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Abstract. A novel 6-step microfabrication process is proposed in this work to
prepare microfluidic devices with integrated zeolite layers. In particular,
microfabricated preconcentrators designed for volatile organic compounds
(VOC) sensing applications are fully described. The main novelty of this work
is the integration of the pure siliceous MFI type zeolite (silicalite-1)
polycrystalline layer, i.e 4.0 £ 0.5 um thick, as active phase, within the
microfabrication process just before the anodic bonding step. Following this
new procedure, Si microdevices with an excellent distribution of the adsorbent
material, integrated resistive heaters and Pyrex caps have been obtained.
Firstly, the microconcentrator performance has been assessed by means of the
normal hexane breakthrough curves as a function of sampling and desorption
flowrates, temperature and micropreconcentrator design. In a step further, the
best preconcentrator device has been tested in combination with downstream Si
based microcantilevers deployed as VOC detectors. Thus, a preliminar
evaluation of the improvement on detection sensitivity by silicalite-1 based
microconcentrators is presented.

Keywords: MEMS concentrator, intergrowth zeolite layer, Silicalite-1, n-
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1. Introduction

Miniaturized integrated systems called lab-on-a-chip microdevices have been found great
acceptance in many fields such as bioassays, chemical reactions, separation, sensing platforms [1-5],
to name a few. Progress in this area has been preceded by the improvement in the techniques of
micromachining, microlithography, and microfluidics, which have allowed the miniaturization of
many devices currently incorporated in our modern life. Miniaturization allows the integration of
several processes into a single portable device; and furthermore, it introduces additional advantages
compared to macroscopic systems [6-7], such as providing new functionalities, better interaction
between components, process mass intensity, power consumption reduction or lower manufacturing
cost.

One of the most important advantages of analytical lab-on-a-chip devices is the low sample
consumption, being necessary in many applications a sample pre-concentration or controlled storage
of it. More specifically, this work pursues the development of a zeolite based microconcentrator
incorporated at the front end of a microcantilever based sensing unit for detection at ppm level of
volatile organic compounds from minute quantities of vapors (few microliters). Concentrating target
analyte in a stage prior to the detection unit, substantially improves detector response in terms of
sensitivity and selectivity. The key advantages of MEMS p-preconcentrators include sharper
desorption pulse, low energy consumption and ease of integration with microsensors. However, the
main technical difficulties rely not only on the properties of the active phase, i.e. adsorption capacity,
selectivity and desorption efficiency-reversibility; but also on the fluidic control of the sample, i.e.
minimum sample volume, flow rate for analyte collection, desorption bandwidth. In this field,
extensive efforts have been focused on the design, fabrication, integration of different microsensors
(temperature and pressure), careful adjustment of the operating conditions and performance
assessment for the specific application for which the device was conceived [8-19]. Important advances
have been carried out at the Virginia Tech MEMS Lab [11-15] and Integrated Environmental
Microsystems (University of Michigan) [16-19]; reporting great progress on microconcentrators with
integrated heaters and sensors oriented to portable gas chromatography for vapor trace detection
(explosive markers, hazardous pollutants, biomarkers of exposure/disease in breath...)

The core of any adsorption-based technology is an adsorbent. Selection of the active material
compromises efficiency and selectivity of whole microdevice, and even fabrication process [20-21].
Active materials most widely used in MEMS microconcentrators are engineering polymers like
Tenax® polymer (2,6-diphenyl-p-phenylene oxide) [22-23] or activated porous carbon [24-25]. Those
materials exhibit adequate sorption properties and are commonly deposited by pumping through the
fluidic channel. In this context, nanoporous materials like microporous zeolites have not been fully
explored as active coatings on u-preconcentrators.

Particularly, zeolites constitute a family of highly interesting technological materials, on account of
their framework structure, with pores of subnanometric size, and their remarkable properties in
catalysis and adsorption. The possibility of hosting different ions, atoms, molecules and clusters in the
zeolite structures has opened up numerous opportunities as nanomaterials with advanced properties.
Accordingly, our research pursues the exploration of new applications at the micro-scale, such as
microreactors, microsensors, smart coatings, drug delivery, etc... [26-27]. Given the interesting
properties of zeolite coatings, significant efforts has been devoted to combine the experience gathered
in growing zeolite films and the fabrication methods used in the electronic industry [28] to prepare
zeolite based microdevices on Si wafers following standard microfabrication schemes. Thus, zeolite
only microcantilevers and zeolite micromembranes on customized silicon nitride microsieves have
been successfully accomplished [29-30] and demonstrated for VOC detection and CO, separation,
respectively.

