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Abstract: Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are pollutants of concern due to their
long-term persistence in the environment and human health effects. Among them, perfluorooctane
sulfonic acid (PFOS) is very ubiquitous and dangerous for health. Currently, the detection levels required
by the legislation can be achieved only with expensive laboratory equipment. Hence, there is a need for
portable, in-field, and possibly real-time detection. Optical and electrochemical transduction mechanisms
are mainly used for the chemical sensors. Here, we report the first gravimetric detection of small-sized
molecules like PFOS (MW 500) dissolved in water. A 100 MHz quartz crystal microbalance (QCM)
measured at the third harmonic and an even more sensitive 434 MHz two-port surface acoustic wave
(SAW) resonator with gold electrodes were used as transducers. The PFOS selective sensing layer was
prepared from the metal organic framework (MOF) MIL-101(Cr). Its nano-sized thickness and structure
were optimized using the discreet Langmuir-Blodgett (LB) film deposition method. This is the first time
that LB multilayers from bulk MOFs have been prepared. The measured frequency downshifts of around
220 kHz per 1 pmol/L of PFOS, a SAW resonator-loaded Qy -factor above 2000, and reaction times
in the minutes’ range are highly promising for an in-field sensor reaching the water safety directives.
Additionally, we use the micrometer-sized interdigitated electrodes of the SAW resonator to strongly
enhance the electrochemical impedance spectroscopy (EIS) of the PFOS contamination. Thus, for the
first time, we combine the ultra-sensitive gravimetry of small molecules in a water environment with
electrical measurements on a single device. This combination provides additional sensor selectivity.
Control tests against a bare resonator and two similar compounds prove the concept’s viability. All
measurements were performed with pocket-sized tablet-powered devices, thus making the system
highly portable and field-deployable. While here we focus on one of the emerging water contaminants,
this concept with a different selective coating can be used for other new contaminants.

Keywords: gravimetry; perfluoroalkyl and polyfluoroalkyl substances (PFAS); PFOS; metal-organic
frameworks (MOF); MIL-101(Cr); surface acoustic wave (SAW) resonators; quartz crystal microbalance
(QCM); Langmuir-Blodgett (LB) films; chemical sensors; water purity monitoring; electrochemical
impedance spectroscopy (EIS)
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1. Introduction

“Per- and polyfluorinated alkyl substances” (PFAS) is used as a generic term for
highly fluorinated aliphatic substances consisting of at least one fully fluorinated carbon
atom (—CF;) [1]. The C-F chemical bond is very strong, which makes these chemicals
very stable and highly resistant to hydrolysis, metabolism, photolysis, and other forms
of degradation [2]. The adverse effects on human health have made these emerging
contaminants part of the legislation protecting the environment and humans worldwide.
For example, in the latest European Union Directive on the water intended for human
consumption [3], the maximum allowable level of PFAS contaminants in water was set to
0.1 ng/L, and 20 PFAS substances with —C,,F,,— chains between 3 and 13 carbon atoms
were identified as the most dangerous and subject to control. The updated advisory
levels, which are based on new science and consider lifetime exposure, indicate that some
adverse health effects may occur with concentrations of perfluorooctanoic acid (PFOA)
or perfluorooctane sulfonic acid (PFOS) in water that are near zero according to the US
Environmental Protection Agency (EPA) [4]. This is one reason that this research focuses
on the PFOS compound [5].

To measure the low levels of these contaminants, enrichment with solid-phase ex-
traction is required, followed by chromatographic techniques combined with mass spec-
troscopy [1,6]. These methods are very sensitive and precise, but their use has many
drawbacks. They require expensive laboratory instrumentation, well-trained personnel,
and extra care in sampling to avoid contamination, and there is a significant time lag
between taking the sample and producing results. Hence, there is a considerable demand
for in-field sensors that can continuously monitor water purity for PFAS contaminants in
real time. Several groups are working toward this goal, and their work has been reviewed
recently [1,5-7].

