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Abstract 

Zeolite coated quartz crystal microbalance (QCM) is proposed as an efficient sensor for the 

detection of ethanol at room temperature. In this work, three zeolites DaY, ZSM-5, and BEA 

were investigated in order to determine the most efficient adsorbent for ethanol sensing at room 

temperature. The sensing performances were found to be mostly influenced by the acid site 

density and the zeolite’s pore size. The BEA coated QCM sensor exhibited the best 

performances with a high relative frequency shift from 9.0 × 10-7 to 2 × 10-6 for 10 ppm of 

ethanol. Furthermore, this sensor exhibited fast response and recovery times which makes it a 

suitable material for the monitoring of ethanol in the air. In addition, the ethanol diffusion order 

was evaluated using Fickian diffusion law and was found to be the highest for the zeolite BEA. 

A sensing mechanism was also proposed for the adsorption and desorption of ethanol into 

zeolites based on unstable protonated dimers, water and diethyle ether resides for the energy-

efficient ethanol sensor. 

 

Keywords: Zeolites; Brønsted and Lewis acid sites; Adsorption-desorption; Adsorbent coated 

QCM sensor; Relative frequency shift.  
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1. Introduction 

Air quality is a crucial determinant of a healthy life and people’s well-being, consequently air 

quality has attracted a lot of attention in recent years with the increasing levels of toxic 

chemicals found in the air. The health effects of these toxic chemicals vary greatly, from eye, 

nose, and throat irritation, to damage to the liver, kidney, or central nervous system, and in 

some cases even premature deaths [1–3]. Therefore, the development of highly sensitive 

sensors with fast response and low power consumption is of the utmost importance for the 

continuous monitoring of these compounds. Ethanol, listed as a toxic chemical, is widely used 

in the food, medical, cosmetic, oil refineries, and alcoholic beverage industries [4–6]. This 

compound is considered to be a hypnotic chemical that can cause several health issues such as 

the irritation of the eyes, difficulty in breathing, headache, drowsiness, and in some cases even 

cancer [2,4,7]. Moreover, the presence of ethanol in closed spaces is considered to be a fire 

hazard due to its highly flammable nature. This brings the need for systems capable of detecting 

ethanol at low concentrations (few ppm) without any external heating source (at room 

temperature). In the last few years, owing to their size-selective porosity and efficient chemical 

catalytic properties at room temperature [8–11], zeolites have seen their use for gas sensing 

applications. The choice of the most suitable zeolite is based on many characteristics such as 

the pore size, channel dimensions, catalytic behaviors, and especially Brønsted and Lewis acid 

sites density [12–16]. Their structure is formed by (SiO4)
4- and (AlO4)

5- tetrahedral (T) that 

share oxygen atoms to form a T-O-T with an angle between 130° and 180°. Tetrahedral are 

capable of combining in a variety of framework structures of limited aperture size over 

membered rings (MR) channels [17–19]. The acid sites in the zeolites are cropped up by the 

coordination of Al atoms in the framework under the necessity of charge-compensation to yield 

a neutral material. The presence of acid sites can have a major influence on the selective 

adsorption of gas molecules in zeolites [20,21]. Brønsted and Lewis are the two types of acid 

Jo
urn

al 
Pre-

pro
of



3 

 

sites found in zeolites. Brønsted acid site is “a molecular entity capable of donating a hydrogen 

(proton) to a base or corresponding chemical species”. On the other hand, the Lewis acid site 

is “a molecular entity that can accept an electron pair from the donor compound” [22,23]. Fig. 

1 shows the schematic of Brønsted and Lewis acid sites in zeolites [24]. 