In this work, we present an innovative fabrication way to integrate zeolitic continuous layers as
active phase on the microfluidic channel. According to different reviews [9-10], the conventional way
to introduce the active phase, mainly polymers, is post-fabrication, once the microfluidic device has



been sealed and chip by chip. The solution of the sorbent precursor is commonly drawn through the
fluidic channel using a pump [20,25,31-34]. Scarce reproducibility on coverage and uniformity and
low throughput are the main drawbacks related to this approach. On the other hand, ink-jet printing is
becoming popular [22, 35-36]. Unlike previously, our strategy involves the synthesis and patterning of
the active microporous phase onto the microfluidic channel. Thus, sorbent loadings and uniform
coverage of the exposed surface are greatly improved; and, enhanced concentration and separation
capabilities towards the target analyte are expected. In addition, thanks to the incorporation of the
stationary phase - loading step within the microfabrication scheme, the reproducibility is notably
increased and the process is greatly simplified.

The selected zeolite as active phase for our microconcentrator is Silicalite-1, an MFI-type zeolite
with Si/Al ratio 0. MFI-type zeolites have been widely investigated in numerous adsorption and
diffusion studies on volatile organic compounds (VOCs), and particularly on hexane isomers [37-38].
The channel topology of MFI type zeolites consists of intersecting straight (elliptical with diameters
equal to 0.52 x 0.58 nm) and sinusoidal channels (circular with a diameter of 0.54 nm). Molecules
hosted in the narrow pores of MFI exhibit strong interactions with the pore walls, leading to
pronounced differences in adsorption depending on size, polarity, and shape. Henry adsorption
constant values depend on zeolite composition due to adsorbate—adsorbent interactions. At 20°-27°C,
the reported n-hexane (0.43 nm as kinetic diameter) sorption capacity of the silicalite-1 zeolite is
around 1.35 mmol/g [37-38]. Operating at lower temperatures increases both the equilibrium and
kinetic selectivity of n-hexane versus the di-branched hexane isomers, allowing selective sorption
processes [38]. Furthermore, all the zeolite adsorption capacities remain unchanged after several
adsorption—desorption (at 350°C) cycles [37]. Recently, metal-organic frameworks (MOFs) have
attracted increased attention due to their ultrahigh specific area. At 25°-27°C, the reported n-hexane
sorption capacity of MIL 101 is around 9.5 mmol/g [39]. However, the limited thermal stability of
most MOFs precludes their use on devices exposed to uniform thermal heating with short time
constants.

The quantitative analysis of mixtures of VOCs at the low concentrations is required for demanding
applications such as monitoring of ambient or indoor air pollutants [10, 40-41], explosive markers for
homeland security [20, 33, 42-44], breath analysis for biomedical diagnostics [14, 45-46] or for
forensic biomarkers identification [47]. Thus, the herein attempted combination of Silicalite-1 based
microconcentrators and microcantilevers has been validated on n-hexane detection at ppm level. In
this work, n-hexane has been chosen as probe molecule due to its hydrophobic nature (high affinity
towards de silicalite-1 framework) and its molecular diameter (0.52 nm). In addition, n-hexane is
commonly used as solvent and degreaser; and its occupational safety exposure limit (threshold limit
value-time-weighted average) is 20 ppm. Furthermore, the herein obtained results are also of particular
interest for other indoor - outdoor applications involving volatile organic compounds (alkanes,
alkenes, ketones, aromatics, aldehydes) with similar features.

2. Microfabrication process

Basically, the microconcentrator fabrication scheme involves 6 basic steps (A to F) comprising
photolithography, wet etching, synthesis of polycrystalline zeolite layer, anodic bonding processes. An
additional step (F) is included to integrate a metallic heater on the back side of the chip. The
experimental procedure is schematically depicted in Figure 1. This scheme can be followed not only
for microconcentrators, but for any other microfluidic devices with integrated silicalite-1 on channels.