A fast chemical sensor requires special attention in preparing a thin, uniform, and
well-controlled sensing layer. Compared to simple deposition techniques like spin coating,
dip casting, and sputtering, the Langmuir-Blodgett (LB) discreet layer deposition method
is considered much superior [8,9]. The LB technique can be used with a wide variety of
compounds, including organic molecules, nanoparticles, enzymes, and nanocomposites.
This fabrication technique is favorable for practical application as it allows fine control over
film thickness, uniformity, and molecular orientation and can be combined with surface
functionalization. Still, it is one of the most complex nano-thin layer technologies and
requires expensive equipment [9]. In some cases, layer-by-layer (LbL) and self-assembled
monolayers (SAMs) can also provide suitable coating characteristics [8].

The sensing layer has to be selective to the PFAS contaminants. Here, the choices
are limited to only a few options. Molecularly imprinted polymers (MIPs) can provide
sufficient selectivity [7,10,11]. While MIPs are chemically and physically more stable than
natural receptors, there are still problems with incomplete template extraction, or the
binding sites can interact with more than one analyte, affecting sensor reproducibility.
The first and only aptamer-based PFAS sensor was recently produced by a self-developed
aptamer [12]. However, aptamers are less physically and chemically stable toward the
in-field environment and can degrade enzymatically [7]. A third alternative for the PFAS
sensing layer is the metal-organic frameworks (MOFs). These are crystalline hybrid ma-
terials consisting of transition metal ions coordinated to organic molecules, forming a
well-structured periodic 3D framework architecture. These advanced materials can be
compared with sponges. Due to their versatile porous structure, high surface area, and
chemical and thermal stability [13], MOFs show unique abilities—taking up, holding, and
releasing molecules from their pores by applying different stimuli such as heat, pressure,
light, or a magnetic field. They are deemed suitable for various applications, such as gas
storage and separation, catalysis, energy conversion, and biomolecule encapsulation [14].
Their fabrication, modification, and patterning progress is constantly monitored [15-17].

MOF nanosheets created using the LB method are a promising field of supramolec-
ular architecture design [18]. For such applications, the MOF crystals’ different sizes,
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morphologies, and orientations are studied using XRD and SEM [19]. MOF nanofilms
(such as NAFS) are obtained using LB and LbL [20,21]. Alternatively, ultrathin MOF
and polymer films of NH,-MIL88B(Fe) and a commercial polyimide were produced us-
ing the LB method [22]. Such films are successfully used to obtain ultrathin MOF-based
mixed matrix membranes [23]. The preparation of MOF thin films also from bulk crystals
is reviewed in [24]. A greener method was proposed to synthesize MIL-101(Cr) and
prepare some 100 nm-thick films using dip-coating [25]. The only LB films of MOF
nanoparticles, only three LB layers thick, were tested for CO, absorption by QCM [26].
Cr3F(H;0),0[benzenedicarboxylate]s. nH,O (MIL-101(Cr)) MOF was shown to be very
effective in CO, adsorption [26], the detection of VOCs [27-30], bisphenol A [31], formalde-
hyde [32], pigments [33], humidity [34], gas sensing [35], and tumor marker detection [36].

The MOF MIL-101(Cr) is chosen in this study as it is very efficient at PFOS adsorption
and removal [37]. It was shown that MIL-101(Cr) can adsorb significantly more PFAS com-
pared to zeolites, activated carbon, and other porous structures and MOFs [38]. It is stable
in water, commercially available from reputable sources, and very selective and sensitive
to the PFOS contaminant tested here [39]. Its selectivity was proven even when given the
challenge of tackling groundwater. Using this MOF, the highest sensitivity in situ sensor
for the PFOS contaminants was realized using electrical impedance detection [39]. Our
work, for the first time, makes a preliminary investigation, optimization, and deposition of
LB films from bulk MOFs and thus creates superior and faster sensing layers.

The gravimetric transduction mechanism is considered the best method in sensor
transduction because there is no need for data interpretation—the adsorbed mass is directly
related to the measured analyte concentration. Gravimetric acoustic devices like SAW
resonators and QCMs were readily used for measurements in the gas phase or detecting
heavy biological molecules or whole cells in liquids [40—42]. So far, no PFAS or similar
small molecule detection has been made with a gravimetric device in liquid media. Here,
we present a proof of concept that this is possible. The results from the most sensitive
acoustic resonators QCM at 100 MHz resonant frequency measured in the first and third
harmonics in water showed no monotone change in the resonant frequency downshift on
PFOS concentration increase. However, an even more sensitive two-port SAW resonator
at 434 MHz tested in the air after analyte adsorption from water showed an almost linear
frequency downshift at micromolar PFOS concentrations. This was combined with electro-
chemical impedance spectroscopy (EIS) measurements using the strong signal-enhancing
effect of the SAW resonator’s interdigitated microelectrode structure. [39]. Thus, additional
sensor selectivity is achieved, as the different transduction methods on a single device can
differentiate between two analytes with similar responses in one method but different in
the other.