Recently, several studies focused on zeolites to use it as a sensing material by itself or to 

enhance the performances of gas sensors (sensitivity, selectivity, response and recovery times) 

[25,26]. Among all these techniques, zeolite coated quartz crystal microbalance (QCM) based 

gas sensors seem to be an efficient way for the real-time monitoring of ethanol at room 

temperature. This technique consists of depositing or coating zeolites on a QCM to measure 

ethanol uptake and release. This technique is generally non-reliant on external heating and also 

label-free for the adsorption and the desorption phases during the physical/chemical processes 

of ethanol molecules on the zeolite’s surface [27–29]. The resonance frequency of resonator 

change (∆𝑓) is caused by the change in the mass (∆𝑚) on the quartz crystal of QCM due to the 

adsorption of ethanol on the zeolite’s surface according to Sauerbrey’s equation [30] 

∆𝑓 =  − 
2𝑓0

2

𝐴√𝜌𝑞𝜇𝑞
∆𝑚                               (1) 

Where 𝐴, 𝑓0, 𝜌𝑞 and 𝜇𝑞 are the active area, initial frequency, density (2.648 g/cm3) and Shear 

modulus (2.947 × 1011 g/cm.s2) of the quartz crystal, respectively.  

Out of the many available zeolites, the faujasite (FAU)-type zeolites are considered to be the 

most open framework of naturally occurring zeolites. For instance, the FAU framework of DaY 

consists of large sodalite cages (~11 Å) that are interconnected in a cubic manner over 12-rings 

channels with an aperture size of 7.4 Å [31–33]. The MFI framework of ZSM-5 has an 

arrangement of six secondary building units in order for 5-1 groups to combine and form a 

pentasil-like structure. This arrangement consists of straight channels that are interconnected 

by perpendicular sinusoidal channels over a 10-rings system. For ZSM-5, the straight and 

sinusoidal channels have an aperture of 5.4 × 5.6 and 5.1 × 5.5 Å [34,35]. On the other hand, 

Jo
urn

al 
Pre-

pro
of



4 

 

the beta-type zeolites have two topologically identical linear channel systems that are mutually 

orthogonal and perpendicular to the [001] plane in three poly-types combinations (a) 2 

polymorphs, (b) polymorph A (BEA), and, (c) polymorph B (BEB) [36,37]. Zeolite BEA has 

a three-dimensional flexible framework due to the presence of straight channels with a diameter 

of 6.6 × 6.7 Å  and perpendicular sinusoidal channels with a diameter of 5.6 × 5.7 Å over a 12-

rings pore system [38,39]. In this work, we studied the effect of ethanol concentrations on the 

sensing performances of three different porous structure zeolites DaY, ZSM-5, and BEA of 

FAU, MFI and beta frameworks, respectively. These zeolites were selected based on their 

distinct frameworks, porous volume, different surface properties and pore sizes (higher than 

the kinetic diameter of ethanol). The textural properties of each zeolite were evaluated using 

N2 adsorption-desorption isotherms. In addition, a morphological characterization was done 

using the SEM technique and the chemical signatures were studied using FTIR spectroscopy. 

The identification of an efficient zeolite for ethanol sensing at room temperature was done 

using a zeolite coated QCM by measuring their sensing properties at different concentrations. 

The order of diffusion coefficient was successfully estimated in DaY, ZSM-5, and BEA 

zeolites using Fickian diffusion law, and a schematic of the ethanol sensing mechanism in 

zeolites was proposed based on our observations. 

 

2. Experimental Details 

2.1 Adsorbents 

Three zeolites were deposited on the quartz specs of QCM in order to investigate their sensing 

capabilities. Dealuminated (DaY) faujasite zeolite, with a chemical formula Na2(Al2Si190O384), 

was purchased from Degussa with a particle size in the range 1-5 m.  Zeolite Socony Mobil 

(ZSM-5) and Beta polymorph A (BEA) were obtained using hydrothermal treatment from 

concentrated reaction mixtures in the laboratory of Interdisciplinaire Carnot de Bourgogne, 
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Dijon. More details can be found in [40–42]. The Si/Al ratio in DaY, ZSM-5, and BEA is 

estimated to be 95, 50, and 25, respectively. 