4 in. diameter Si wafers (500+£20 pm thickness, <100> orientation, “p” doped and resistivity of 5-
10 Q-cm) supplied by Sil’Tronix Silicon Technologies were used. Firstly, the photolithography
process was carried out on the top side of the wafer to define the microconcentrator design (step A) by
using a specific negative-working photosensitive resist ProTEK® PSB (Brewer Science). The main
feature of ProTEK® is its non-degradable character under alkaline etching conditions [48]. This



property reveals essential for the herein proposed fabrication scheme due to the photosensitive coating
has to support strong alkaline conditions during KOH etching (step B) and zeolite synthesis (step C).
Bulk silicon etching (step B) is carried out with KOH (Panreac) 40% w/v at 80°C for 1 h in order to
define channel depth (~100 um). During this process, a special 4 in. PEEK holder (Advanced
Micromachining Tools GmbH — AMMT) is used to protect back side and edge of the wafer from the
alkaline solution. Once microchannels are fabricated and before ProTEK® PSB resist removal,
synthesis of Silicalite-1 type zeolite onto whole wafer (step C) is carried out as following the same
procedure described in previous works [28]. According to SEM observations, the zeolite layer is 4.0 +
0.5 pm thick. Free volume and exposed surface of the microfluidic channels are calculated taking into
account anisotropic behavior of Si etching. This phenomena leads the formation of trapezoidal
columns, provoking an increase of the zeolite loading on pillared designs. The zeolite loading for the
studied microconcentrators (see Table 1) has been estimated from the layer thickness, the designed
exposed area and the channel depth, considering 2 kg/m® as the density of the polycrystalline zeolite
layer [29]. .

A.  ProTEK PSB photolithography process B.  Channel definition by KOH etching

C.  Hydrothermal synthesis of Silicalite-1 layer D. ProTEK removal, lift-off process

F.  Photolithography, Au deposition, lift-off process

E. Sealing by Anodic bonding for heater definition on the back side

Figure 1. General microfabrication scheme for microconcentrator with integrated zeolite polycrystalline layer.



Figure 2 shows the photolithographic masks for the microconcentrators studied in this work.
Masks were designed by using Clewin5® software and were printed in high grade acetate film by
Micro Lithography Services Ltd. Four different designs are fabricated in every 4 in. wafer. Design B,
C and D will become a micro-pillared structure once they are fabricated; meanwhile, design A will be
a free- microfluidic channel. In general, pillars within microfluidic channels are aimed at improving
the gas and the stationary phase distribution; whereas, at the same time provide interfacial contact for
the anodic bonding (step E). Computer modelling in COMSOL Multiphysics was simultaneously
performed to ensure acceptable pressure drop values along the microfluidic devices. The theoretical
AP values are below 1 mbar for 10 mL/min. On the contrary, the experimental AP values are circa 30
mbar. These discrepancies are mainly attributed to the inlet and outlet ports where the sound-blasting
residues are accumulated.

Figure 2. Mask designs for the microconcentrators studied in this work. A: free-space microchannel; B, C and D
microchannel with pillars.

Table 1. Main features of the silicate-1 microconcentrators prepared for this work

Design Mask Area Exposed Surface Free Volume Coating Loading
(cm?) (cm?) (ML) (mg)
A (free microchannel) 5.3 5.4 535 44
B (free microchannel) 5.0 5.2 50.1 4.1
C (microchannel with pillars) 2.8 5.8 45.2 4.6
D (microchannel with pillars) 4.1 6.8 47.2 4.7




Lift-off process (step D) is critical due to zones protected by the ProTEK® PSB resist must be
extremely clean to be available for anodic bonding (step E) and to reach a good microdevice sealing.
Resist removal is carried out by piranha solution (1 H,O, 30 wt.% : 4 H,SO, 95%)(Aldrich) in a
ultrasound bath to accomplish zeolite lift-off and resist stripping. Note that higher concentrations of
piranha solution are not recommended, due to zeolite layer can also be damaged. After piranha
etching, wafer is rinsed and cleaned thoroughly with deionized water under sonication. Before anodic
bonding step (step E), the processing wafer is exposed at 480°C for 8 h in an electrical furnace for
zeolite activation, i.e. to release the porous framework of the silicalite-1 layer [29-30]. The
prefabricated Si wafer is sealed with Borofloat cover (Siegert Wafer GmbH) 500+20 um thick by
anodic bonding at 1000 V - 350°C.