2. Materials and Methods
2.1. Materials

The MOF MIL-101(Cr) was purchased in powder form from NovoMOF AG (Zofingen,
Switzerland). The nitrogen adsorption-desorption tests (Figure S1) yielded a surface
area of 3269.3 m?/g, which is above the average for this material and shows minimal
hysteresis. The material X-ray diffraction pattern (Figure 52) corresponds to the previously
published XRD experimental and calculated data [43]. The peak sharpness indicates the
well-ordered crystalline structure of the MOF crystals. The scanning electron microscopy
(SEM) data (Figure 1) show significant substance agglomeration. Aggregates in the range of
5 to 50 um can be seen. The large aggregation can be due to the long storage of the material
before its use (years) or to the synthesis method used. Individual MIL-101(Cr) crystals
are observed on further magnification ranging from 220 nm to 450 nm. The arachidic acid
(AA—CH;3(CH;)13COOH) used was with 98% purity (Alfa Aesar, Karlsruhe, Germany).
Perfluorooctanesulfonic acid, CF3(CF;)7S03H (PFOS) analytical standard in approximately
40% water, sodium dodecyl sulfate CH3(CH,)1;OSO3Na (SDS) with a purity of >99%, and
perfluorooctanoic acid CF3(CF;)¢COOH (PFOA) with a purity of >99.5% were purchased
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from Merck (Darmstadt, Germany). All solvents used were of pro analysis purity. For EIS
measurements, a 0.1 M pH 7.4 PB buffer was prepared.

Figure 1. SEM images at a 50 um scale (a) and 1 um scale (b) of as-received MOF MIL-101(Cr).
Significant substance aggregation can be seen.

The water used both for the subphase in the LB film preparation and for immersing
the SAW resonators in the PFOS solutions was filtered with a set of 3 reverse osmosis
filters, 4 activated carbon filters, an ion exchange filter (Boeco, Hamburg, Germany),
and a final 0.1 um pore filter. Its conductivity measured during these experiments was
1.45 uS/cm, much higher than the 0.055 value for ultra-pure water. However, testing
the water with an atom emission spectrometer with inductively coupled plasma mass
spectrometry did not show the presence of any metal ions above the limit of determination
of the instrument (ng/L).

2.2. MOF Dispersion Preparation

To prepare the spreading dispersion for the Langmuir films, 100 mg of MIL-101(Cr)
powder was dispersed in a solvent mixture of 20% by volume of methanol and 80%
chloroform. The chloroform immiscibility with water keeps the droplets of the dispersion
afloat at the air-water interface on Langmuir film preparation, allowing for excellent spread
and minimum loss of substance into the water volume. At the same time, the methanol will
improve the polar moieties dispersion. A dispersion with a concentration of 20 mg/mL
was obtained. The homogenization was carried out at room temperature (23 °C) using
ultrasonic treatment at 20 kHz, 1200 W lab sonicator (Hangzhou Dowell Ultrasonic Tech
Co., Ltd., Hangzhou, China). The ultrasound mixer was operated at 600 W for 60 min. In
some cases, the dispersion was subsequently filtered through 0.45 um and 0.2 um pore
PTFE syringe filters. Afterward, the stock dispersion was diluted with the same solvents
to a1 mg/mL concentration. Langmuir and LB films were prepared from pure MOF or
with added AA lipid to 3% by mass to improve film homogeneity. In [26], a bit longer
fatty acid (Behenic acid) with 1% by mass was shown to improve the LB film homogeneity.
However, small pinholes were still observed, which is especially problematic in electrical
measurements. So, we increased the amount of fatty acid added to minimize these pinhole
defects. Before each spread of the MOF solution, it was sonicated for 1 h in a standard
ultrasound sonicator.