 

2.2 Characterizations of Adsorbents 

The textural properties of zeolites were characterized by N2 adsorption-desorption isotherms 

at 77 K using a Micromeritics ASAP 2020 sorptometer for DaY and Sorptomatic 1990 (Thermo 

Electron Corp.) for ZSM-5 and BEA. The surface area (ABET) and the pore size were calculated 

using the BET equation and Saito-Foley method, respectively. The deposition of a uniform 

layer of zeolites on the quartz crystal of QCM was confirmed by using FESEM (FEI Helios 

Nanolab 600i) technique. The identification of functional groups and chemical signatures were 

obtained using FTIR (PIKE MIRacle single reflection ATR) characterization technique. 

 

2.3 Zeolite coated QCM sensors and ethanol sensing measurements 

10 mg of zeolite powder was dissolved in 5 mL of pure ethanol and the solution was stirred 

using a magnetic stirrer for 4 hours in a closed neck glass bottle. Following this step, the 

zeolites were deposited on the Au/Ti electrodes of quartz specs of QCM using an air-gun spray 

method. During the deposition, the air pressure was kept below 0.25 bar and a polyethylene 

mask with an opening of 5 mm was used for a localized deposition on the Au/Ti electrode of 

quartz specs to avoid unwanted spread of the adsorbent on its surface. The quartz specs were 

kept in ambient air at room temperature for 40 hours to allow the evaporation of the solvent. 

Fig. 2 (a) shows a photograph of the pristine quartz specs which is ~ 13.9 mm in diameter with 

its Au/Ti electrodes in the center and a photograph of the adsorbent (BEA) deposited on the 

quartz specs. The diameter of the deposited adsorbent layer was measured at ~ 5.0 mm and 

with a weight of ~ 0.1 mg. In this work, all the adsorbents were deposited with an equally active 

area and nearly identical weight on the quartz specs electrodes. For ethanol sensing, each 
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adsorbent coated quartz specs was mounted on the QCM platform (purchased from Novaetech 

S. r. l.) which included an oscillator circuit loop. The output frequency was set on 10 MHz 

using an open QCM 1.2 computational program. First, each sensor was kept under synthetic 

air (~ 8 % relative humidity at 25 °C) with a flow rate of 200 mL/min at room temperature for 

1 hour to stabilize the QCM by achieving a constant frequency. The accuracy of the frequency 

measurement was estimated at ± 2 Hz. The same synthetic air was also used as a carrier gas for 

ethanol vapors and the dilution was done by changing the ratio between the airflow and ethanol. 

Ethanol concentrations were measured using the SGP30 ethanol sensor (purchased from 

Sensirion) with an accuracy of ± 3 ppm. The ethanol sensing measurements were performed at 

room temperature with concentrations of 10, 20, and 30 ppm. 

 

3. Results and discussion 

3.1 Adsorbent characterizations 

Fig. 2 (b) shows the N2 adsorption – desorption isotherms of DaY, ZSM-5, and BEA materials. 

High N2 uptakes were observed at low relative pressures (P/P0 < 0.01) showing the existence 

of narrow micropores. The adsorption – desorption hysteresis loops correspond to H4 for DaY 

and ZSM-5 and type IV for BEA according to the IUPAC classification. This indicates that 

DaY and ZSM-5 consist mainly of micropores and few mesopores while BEA is composed of 

micro and mesopores. The channel system  and textural properties of each adsorbent are listed 

in Table.1 [40,42–44]. 

The calculated ABET were 393 and 529 m² g-1 for ZSM-5 and BEA, respectively, and slightly 

higher for the DaY, around 716 m² g-1. However, the porosity present in DaY and ZSM-5 

consists mainly of micropores that represent more than 90 % of the total pore volume, while 

the micropore volume of and BEA only represents 33 % of the total pore volume. The average 

pore diameter was estimated to be around 5.5, 7.5 and 11.2 Å for ZSM-5, BEA and DaY 
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respectively. The kinetic diameter for ethanol being 4.3 Å, the chosen zeolites for this study 

represent a viable choice to trap ethanol as the molecules can enter the pores of the selected 

materials. 