The final step F is devoted to the resistive Au heater definition on the Si backside. This was carried
out by a standard lift-off process with 10 nm of Cr plus 150 nm of Au layers deposited by Electron
Bean Physical Vapor Deposition (Edwards auto-500), and the photolithography resist TI35ES
(Microchemicals) as a sacrificial layer.

Afterwards, the sealed wafers were diced, and the inner and outlet ports, 1 mm in diameter, were
drilled on the Pyrex side by sand blasting process (Alumina dust 170 mesh). Swagelok® stainless steel
connections were glued with Loctite Hysol 9492 A&B (specifically for temperature operation up to
180°C). Figure 3 shows a well-defined silicalite-1 microconcentrator ready for break-through testing
and gas sensing experiments.

Figure 3. Back side and top view of the silicalite-1 microconcentrator ready for break-through testing.

The heating element was simulated and experimentally tested at different power levels for a proper
characterization of the thermal heating by Joule effect with an infrared camera (see Figure 4). In order
to avoid material emissivity uncertainties, a black tape (emissivity £= 1) was pasted on the
microconcentrator backside nearby the Au resistors, and the obtained temperature reading values were
used for calibration purposes. The dissipated power levels increase from 14 mW to 7.76 W with the
DC voltage supply to the resistive element (from 5 to 15 V). From the infrared images, the estimated
average temperature on the Si backside varies from 36°, 83°C, 118°C to 160°C. These experimental
values correlate quite well with the predicted by COMSOL Multiphysics. Considering the epoxy glue
microfluidic connections, 8 W will be the maximum power level used for heating during the
desorption step.
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Figure 4. Resistive heater characterization: a) simulation for 15V; and b) infrared images (from left to right, top to bottom)
when 14 mW (5V), 3.45 W (10 V), 4.18 W (12 V) and 7.76 W (15 V) dissipated power levels.

3. Experimental details
3.1. Experimental set-up

A synthetic mixture from a certified gas cylinder containing 500 ppmV of n-C¢H14 in dry N, (Air
Products and Chemical. Inc.) was used for all the experimentation. A further dilution with dry N,
(99.999%) by means of mass-flow controllers was carried out when evaluating the performance of the
combined microconcentrator-microcantilever system. The experimental set-up is schematized in
Figure 5. For the desorption stage, a DC power (IPS-2303, ISO-TECH) was supplied to the resistive
heater. The n-CgH,, concentration was continuously monitored either by mass spectrometry
(Omnistar, Pfeiffer Vacuum) following the uma=56; or Si based microcantilevers coated with silicalite
crystals.
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Figure 5. Experimental set-up for breakthrough-testing and sensing.

3.2. Detection by microcantilevers as chemical sensors



The micromechanical structures herein used were fabricated from n-type SOI (silicon on insulator)
wafers by using standard optical lithography and bulk micromachining technologies with five-levels of
masks [41-42]. In general, p-cantilever sensors are configured to work as tiny microbalances with
theoretical mass detection limits around 50 fg for standard fabricated devices. For dynamic mode
operation, the effective mass change (Am) due to vapor sorption on the beam could be calculated from
the resonance frequency changes (Af). With the final aim of miniaturization and integration, individual
heating wires, actuation of the cantilever and mechanical resonance detection are integrated on each
cantilever. The actuation is based on the induced Laplace electromagnetic force due to the coupling
between the perpendicular magnetic field created by the magnet allocated on the chip basis and the
electrical current passing through the coil patterned on the top surface of the u-cantilever. In order to
detect the cantilever oscillation, semiconductor strain gauges are implanted at the surface of the
microstructures which are arranged in half Wheatstone bridge configuration. A first gauge is localized
where the stresses are maximum (the clamped-end of the beam); and the other reference gauge is on
the rigid substrate.