2.3. The SAW Resonators Used

Specially developed and optimized for chemical sensor applications Rayleigh-type
434 MHz SAW two-port resonators with gold electrodes were used in the present study.
Unlike QCMs, they can not be used in liquid media. Still, they have around 4200 times
higher relative, independent of device frequency, mass sensitivity and a 3000 times lower
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limit of detection (LOD) compared to a 5 MHz QCM and are much better suited for applica-
tions in which the QCM does not provide sufficient sensitivity [44]. Other advantages are
their low insertion loss (less than 8 dB, including the connectors), excellent thermal stability,
and very high loaded Q-factor, which is very important in obtaining a low LOD. As shown
in [45], when connected to a sensor oscillator circuit, such a resonator can have short-term
stability of a few parts in 10710 Hy, providing LOD levels in the pg and even fg range [46].
The loaded Q of the device was calculated from its narrowband group delay reading g,
measured with the VNA using the formula Qr, = ntf, 5. With a typical 15 = 2.1 ps at the
resonance frequency f, = 434.2 MHz, the SAW resonators used in this study have an initial
Qp-factor of around 2870. This value gradually decreases during LB film deposition and
PFOS loading. We have successfully used these resonators for volatile organic compound
(VOC) measurements in the gas phase [47]. The protocol for mass calibration is described
there, which gives a mass coefficient of Mg = 43.5 kHz/ng. The resonators were bonded in
a gold-coated SMD case, and a pair of connectors were soldered.

2.4. LB Film Preparation and PFOS Test Protocol

An LB system model OpenL.B® (Advanced Technologies Ltd., Sofia, Bulgaria) was
used for the Langmuir film measurements and LB film deposition. The trough was made
from a single piece of hydrophobic PTFE, and the symmetrical compression barriers were
made of hydrophilic material to avoid film leaks. A fast Wilhelmy-type filter paper surface
pressure sensor was used. The open software written in LabView version 2016 allows
for displaying both surface pressure as a function of area per mg substance and surface
pressure versus time in a rolling 100 s window on a single screen. Detailed control of the
constant pressure PID parameters and real-time visualization are on the same screen. The
trough was cleaned before experiments with detergent, a brush, and hot water, followed
by rinsing with ultra-pure water. A new filter paper was put on the pressure sensor
and calibrated against pure water surface tension before each new experiment. The lack
of surface-active contaminants in the subphase water was checked by compressing the
barriers and monitoring for the surface pressure to be zero before each layer spread. After
spreading the layer, it evaporated for at least 40 min before compression. The velocity of
compression was 2 cm?/min. All the substrates for LB film deposition before immersion
in the LB system dipping well were cleaned for 2:30 min at 12 W in an air plasma using a
plasma cleaner (Harrick Plasma, Ithaca, NY, USA). This cleaning protocol was found to be
optimal in providing a clean surface without degrading the electrodes. The air plasma not
only gently cleans the surface, unlike the use of heavier atoms (e.g., Ar), but also makes
it more hydrophilic, which is essential for quality deposition on the upstroke for the first
LB layer. Sometimes, up to 5 h after plasma cleaning of the SAW resonator was needed
before a stable mass reading was achieved. Before LB film deposition, the layer was kept
at constant pressure for 30 min to allow for stabilization. All isotherms were measured at
22-23 °C. If a second layer on the down stroke was deposited, 20 min were allowed for the
first layer to dry, or a complete drying was performed to measure the deposited mass. Flat
gold and ultra-flat Si wafers (roughness of around 0.1 nm), also used as substrates, were
purchased from NanoAndMore GmbH (Wetzlar, Germany).

The developed test protocol for PFOS testing was the following: After LB film deposi-
tion and the complete drying of the SAW resonator, the layer was rinsed at least once in
pure water to establish a baseline. A borosilicate glass vessel containing 100 mL of pure
water was used in all cases. Afterward, a PFOS solution from a 1 mmol/L stock solution
was added with a precision 50 uL syringe. In all instances, magnetic stirring was used. Our
measurements with the 100 MHz QCM have shown that 4-5 min are enough for the MOF
layer to be saturated with water solution. Also, EIS measurements during immersion in
the solution show stabilization of spectra within 20 min. To be safe, every immersion in
the water was precisely 46 min. The resonators were handled with a new pair of plastic
gloves to eliminate contamination whenever they were wet. The excess water from the
SMD case was gently absorbed with filter paper under a magnifying glass. The resonance
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was measured and then the resonator was placed in regulated hot (approximately 35 °C)
air for 75 min, which was enough for complete drying, confirmed with longer dryings. This
temperature is below the tail-melting temperature of AA and is safe for the structure.