Fig. 2 (c) shows the SEM images of DaY, ZSM-5, and BEA collected directly from the coated 

quartz specs of QCM. The surface of the DaY layer is composed of identical crystals with a 

typical grain size of hundreds of nm. Polygonal platelets were observed on the surface of the 

ZSM-5 layer with a grain size between 0.1 to 1.5 m. In the case of BEA, the surface is covered 

with nearly identical spheroidal particles with a typical size between 70 nm and 1.3 m. 

 

Fig. 3 shows the FTIR spectra of DaY, ZSM-5 and BEA zeolites obtained in the range of 1300 

to 4000 cm-1. Each spectrum was recorded with a 4 cm-1 spectral resolution. The main feature 

of the DaY spectrum is the presence of bands at 1410 and 1590 cm-1 that correspond to Lewis 

acid (LA) and Brønsted acid (BA) sites [45,46], respectively. The BA band is more intense 

compared to LA band, which may indicate a more significant active participation of BA sites 

in the DaY framework. A broad band is detected at 3410 cm-1 with a shoulder at 3690 cm-1 in 

the high frequency range that corresponds to OH stretching in Si-OH and Si-OH-Al groups. 

Similar low intensity LA and BA bands are detected in pristine ZSM-5. These bands are 

observed at higher frequencies (1450 and 1660 cm-1, respectively), and are shifted compared 

to the DaY. This shift could be due to the different structure, chemical composition and 

stoichiometry. The OH stretching broad band for ZSM-5 is also detected in the high frequency 

range at 3450 cm-1. The main feature of the BEA spectrum is that the intense LA band is 

detected at 1410 cm-1 , with this band corresponding to bridging extra-framework aluminium 

species [20,21]. Low intensity BA band is also detected at 1600 cm-1 and OH stretching broad 

band at 3410 cm-1. 
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The presence of strong LA and BA sites and OH stretching bands in the FTIR spectrum of 

adsorbents are attributed to the chemisorption along with the physisorption. The chemisorption 

can occur owing to the ethanol dehydration over the zeolites. As reported in the literature, an 

ethanol molecule is adsorbed at a proton site to form a hydrogen-bonded ethanol monomer and 

form unstable dimeric species following another ethanol’s molecule adsorption (schematized 

in Fig. 4 (a) and (b)). In the dimeric intermediate, the proton is placed between alcohol and 

oxygen atoms and subsequently, the protonated dimers are rearranged and decomposed into 

water causing an adsorbed diethyl ether that desorbs to regenerate the proton site (see Fig. 4 

(c)). The occurrence of protonated ethanol dimers through ethanol dehydration on zeolitic 

catalysts was confirmed in previous reports [47–49]. 

 

Another point is that the presence of silanol groups, anionic charges, and cations in the external 

surface of zeolites help the formation of local electrostatic fields that can contribute to the 

adsorption of ethanol. [50–52]. The presence of the intense LA band which corresponds to the 

bridging of extra-framework aluminum species in BEA zeolite can allow the volumetric 

adsorption of ethanol by the formation of alcohol-water dimer, alcohol-water-hydronium ion 

clusters, or extended hydrogen-bonded water network [53]. 

 

3.2 Ethanol sensing characterizations 

A study under a controlled environment was performed using the adsorbent coated quartz specs 

QCM to evaluate the effect of the porous structures on ethanol sensing. The performance of 

the resonator sensor was evaluated with ethanol adsorption and desorption processes at room 

temperature for different concentrations. The sensor’s performances can also be evaluated 

based on its specific characteristics such as the relative response, response time, recovery time, 

and repeatability. Fig. 5 shows the sensor’s relative frequency (∆𝑓/𝑓0 ) curves as a function of 
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time after a baseline correction, for (a) DaY, (c) ZSM-5, and (e) BEA coated QCM sensors 

with different ethanol concentrations (10, 20, and 30 ppm). The sensor’s response time (tRs) 

and recovery time (tRv) are the recorded time to reach 90% of the saturation point and the time 

required to return to 90% of the initial frequency, respectively [54]. The corresponding tRs and 

tRv change with ethanol concentration are summarized for each zeolite in Fig. 5 (b), (d), and 

(f). 