In this work, u-cantilevers 200 um wide, 15 um thick and from 535 um in length have been used.
Thus, the natural resonance frequency and the theoretical mass sensitivity (S) values are 69192 Hz and
16.7 Hz/ng, respectively. Similar cantilevers coated with nanoporous materials have been extensively
used in our group for VOC and explosive markers detection at ppm level [41-44]. For the purposes of
n-hexane detection, the Si microcantilevers herein used have been coated with silicalite-1 by
evaporative microdropping technique. Silicalite-1 crystals were synthesized in batch under the same
protocol as presented in microfabrication section. We spread an ethanolic dispersion of these crystals
(4 %wt.) on the top of the surface using piezo-driven inkjet printing technology (MD-E-201H,
Microdrop Technologies). For proper control of the sensing material location, we induced
instantaneous solvent evaporation during the dispensing process by means of a meander-type heating
resistor that is integrated in the cantilever. Following this procedure, the mass deposited, evaluated
from the resonant frequency shift, was of 366 ng. For the gas sensing type measurements, the chip
containing the silicalite-1 coated microcantilever was assembled on a Printed Circuit Board.
Afterwards, it was placed in a custom sensor chamber with cross-flow configuration through the
cantilever chip to maximize gas-solid contact. This sensor chamber is connected to the
micropreconcentrator device by means of SS transfer lines 1/8”.

The actuation and detection of the microsensing platform is carried out by a portable low-power
electronic interface capable of creating the excitation signal as well as obtaining the response values of
resonating microcantilever [44]. This portable electronic interface, also capable to regenerate the
nanoporous coating by thermal induced desorption, is solely fed by the 5V line from a USB
connection to a host computer. The excitation resonance frequency sweeps and dynamic tracking of
the mechanical response is performed by means of specific Matlab software implementation

4. Results and discussion
4.1. Silicalite-1 integration on the microfabrication process

In order to reach a well-sealed zeolitic microfluidic device is very important that zeolite only grows
in the microfluidic channels, keeping the top part of silicon wafer completely clean for the anodic
bonding. After several compatibility studies about different protecting layers (SiN, SiO,, or SU-8) and
chemical etchings, we had selected ProTEK® PSB resist as cornerstone of the process, because it is
appropriate for KOH step during channels etching and for silicon protection during silicalite-1
synthesis, and also the lift-off with piranha solution is compatible with synthesized silicalite-1 layer.
Due to these three main characteristics of ProTEK® PSB, microfabrication procedure can be carried
out directly on the whole wafer and by using standard techniques available in most common
microfabrication labs.



Figure 6 shows SEM images of the microconcentrators at different microfabrication steps.
Silicalite-1 growth was very homogenous along the channel cavity: walls (g= 54.74°) and ground level
(Figure 6.c). A preferential orientation (in the crystallographic plane “c”) of the well-intergrowth film
with a thickness of 4.0 £ 0.5 um is clearly observed. It should be pointed out that, ProTEK® PSB
resist plays as an excellent protector to silicon wafer from alkaline etching during hydrothermal
synthesis (pH 9-10 during 72 hours at 130°C), because no etching defects (inverted pyramids) are
observed in protected area after lift-off process (Figure 6.b). The goodness of the anodic bonding is
shown in Figure 6.f where the cross section of the sealed device is depicted. Moreover, in the
intersection (Figure 6.b), zeolite is at the same level or under silicon surface level; ensuring a smooth
surface for later anodic bonding.

d) e

Figure 6. SEM images of silicalite-1 microconcentrators: a) top view of silicalite-1 film grown on the microchannel, b) top
view of intersection between silicalite-1 layer and Si after lift-off process, c) cross-section of silicalite-1 layer grown onto
Proteck PSB® resist before lift-off process, d) and e) details of pillared structures and f) cross-section of the final sealed
device.

4.2. Standard characterization of the microconcentrators

In general, the dynamic retention capacity can be determined by continuously drawing a sample of
vapor in air through the microconcentrator and monitoring downstream for the appearance of
breakthrough. The breakthrough time t, is used as the measure of retention capacity and is defined as
the time required to observe 0.1 fraction of the inlet vapor concentration downstream from the
microconcentrator. Figure 7 shows the typical characterization experiment of one microconcentrator
(Design A) by on-line MS. This type of experiment was also conducted with a blank
microconcentrator (Design A without zeolite) in order to stablish the delay time of the whole system,
being 3.3 min. During the sorption step, a stream of a 5 mL/min at room temperature of calibrated
hexane is fed to the microconcentrator until breakthrough is observed (Figure 7.b). As it can be
observed, the microdevice is designed for exhaustive trapping as the entire mass of vapor(s) from the
sample stream has been completely removed along the first 42 min. From the first portion of the
breakthrough curve, i.e. up to C/C,=0.05 where the sorption active centers are in clear excess, mass



transfer kinetic coefficient of 6184 min™ has been calculated following the procedure detailed
elsewhere [18].