2.5. Other Instruments Used

The X-ray photoelectron spectroscopy (XPS) studies were performed in a VG Escalab
MKII electron spectrometer using achromatic AlK« radiation with an energy of 1486.6 eV
under a base pressure of 10~8 Pa and a total instrumental resolution of 1 eV. The binding
energies (BE) were determined utilizing the C 1s line as a reference, with an energy of
285.0 eV. The accuracy of the measured BE was 0.2 eV. Cls, Ols, Si2p, Cr2p, and Fls
photoelectron lines were recorded. Atomic force microscopy was performed on an Asylum
Research (Oxon, UK) MFP-3D Origin instrument in contact mode using soft 2.5 N/m
probes. Gravimetry data were measured using a laptop-controlled, pocket-sized vector
network analyzer (VNA), PocketVNA (PocketVNA, Rohrdorf, Germany), connected to the
samples via semi-rigid coaxial cables. The instrument was calibrated for the measuring
range with the supplied accessories. The SAW resonators were measured in a two-port
configuration measuring S21. Both magnitude in dB and group delay in ps were displayed.
The 100 MHz QCM resonators were in plastic support, and their corresponding E-QCM
cell was purchased from Advanced Wave Sensors (AWSensors, Valencia, Spain). The
measurement was in reflectivity mode S11, and the peaks were negative. There is an
opening in the cell, and 200 pL of buffer was pipetted. PFOS from a 25 umol/L stock
solution was added with a micro syringe. EIS and cyclic voltammetry (CV) measurements
were performed with a laptop-operated PalmSens4 instrument (PalmSens BV, Houten,
The Netherlands). A —120 mV DC was used in all cases because CV shows a significant
difference between pure and PFOS-contaminated buffers in this region. For measurements
in the PB buffer, a 20 mV AC was used. In most cases, the scan range was from 1 MHz to
50 mHz, and sometimes scanning to 1 mHz was performed.

3. Results and Discussions

After the MIL-101(Cr) dispersion preparation, it had a green color. Part of it was
passed through a 0.2 um pore PTFE syringe filter, trying to eliminate large aggregates.
This resulted in a transparent dispersion, which still formed a monolayer at the air-water
interface. To check whether MOF was present in the dispersion, we compared the XPS
data of drop-casted dispersions on Si wafers from the green and transparent preparations
(Figure 2). The Cr line is missing in the transparent dispersion, indicating that there was
no MIL-101(Cr) in it. So, there are no MOF crystals with sizes below 0.2 um, which can
explain the increased roughness of the obtained coatings (see the AFM images below).
The Cr2p photoelectron spectra showed that the Cr is in a 3+ state. To confirm the PFOS
capture by the MIL-101(Cr) sensing layer, we tested the G60 sample after all the soaking
tests described below. The instrument lacked sensitivity and the Cr line was obscured by
the strength of the lines from the gold electrodes and the quartz substrate (Figure 2b). We
prepared a new sample, Si63, by depositing 1 LB layer from MIL-101(Cr) + AA at a surface
pressure of 10 mN/m and 1 h for film stabilization at that pressure, which resulted in more
MOF deposited. This sample was soaked overnight in pure water, to which 1.5 pmol/L
PFOS was added. We checked the sulfur line to prove the presence of absorbed PFOS
(Figure 2e). However, the S2p peak is close to the Si2s peak and, more precisely, is close
to the Si plasmon loss peak (17 eV from the main peak). The Si plasmon loss peak was
deconvoluted, and the S2p peak could be seen (Figure 2e). This proves the presence of
PFOS in the MOF LB monolayer. As described in detail below, the sensor is immersed in
ultra-pure water for 46 min, and it adsorbs nothing, as measured gravimetrically. Then,
PFOS was added to this water, and the sensor adsorbs something. This something can be
only PFOS.
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Figure 2. XPS data of drop-casted MIL-101(Cr) dispersions on Si wafer. Black line labeled
test—transparent filtered dispersion; red line labeled control—non-filtered with a green color disper-
sion; green line labeled 1—same as red line after several weeks of storage in the freezer; G60 sample
(dark blue line) and 1 LB film MOF coated Si63 wafer soaked overnight in 1.5 umol /L PFOS (light
blue line). Different regions of the spectra (a—e) and the entire specter (f) are shown.