 

Two out of five measured curves are presented for each concentration, all the recorded curves 

were found to be similar which shows a good repeatability of the sensor for ethanol detection. 

The error-bars were calculated as the standard deviation from 5 trials. It was observed that the 

relative frequency increases with ethanol adsorption and reaches a saturation point followed by 

a decrease caused by the desorption of ethanol molecules returning to its initial baseline. These 

results show that the zeolite coated QCM sensors exhibited a good repeatability as well as a 

good reversibility. 

Fig. 5 (a) and (b) show the ethanol transients, response, and recovery times for DaY. The main 

feature of the DaY is that the saturation point was achieved rapidly (28 s) at 1.4 × 10-7 with a 

low relative frequency shift. Similarly, the desorption process was also completed very quickly 

with 10 ppm of ethanol (72 s). No significant changes were observed with higher 

concentrations of ethanol, the main difference is observed in the value of the saturation point 

which was found to be slightly lower at 1.2 × 10-7 for 30 ppm. The saturation point and the 

adsorption-desorption curves are not affected significantly with an increasing ethanol 

concentration revealing that the cage of DaY is filled rapidly. This can be explained by the fact 

that most of the porosity present in DaY is microporous which limits the accessibility to the 

entire porous space. Another important characteristic of the gas sensor is the sensing kinetic. 

The response time decreases linearly with increasing ethanol concentrations from 0.47 ± 0.15 
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to 0.20 ± 0.04 min. for DaY. Essentially, during the adsorption, this might be due to additional 

ethanol molecules that are being trapped at available surface sites with the increasing 

concentration and will occupy space in the adsorbent’s geometry faster compared to low 

concentrations. Moreover, the drop observed for tRv could be a result of the presence of large 

pores (11.2 Å) that allow an easy exit of ethanol molecules. In the case of ZSM-5, the saturation 

point was achieved very slowly at 2.3 × 10-6 relative frequency for 10 ppm of ethanol (see Fig. 

5 (c)). The different ethanol concentrations seem to not influence the sensing performances of 

ZSM-5 coated QCM. This could be due to the involvement of a secondary internal network 

accessed by ethanol in the MFI framework [56–58] that can enhance the deeper diffusion of 

ethanol molecules in the framework and gradual adsorption characteristics. The drop in the 

relative frequency shift with increasing ethanol concentrations may be due to the presence of 

water or ether resides and low density of Brønsted acid sites in ZSM-5 [22, 60]. N. Pfriem et 

al. [55] have studied the role of the ionic environment in enhancing the activities of reacting 

molecules in zeolite’s pores and found that the adsorption rate drops at higher concentrations 

of reacting molecules, due to the residing nature of protonated dimers and water in the zeolite’s 

micropore channels. This phenomenon can cause the space between two protonated boundaries 

to be changed equivalently as available electrolytes and the adsorption of reacting molecules 

can also be affected by the Brønsted acid sites density in MFI. Fig. 5 (d) shows the response 

and recovery times for ZSM-5. The tRs and tRv values support the idea of water or ether residing 

inside the structure as explained above, as they remain practically unchanged regardless of the 

ethanol concentration with an average value of 6.32 ± 0.38 min. and 6.26 ± 0.23 min. for the 

response time and recovery time, respectively. The dynamic responses of ethanol sensing for 

BEA are presented in Fig. 5 (e). The main attribute of BEA is that the saturation point was 

achieved rapidly at 9 × 10-7 with a high relative frequency. This shows that BEA exhibits a 

high affinity towards ethanol and allows an easy access to the mesopores [39,56]. A slight drop 
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of the relative frequency was observed after the saturation point was reached which can be 

explained by the self-desorption character of adsorbed ethanol. The well-connected porosity in 

BEA is in full display as the response increases with increasing ethanol concentrations. The 

rise in relative frequency with ethanol concentration can also be attributed to the presence of a 

high density of Lewis acid sites as observed in the FTIR spectrum for BEA. The local 

environment of Lewis acid sites creates the extra-framework metal or Al active species in three-

coordination and forms adjacent silanol groups that support more ethanol adsorption [57]. 