The saturation point, togs, is defined as the time required to observe 0.95 fraction of the inlet vapor
concentration downstream. At this moment, discharge phase starts and the flow injected to the
microconcentrator is switched to dry nitrogen (2 mL/min), and DC voltage is applied to the resistive
heater printed on the backside of the microconcentrator.

The most significant figure of merit for a preconcentrator is the preconcentration factor (PCF),
which is the ratio of the concentration of the analyte in the sample delivered to the detector “C”to the
concentration originally present in the inlet flow “C,”. A direct value of preconcentrator factor (PFC)
for design A can be extracted directly from the Figure 7.a. With the proposed silicalite-1
microconcentrator PFC of 48.9 + 10.4 (average from 4 experiments at identical conditions) has been
attained. The PCF of blank microconcentrator is 1 in agreement with a negligible contribution of n-
hexane on bulk silicon.

Furthermore, we have estimated the efficiency of the microconcentrator design by using (1), where
q» represents useful capacity of the bed [49] and ¢, is the total capacity of the bed. These values can
also be calculated as from the areas marked in Figure 7.b: A at tq 1o and B at tggs.

. .. dp A
sorption e clency = — = 1
p ff Y= T ATE 1)

Accordingly, the A type preconcentrator exhibits an efficiency of 0.918+0.010. This value underlines
the goodness of vapor-solid contact on the zeolite washcoated microfluidic channel with tangential
flow.
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Figure 7. a) Adsorption-Desorption experiment of A type microconcentrator under standard conditions followed by MS; b)
Comparison of the Break-through curve for type A design without (blank) and with silicalite-1 layer.

Following this procedure, the microconcentrators described in Table 1 have been fully
characterized under standard conditions. Table 2 summarizes the main results achieved. In order to
make a comparison between micro and macro devices, experiments carried out with a macro-
preconcentrator wrapped with wire heaters (fix-bed with similar zeolite loading: 4.8 mg of silicalite-1
diluted with quartz to avoid bypass and preferential channels) are also shown. The main conclusion is
that all microconcentrators have higher efficiency than fix-bed due to the uniform zeolite distribution
along the contactor and the improved gas-solid contact. In addition, at the same temperature,
microconcentrators achieve better PCF than fix-bed because of the integrated heater and the higher
heat transfer rates. In general, are characterized by large dead volumes and limited heating efficiency
due to their larger thermal mass, which subsequently contributes to the delivery of a broad time width
pulse of vapor [9-10]. The comparison between the four microconcentrator designs does not show
significant differences, as the adsorption efficiency exceeds 90% for all of them. These results reveal
that the zeolite integration during the microfabrication process has been successfully accomplished,
not been necessary the patterning of fluid distributors or pillared features to improve gas-solid contact.
Thus, the integration on process has proved to be feasible for the incorporation of inorganic
microporous coatings on microdevices, avoiding cumbersome and inefficient post-fabrication
procedures.



Table 2. Summary of the basic characterization results for the silicalite-1 microconcentrators under standard conditions.

Preconcentrator Type Adsorption* PCF*
Efficiency (desorption Temperature )

Design A free microchannel 0.918+0.010 48.9 + 10.4 (150°C)

Design B free microchannel 0.903+0.023 42.6 + 15.3 (150°C)

Design C microchannels with 0.888+0.011 13.7 £ 2.5 (105°C)
pillars

Design D microchannels with 0.946+0.010 30.9 +£1.2 (150°C)
pillars

Macro Fix-bed 0.471+0.046 28.5 (150°C)

*average of 4 different tests under identical conditions

The desorption bandwidth play a key role on the preconcentrator performance. Desirable features
include, among others, thermal heating with short time constants to reduce power consumption. Figure
8 shows the importance of desorption temperature on the PCF values. The microdevices were
thermostated for all tests by applying pulse width modulation to 10-12-15-20 V bias to the on-chip
heaters during the whole desorption stage, i.e above 5 min in duration. Thus, desorption experiments
with A type design were conducted at temperatures varying from 105°C to 170°C. Average results for
a given desorption temperature are compiled in Table 3.