The equilibrium spreading pressure (ESP) of the MOF MIL-101(Cr) was measured by
placing some powder at the air-water interface while recording the surface pressure. The
ESP was equal to 0 mN/m at 22 °C, indicating that the Langmuir film is in a metastable
state above this pressure. Thus, e.g., the isotherm and the collapse pressure strongly depend
on the barrier compression speed. Further on, on spreading of the Langmuir film, some
substance goes under the layer, although an untypically high waiting time (40 min and
more) was allowed for the solvent to evaporate. This can be seen by compressing the same
layer a day later and observing an increase in layer area. The Langmuir film isotherms at
room temperature with and without AA are shown in Figure 3. The surface pressure of the
isotherm of the MIL-101(Cr) + 3% AA starts to increase at around 160 cm?/mg. No phase
transitions in the liquid-expanded phase can be distinguished. The isotherms are similar
to the one reported earlier [26]. The collapse pressure for the pure MOF film is around
25 mN/m on very slow compression and around 30 mN/m when AA is added. Both these
values are significantly lower than the observed collapse above 40 mN/m [26]. Also, the
areas at which the surface pressure starts to increase are smaller in our case. Both differences
can be attributed to our much larger MOF crystals, around 300-400 nm, compared to an
average of 51 nm MIL-101(Cr) crystals in [26]. Larger crystals contribute to lower film
stability and collapse at lower pressures. Also, the mass per unit area at the air-water
interface is larger. The phase transition of AA at 25.6 mN/m from the liquid-expanded to
the solid-expanded phase could not be observed and is masked by the MOF. The layer was
not homogeneous on the air-water interface, and the deposited LB layers were a bit patchy.
Further optimization of the type of matrix molecules used and their concentration, film
heat treatment, use of counterions, etc., is needed and subject to future work.
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Figure 3. Langmuir film isotherms from a pure MIL-101(Cr) film (blue) and with 3% by volume
added AA (red).

Different LB film deposition surface pressures and up to nine LB film layers were
tested. Details about the film behavior at the air-water interface and on the solid support,
the deposition process, and optimization are not within the scope of this paper. Thicker
layers should provide higher sensor sensitivity due to the more absorption centers in the
thicker MOF film. However, this decreases both the resonator’s Q-factor and the reaction
time due to the longer diffusion length for the analyte. Here, we present results for a
SAW resonator coated with one LB layer at a lower pressure of 10 mN/m (samples G60
and G62). The film is more flexible at this lower surface pressure and should better bend
around the 100 nm high interdigitated microelectrodes. In the case of EIS in a two-electrode
configuration, we wanted maximum sensitivity from more deposited material. So, five
LB layers at a higher surface pressure of 20 mN/m were deposited as the Q-factor was
unimportant for this transduction method (see below). The 434 MHz SAW resonator was,
on average, six times more sensitive to mass change than the 100 MHz QCM resonator,
comparing air measurements on simultaneously deposited LB films. So, more layers were
deposited on the QCM. The Q-factor of the SAW resonator was around 2800 on an uncoated
resonator and dropped down to 1400 on one LB layer coating and 1.2 umol/L PFOS
adsorption. This is just a little above the threshold we have set for sensor applications [47].
The uncoated QCM measured at 300 MHz has a Q-factor of around 16,900 in air. On the
first LB layer deposition, this value even goes slightly up, but on immersion in a buffer,
the Q-factor drops to 200. So, the QCM can better tolerate LB films, and consequently,
we deposited more LB film layers at higher surface pressure for a denser film to increase
the sensitivity needed in the liquid environment testing. It should be noted that the LB
films were very stable on interaction with liquids. In some cases, the layers were deposited
simultaneously on flat gold substrates for electrical measurements and on ultra-flat Si
wafers for AFM measurements. In the following notation in the paper, the letter G stands
for SAW resonator samples (from surface-generated acoustic waves), not to be confused
with the letter S, which stands for the Si wafer samples.