Thus, the high-density of Lewis acid sites supports the ethanol adsorption with a high 

concentration in BEA. Fig. 5 (f) shows the response and recovery times for BEA that were 

found similar to those observed for DaY. The response time decreases linearly with increasing 

ethanol concentrations from 0.63 ± 0.12 to 0.3 ± 0.06 min. due to the slow diffusion inside the 

porous network of BEA. A similar behavior was observed for the recovery time decreasing 

from 0.3 ± 0.03 to 0.2 ± 0.04 min. for 10 to 20 ppm and does not change significantly for 30 

ppm. This shows that ethanol molecules are following a similar desorption pathway up to a 

certain point and leave occupied space that might be disrupted by residing molecules. Table 2 

shows the comparison between this work and reported previous methods based on the sensor 

response, response time, and recovery time at room temperature for ethanol detection.  

Compared to other room temperature operated ethanol sensors, we found that the BEA coated 

QCM sensor shows a high sensor response for ethanol in low concentrations (few ppm). The 

response and recovery times were also shorter than other sensors in the same range of ethanol 

concentrations (around 10 ppm). This proves that the use of zeolite coated QCM sensors 

represents an easy method for the rapid detection of ethanol in air. 

 

Zeolite based gas sensor properties depend also on the diffusion behavior of gas molecules into 

its framework. The order of the diffusion coefficient of ethanol was estimated for DaY, ZSM-
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5 and BEA by applying Fickian diffusion law. We assume a constant diffusivity that is 

independent of local ethanol concentrations. Using Fickian diffusion law, the mass uptake 

during diffusion is predicted as [58]: 

𝑀𝑓(𝑡)

𝑀∞
= 1 −

8

𝜋2
∑

1

(2𝑛+1)2 
∞
𝑛=0 exp(−

4𝐷 (2𝑛+1)2 𝜋2𝑡

𝐿2
)            (2) 

Where 𝑀∞ is the mass loading at saturation, 𝑀𝑓(𝑡) is the mass loading in 𝑡 time, 𝐿 is the 

adsorbent film thickness and D is the diffusion coefficient. When 
𝑀𝑓(𝑡)

𝑀∞
 is plotted vs. 𝑡1/2, this 

curve produces a linear part for the initial stage of the adsorption phase. The slope of this linear 

part provides the diffusion coefficient. More specifically, the frequency of the QCM sensor is 

shifted with the mass loading of ethanol, one has: 

𝑀𝑓(𝑡)

𝑀∞
 𝑜𝑟

𝑓𝑡

𝑓∞
≈

8

√𝜋
√

𝐷𝑡

𝐿2                         (3) 

The slop from plot 
𝑓𝑡

𝑓∞
 vs. 𝑡1/2 curves can give an estimation of the order of ethanol diffusion 

coefficient for DaY, ZSM-5, and BEA. Fig. 6 shows the plot of 
𝑓𝑡

𝑓∞
 vs. 𝑡1/2 for (a) DaY, (b) 

ZSM-5, and (c) BEA with the initial point linear fitting for each one in red. We found that the 

slope is changing in order of DaY (0.059 ± 0.024) < ZSM-5 (0.101 ± 0.012) < BEA (0.249 ± 

0.026). This reveals that the ethanol diffusion into BEA (Beta frameworks) is more favorable 

compared to other adsorbents. This means that the BEA represents a suitable zeolite for ethanol 

sensing applications. Furthermore, the total acid site density that affects the extra-framework 

available aluminum species in each adsorbent is different in DaY, BEA, and ZSM-5. These 

species are responsible for the neutralization of Brønsted acid sites, blocking access to Brønsted 

acid sites, or enhancing ethanol interactions with the surface by the formation of super Lewis 

acid sites that are more favorable to ethanol’s molecules adsorption [59]. To sum up, on top of 

the mesopore volume in BEA, the presence of extra-framework aluminum species enhances 

the ethanol sensing properties. 
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4. Sensing mechanism 