As it was expected, the PCF values increases with temperature from 12.4 + 2.5 at 105°C to 58.3 +
3.0 at 170°C due to the endothermic character of the desorption process. Correspondingly, the
desorption bandwidth decreases with temperature from 233 s at 105°C to 107 s at 170°C. These values
are clearly exceeding those commonly reported in the literature, within the order of few seconds [16-
19] for VOCs on commercial carbon. Our explanation relies on the desorption temperature values
herein used, somewhat hindered by the microfluidic connections capable to withstand maximum
temperature of 180°C. In fact, these values are clearly lower than those commonly reported in the
literature for hexane desorption on MFI type zeolites around 300°C [38]; or even those used on
microconcentrators coated with activated carbons, around 225°C [16-19]. It could be concluded that
the operational performance could be notably improved by using high-temperature microfluidic
connections.
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Figure 8. Influence of desorption temperature on PCF values for type A microconcentrators.



Table 3. Average* PCF for type A microconcentrators as a function of desorption temperature.

Temperature (°C)

105

120

150

170

PFC

12425

38.6+3.1

48.9+104

58.3+3.0

* of 3 different tests under identical conditions

4.3. Assessment on the preconcentration performance

As it was already mentioned in section above, the basic characterization of microconcentrators has
been carried out under standard conditions, i.e 5 mL/min (adsorption flow rate), 2 mL/min (desorption
flow rate) and 150°C as desorption temperature. However, another desirable feature of preconcentrator
device include operation at high flow rates. In this work, we have attempted to evaluate the dynamic
retention capabilities of the fabricated devices. Thus, the performance of the type A microconcentrator
has been assessed by the modified Wheeler Model [18-19]. This model relates several important
design and operating parameters and involves both thermodynamic and kinetic factors. Among others,
the critical bed residence time, T «itical, represents the practical limit to miniaturization. That is, for a
given value of Q, this defines the minimum volume of the microdevice; or for a given size, this
determines the critical maximum flow rate, Q ¢iicar Based on our experimentally evaluated
equilibrium and kinetic data, the critical values are compiled in Table 4. The minimum concentrator
volume is 2.43 uL for the standard flow rate, i.e. 4.5% of the free volume for type A design (see Table
1). Similarly, the standard flow rate is 4.5% of the estimated critical value of 109 mL/min; indicating
that it could be enlarged further to reduce sampling time.

With a goal of developing a general guideline for stipulating maximum operating flow rates of p-
preconcentrators; a cut-off value at 60% bed efficiency is generally adopted [18-19]. The value of bed
residence time associated with this efficiency cut-off is considered the minimum safe value, Tz, and
the corresponding safe (i.e., maximum recommended) flow rate is therefore designated Qgy. The as
calculated values are 72 ms and 44 mL/min for tge and Qar, respectively. It could be concluded that
the operational performance of the as prepared microconcentrators is amenable for further
improvement by increasing the flow rate values.

Table 4. Critical and “safe” values of t and Q compared to standard conditions used in this work.

Q exptal

5mL/min

Q critical
109 mL/min

Q safe
44 mL/min

T safe

72 ms

T critical

29 ms

T exptal
636 ms

4.4. Performance of the combined microconcentrator -microcantilever system for n-hexane detection

In general, the microconcentrator is capable for substantially improvement on detector
sensitivity and selectivity. We have coupled the microdevice to a microcantilever chip for n-hexane
detection as “proof of concept” demonstration.

