aspects in competitive adsorption of pollutants according to
their characteristics. SBA-16 has demonstrated the highest adsorption capacity for aromatics in both
single and multicomponent experiments. Moreover, among the investigated materials, the mesoporous
silica exhibited the minimum roll-up, thus avoiding the release of compounds previously adsorbed,
which can be dangerous since benzene is the most hazardous one. Therefore, SBA-16 can be a promising
candidate for applications to pollutant removal and analysis. Nevertheless, for its use in absorbers at

industrial scale, enough length should be expected to prevent early breakthroughs.
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Table 5. Breakthrough times and adsorption capacities obtained in multicomponent adsorption
experiments

Breakthrough time (min) Adsorption Capacity (mg/ g ads)

Compound CB SB HK CB SB HK
Benzene 1 11 28 0 0.6 0.16
Toluene 23 40 44 1.47 2.81 0.82
Ethylbenzene 51 99 70 3.31 8.16 3.25
m/p - Xylenes 116 129 76 6.13 8.96 3.45
0 - Xylene 190 159 73 7.32 9.67 3.59
Total - - - 18.22 30.2 11.28

CB: Carbopack® B; SB: SBA-16; HK: HKUST-1

3.4 Desorption activation energy of toluene

In gas analysis as well as in pollutant removal, the activation energy of the desorption process
of contaminants is a crucial parameter for a sound selection of an adsorbent. This energy should be
relatively high to enable the trapping of pollutants at room temperature but low enough to permit its
desorption at moderate temperatures, typically in the range 150 — 350 °C. In this context, TPD is
powerful surface analysis technique providing valuable information regarding desorption Kinetics,
reaction order or desorption activation energy, as well as the variation of each of these factors with

respect to the adsorbate coverage [72].

In this work, toluene TPD experiments were carried out at different heating rates, between 10
to 30 K/min, over Carbopack® B and SBA-16 samples. Lower heating rates from 4 to 12 K/min were
used over HKUST-1 to prevent adsorbent decomposition before toluene desorption. The obtained

desorption curves are displayed in Fig. 6.

Whatever the adsorbent, only one desorption peak was detected, thus indicating that the
adsorption of toluene took place from a single adsorption site. As illustrated in Fig. 6, an increment in
the heating rate led to an increase in the peak desorption temperature (T,). SBA-16 and Carbopack® B
exhibited similar desorption temperatures at the same heating rates, whilst higher temperatures were

required for HKUST-1. This implies that higher energies are required to desorb toluene from this
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material and, consequently, either the toluene-adsorbent interactions are stronger or the diffusional
limitations higher compared to those of SBA-16 and Carbopack® B. Relating this to the obtained results
during the competitive adsorption experiments, where toluene was released from HKUST-1 (Fig. 5¢), it

might be expected that the adsorbate-adsorbent interactions of C8 aromatics could be even stronger.
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Figure 6. Toluene desorption TPD curves over Carbopack® B (a), SBA-16 (b) and HKUST-1 (c)

samples at different heating rates.

The desorption activation energy (Eq) of toluene can be estimated using the data from TPD

experiments [71], [72], [73] according to the Polanyi-Wigner equation [76]:

g A

0™ exp (— E;/RT) (2)

ar g
where 6 is the surface coverage, T (K) is the temperature, A (s™!) is the desorption rate coefficient,

(K's™) is the heating rate, n is the order of the reaction, E4 (J mol™) is the activation energy of the
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desorption and R (J mol~' K™!) is the ideal gas constant. During the desorption, the desorption peak

2
temperature T, is reached when Z—TZ = 0. Taking this into account and assuming that desorption follows

first order kinetics, Eq. ((2) yields:

RT? Ey4 Ey
In( —2) =1 (_) = 3)
n( 5 ) =In 1 +RTp

2
In this way, by plotting ln(%) versus 1/T,, the toluene desorption activation energy over the

different materials can be calculated (Fig. 7). The obtained desorption activation energies are 33.7, 33.8
and 35.9 kJ/mol for SBA-16, Carbopack® B and HKUST-1, respectively. These values are very close,
indicating that the strength of the adsorbate-adsorbent interactions is similar in all investigated materials.
Among them, HKUST-1 exhibited a barely higher desorption activation energy probably due to both
the stronger toluene electrostatic interactions within the micropores and the expected lower diffusional
coefficient. In addition, the presence of benzyl groups in HKUST-1 structure allows forming n-n
interactions with toluene, hence enhancing the energy required for the desorption. In the case of
mesoporous and non-porous materials such as SBA-16 and Carbopack® B, the molecule diffusion
should not be limited, thus leading to a lower desorption activation energy. Nevertheless, the activation
energy was found to be almost identical on SBA-16 and Carbopack® B, suggesting that the presence of
pores much larger than the size of the adsorbate molecule did not significantly influence the adsorbate-

adsorbent interactions.

The activation energy of the desorption process was 35.9 kJ/mol for HKUST-1, being barely lower
than 43.8 kJ/mol reported by Xu et al. [75] for toluene and slightly higher than the value of 33.8 kJ/mol
determined by Zhao et al. for the desorption of benzene [35]. This difference might be mostly related to

the lower benzene cross-sectional area, which allows a better diffusion within the micropores.
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Figure 7. Linear dependence between In (RT?%/B) and 1/T, for TPD of toluene on SBA-16 (blue),
Carbopack® B (red) and HKUST-1 (green). The desorption activation energies are derived from the

slope according to Eq. (3).

From an industrial point of view, a lower desorption energy is preferred since less energy is required
for the adsorbent regeneration, thus resulting in more cost-effective processes. Therefore, considering
only the energy aspect, SBA-16 seems again to be the best candidate for pollutant removal and analysis

among the studied adsorbents.

4. CONCLUSIONS

In this study, three commercial adsorbents with different porosities and surface chemistries were
characterized and their BTEX adsorption was assessed in terms of breakthrough time and adsorption
capacity. Firstly, single component dynamic adsorption studies were carried out using toluene as a probe
molecule. Those results suggest that breakthrough time is closely related to both particle size, being
shorter for smaller particles, and the micropores presence. From the breakthrough curves, adsorption
capacity values of those materials were calculated to be 18.7, 24.9 and 7.0 mg/g for Carbopack® B,

SBA-16 and HKUST-1, respectively. It was expected to find an increasing adsorption capacity as
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specific surface area increases. However, the material with larger specific surface area (HKUST-1)
exhibited the lowest adsorption capacity, pointing out possible diffusional limitations related to the
microporous structure. The same trend in adsorption capacity was found during multicomponent
adsorption experiments. Furthermore, roll up effect was observed to some extent with all adsorbents.
The intensity of this phenomenon was related to adsorbate-adsorbent interactions in each case,
indicating that the strength of these interactions plays a major role in competitive adsorption. Roll-up
effect is of great importance when using adsorbents in air treatment, since hazardous compounds can be
released even when the adsorbent is far from saturation. Finally, the activation energy for toluene
desorption determined by TPD technique was 33.8, 33.7 and 35.9 kJ/mol for Carbopack® B, SBA-16
and HKUST-1, respectively. The microporous material (HKUST-1) exhibited the highest desorption
activation energy due most probably to both stronger molecule interactions and diffusional limitations
within the micropores. Non-porous (Carbopack® B) and mesoporous solids (SBA-16) exhibited almost
identical energies suggesting comparable adsorbate-adsorbent interactions and diffusional coefficients.
Among the investigated adsorbents, SBA-16 seems to be the most appropriate for air treatment due to
its superior adsorption capacity, minimal roll-up and low desorption temperature. Nevertheless, a
detailed study of the adsorption capacity of this material after several regeneration cycles should be

performed to fully evaluate its suitability for air treatment and gas analysis.
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