The mass sensitive zeolite coated QCM sensor mechanism depends on the interactions between 

the adsorbent’s surface and ethanol molecules during the adsorption for the mass increase and 

during the desorption for mass decrease on QCM. This interaction can take place through 

physisorption or chemisorption process or both. Based on experimental investigation, an 

ethanol sensing mechanism is proposed and schematized in Fig. 7, where steps (i) to (iv) are 

devoted to the adsorption process and steps (v) to (vii) including (i) are devoted to the 

desorption process of ethanol. The sensing mechanism is mainly governed by weak O···C-H 

and typical O-H···O bonds on the zeolite’s surface and the change in mass on the quartz specs 

that are responsible for the frequency shift of the zeolite coated QCM sensor. In the adsorption 

process, step (i) when the zeolite coated QCM is loaded with ethanol, an ethanol molecule is 

adsorbed at the proton sites to form O···C-H bonded ethanol monomer, see step (ii). By the 

adsorption of another ethanol molecule in close proximity (the nearest neighbor), the dimer 

species are formed, as shown in step (iii). In the intermediate of the dimer, the proton can be 

held between the alcohol and oxygen atoms. These protonated dimers are capable of 

rearranging and decomposing inwater and an adsorbed diethyl ether (Ethoxy group), step (iv). 

The formation of protonated ethanol dimers was confirmed in previous studies during ethanol 

dehydration on zeolite catalysts [48,60,61]. The ethoxy group can transform whereas acid sites 

are regenerated and as a result can provide ethylene [62,63]. The desorption process begins 

with the elimination of water and ethylene from the zeolite’s surface, step (v). Similar to step 

(ii), the presence of another ethanol molecule on the zeolite’s surface is capable of forming 

ethanol monomer and this intermediate is transformed to an ethoxy group by replacing the 

proton in the Si (O-) Al sites and is also able to form an ethanol-ethoxy pair on adjacent oxygen, 

step (vi). Ethanol-ethoxy pair forms diethyle ether, step (vii) which is desorbed by regenerating 
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the acid sites which induces a mass decrease on the zeolite coated quartz specs of QCM, and 

the sensor start to resonate at its initial frequency. 

 

5. Conclusions 

In this study, we investigated the ethanol sensing performances of three different zeolites (DaY, 

ZSM-5, and BEA) coated QCM sensors at room temperature. The mesoporous network of the 

aforementioned zeolites is a key parameter in the detection of ethanol which allows the access 

of molecules to the microporosity. The mesoporous volume was estimated to be 7 %, 10 %, 

and 67 % for the DaY, ZSM-5, and BEA, respectively. Additionally, the high Lewis acid sites 

density in BEA confirmed by FTIR results tends to favor ethanol volumetric adsorption in 

comparison to the other zeolites. In the case of the BEA coated QCM, the compensating cations 

played a major role in the adsorption and desorption of ethanol resulting in good sensing 

performances with the highest response (relative frequency shift in the order of 2 x 10-6), the 

fastest response time (~ 38 s) and recovery time (~ 18 s) for 10 ppm of ethanol. The ethanol 

sensing mechanism in the zeolite-based sensor was also proposed which is mainly attributed to 

the chemisorption of ethanol supported by the formation of the unstable protonated dimers and 

water and diethyl ether resides. Therefore, the proposed BEA coated QCM sensor showed good 

sensing performances while operating at room temperature which makes it a suitable energy-

efficient sensor for the rapid detection of ethanol. 
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Table 1  

Channel system and textural properties (ABET: BET area, VT: Total pore volume and Dm: 

average pore diameter) of DaY, ZSM-5 and BEA [40,42–44]. 