For such purposes, we have previously calibrated the response of silicalite-1 coated
microcantilever upon exposure to different n-hexane concentrations at ppm level (see Figure 9). The
cantilever calibration is carried out from known n-CgH4 - N, mixtures and following the standard
procedures already described in our previous works [41-44]. In particular, concentration steps 10 min
in duration were performed sequentially, i.e., 200 ppmV then 200 ppmV and so on until reach a final
concentration of 500 ppmV. Afterwards, a similar decreasing concentration pattern is applied. Figure 9



shows the resulting frequency shift for each concentration step. From the registered values, the
calculated sensor sensitivity is 0.2981 Hz/ppmV. Accounting from the experimental signal noise
(about 1 Hz), theoretical limit of detection (LOD) value below 10 ppmV is obtained.As it can be
observed in Figure 9, the recovery of the baseline using dry N, as sweep gas at room temperature is
incomplete, indicating that hexane remains adsorbed due to the high affinity of the silicalite-1 towards
hexane. To this end, the “in situ” zeolite degassing is performed by applying an adequate dc voltage to
the heating resistor embedded on the cantilever tip [41-44].
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Figure 9. Evolution of the resonant frequency upon the introduction of n-hexane vapors at room temperature for the Si
microcantilever coated with silicalite-1 crystals.

Once microcantilever calibration is accomplished and the sensing material is fully regenerated, the
microconcentrator unit is connected upstream of the microcantilever sensor and the whole system
“microconcentrator plus microcantilever” is ready to operate. Figure 10 shows a standard sensing
experiment of A type microconcentrator by on-line Si microcantilever coated with silicalite-1 crystals.
Firstly, the resonant frequency baseline is established by sweeping dry nitrogen (10 mL/min) for 5
minutes. Afterwards, the sorption stage is performed at 100 ppmV-10 mL/min for 5 minutes. During
this period, the frequency shift registered, once stabilized, is circa 20 Hz, i.e. lower than the sensor
response depicted in Figure 9 for similar concentration (~100 Hz). This behaviour is indicating a huge
part of the hexane in the nitrogen stream is being adsorbed on the A type microconcentrator. For the
desorption stage, 10 mL/min of dry N, are fed to the microdevice. This injection, some delayed due to
volume of transfer lines, modifies the sensor response; although the effect is clearly noticeable when
the microconcentrator heater is activated for 2.5 min. A huge desorption peak is registered with a
maximum frequency shift above 150 Hz. This instantaneous frequency shift agrees with the cantilever
signal when directly exposed to ~500 ppmV. Thanks to the A type microconcentrator, the whole
system “microconcentrator plus microcantilever” improves in 5 fold the n-hexane detection
capabilities. Once the DC power is switched off, n-hexane desorption on the microconcentrator by the
sweep gas takes place at lower rate. Finally, silicalite -1 from both, the microconcentrator and the
microcantilever, is fully regenerated by Joule-effect heating.
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Figure 10. Adsorption-Desorption experiment of 100 ppmV of n-hexane over A type microconcentrator followed by the Si
microcantilever coated with silicalite-1 crystals.

5. Conclusions

MEMS microconcentrators with integrated silicalite-1 polycrystalline layers as stationary phase
have been successfully prepared by following a 6-step microfabrication process. The n-hexane
breakthrough curves at standard conditions reveal that the zeolite integration during the
microfabrication process has been successfully accomplished, not been necessary the patterning of
fluid distributors or pillared features to improve gas-solid contact. Thus, the incorporation of inorganic
microporous coatings on the integrated process has proved to be feasible, avoiding cumbersome and
inefficient post-fabrication procedures.

The silicalite-1 microconcentrators outperform the conventional macro preconcentrator due to the
uniform and homogeneous zeolite distribution along the microfluidic channel, the improved gas-solid
contact on the washcoated device and the superior heating efficiency. Among the tested, type A
microconcentrators are clearly outstanding with PCF of 58.3 + 3.0 at 170°C as desorption temperature
and desorption bandwidth of 107s. Taking into account the n-hexane - silicalite-1 interactions, the PCF
of the as prepared microdevices could be notably improved by using high-temperature microfluidic
connections in order to increase the desorption temperature values. In addition, the analysis of the
dynamic retention capabilities of the microconcentrators indicates that the operational performance
(sampling time and retention capacity) is amenable for further improvement by increasing the flow
rate values from 5 mL/min to 42 mL/min. The goodness of the combined microconcentrator -
microcantilever system has been validated for detection of 100 ppmV of n-hexane, with a 5 fold
increase in the sensitivity of the whole system.
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