 

Adsorbent 

Channel system Textural properties 

Dimension Windows 

Channel 

diameter 

(Å) 

Channel 

intersection 

dimension (Å) 

ABET 

(m2/g) 

VT 

(cm3/g) 

Dm  

(Å) 

DaY 3 12-MR 7.4 × 7.4 12 × 12 × 12 716 0.31 11.2 

ZSM-5 3 10-MR 

5.4 × 5.6 

5.1 × 5.5 

8.6 393 0.18 5.5 

BEA 3 12-MR 

6.6 × 6.7 

5.6 × 5.7 

13.9 529 0.22 7.5 
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Table 2 

Comparison between this work and reported previous methods on sensor response, response 

time, and recovery time at room temperature for ethanol detection. 

 

Ethanol detection 

methods 

Concentration Sensor 

response 

Response 

time (tRs) 

Response 

time (tRv) 

Ref. 

UV activated ZnO: 

MEMS 

10 ppm 10 %a 80 s - [64] 

ZnO2/PAA*/ZnO2/SF#: 

optical sensor 

12 ppm ~ 8 nmb 40 s 80 s [65] 

Silicon nanoporous 

pillar array: Capitance 

50 ppm 7 %c 15 s 30 s [66] 

PMMA**/parylene-C 

membrane: Surface 

sensor 

5 ppm 500 

µN/md 

- - [67] 

SnO2 doped PDDAC## 

: flexible sensor 

10 ppm 17 % a > 5 min > 8 min [68] 

Polyaniline coated 

QCM 

3ppm 12 × 10-4 e > 3 min > 1 min [69] 

BEA coated QCM 10 ppm 8.8 × 10-6 e 36 s 18 s Present 

work 

Poly(acrylic acid)*, Silica foam#, polymethyl methacrylate**, Poly Diallyldimethylammonium 

Chloride##; Sensor response, Rres(%)a = (Im-Is)/Im ×100, Rres
b = λair - λethanol, Rres(%)c = ΔC/C × 

100, Rres
d = σ air  - σ air , Rres

e = Δ𝑓/𝑓0. 
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Figure Caption 

 

Fig. 1 Schematic of Brønsted and Lewis acid sites in zeolite [24]. 

 

Fig. 2 (a) Photographs of pristine quartz specs (~13.9 mm diameter) with Au/Ti electrodes in 

the middle and with a coated adsorbent (BEA) with a diameter of ~5.0 mm, (b) N2 Adsorption 

– desorption isotherms for DaY, ZSM-5, and BEA, and (c) SEM images of DaY, ZSM-5 and 

BEA. 

 

Fig. 3 FTIR spectra of DaY, ZSM-5 and BEA. Orange, grey and blue represent the bands 

position of Lewis acid (LA) sites, Brønsted acid (BA) sites and OH stretching [45,46], 

respectively. 

 

Fig. 4 Steps of ethanol chemisorption on zeolite’s surface (a) Bonded ethanol monomer, (b) 

dimeric ethanol species, and (c) ethoxy group [47–49]. 

 

Fig. 5 Relative frequency reversible curves as the function of time for ethanol sensing at 10, 

20, and 30 ppm of (a) DaY, (c) ZSM-5, and (e) BEA coated QCM sensor, and the response and 

recovery times for (b) DaY, (d) ZSM-5, and (f) BEA with varying ethanol concentrations. The 

error-bars represent the standard deviation over five trials. 

 

Fig. 6 Plot of 
ft

f∞
 vs. t1/2 with the initial point linear fitting (in red) of: (a) DaY, (b) ZSM-5 and 

(c) BEA coated QCM sensor. 

 

Fig. 7 Proposed ethanol sensing mechanism for zeolite coated QCM sensor, steps (i) to (iv) are 

devoted for the adsorption process, and steps (v) to (vii) are devoted for the desorption process. 
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Fig. 1 
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Fig. 3 

 

 

 

 

 

Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Highlights 

 

• Zeolite coated QCM was used for ethanol sensing at room temperature. 

 

• Lewis acid sites density and the micro-mesoporous connectivity are the key parameters 

for ethanol sensing. 

 

• BEA coated QCM exhibited excellent sensing performances for ethanol at room 

temperature. 

 

• The sensing mechanism of ethanol with the BEA zeolite is presented and thoroughly 

explained. 
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