Figure 4 shows the topography measured using the AFM of one LB layer Si55 de-
posited simultaneously with the first layer of G55 at 20 mN/m. The layers are not smooth,
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which can be expected with MOF crystals in the 300-400 nm range. The XPS data confirm
that no MIL-101(Cr) passes through a 0.2 um filter, so this large roughness can be expected.
However, no macro holes are observed in the layer, which, if present, will shorten the signal
in electrical measurements.

(b)

Figure 4. Three-dimensional topography of the surface of 1 LB layer from MIL-101(Cr) deposited on
an ultra-flat Si wafer at 20 mN/m surface pressure simultaneously with G55 sample: (a) 10 um scan;
(b) 5 um scan.

Initially, we tried gravimetric PFOS detection with the 100 MHz QCM covered with
five LB MIL-101(Cr) layers. The PocketVNA can measure up to 4 GHz. So we measured
the first harmonic at 100 MHz, the third harmonic at 300 MHz, the fifth harmonic at
500 MHz, the seventh harmonic at 700 MHz, and the ninth harmonic at 900 MHz. The
dissipation can be calculated from these data. The third harmonic, as expected, has the
strongest signal with the highest Q-factor, so we measure at this harmonic. We believe we
are the first group to measure high-fundamental frequency (HFF) QCMs at such a high
frequency. In the approximation of a rigid thin film, the frequency downshift Af related
to the sensor sensitivity is proportional to the square of the fundamental frequency (the
Sauerbrey equation). Thus, a 100 MHz QCM should be 400 times more sensitive than
the 5 MHz QCM. Part of the results for sample QCM53 deposited at a surface pressure
of 28 mN/m, just below the film collapse with MOF one LB layer measured at its first
harmonic on PFOS loading, are shown in Figure 5.

(gp) epmiubepy

T
99200k

T
99400k

T T T
99600k 99800k 100M

Frequency (Hz)
Figure 5. Gravimetry of sample QCM53 with 1 LB layer from MIL-101(Cr) deposited at a surface
pressure of 28 mN/m in PB buffer. The lower green curve is without PFOS, while the upper blue

curve is with 5 umol/L PFOS. It is a little to the left, showing more adsorbed mass, but there was no
monotonic change in the frequency downshift on the PFOS concentration increase.
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Figure 6a shows gravimetric results for the QCM55 with five MOF LB layers tested
in PB buffer at some of the different PFOS concentrations we used. The table in Figure 4b
shows peak detection results using Origin 8.5 software from smoothed data.
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Figure 6. Gravimetry of sample QCM55 with 5 LB layers from MIL-101(Cr) deposited at a surface
pressure of 20 mN/m in PB buffer: (a) graphic presentation of some of the results; (b) table of the

resonance peak minimums for different PFOS concentrations No monotonic resonance frequency

downshift is observed on the PFOS concentration increase.

These results indicate that no monotone QCM resonance frequency peak downshift
was observed within the experimental error on increasing PFOS concentrations, as ex-
pected if more and more PFOS mass is adsorbed into the MIL-101(Cr) pores. Initially, at
0.5 and 2 pmol/L PFOS concentrations, there is a slight resonance frequency downshift
from the pure water test, indicating some adsorbed mass. But already at 5 umol/L PFOS
concentrations, the resonance frequency upshifts, oppositely to what should be expected.
Previous research suggests that this MIL-101(Cr) selectively adsorbs PFOS. Even tests with
PFOS-spiked groundwater indicated selective PFOS capture by this MOF [39]. We also
tested the MIL-101(Cr) selectivity against SDS and PFOA (see below). So, we can assume
that the MOF layer selectively captures PFOS. However, the minimal adsorbed PFOS mass
is masked by the much larger buffer or water mass captured in the MOF pores. Thus,
the results were inconclusive for any gravimetric loading of these very sensitive QCM
resonators in a liquid environment (PB buffer in this case) with PFOS concentrations in
the pmol/L range. No wonder there are no papers in which gravimetry has been used for
PFAS testing in liquids. There is one recent study [48] in which a couple of PFAS chemicals’
adsorption isotherms on superparamagnetic iron oxide nanocrystals were tested with a
QCM. However, the concentrations were in the mmol/L range, and minimal selectivity
was observed. The frequency downshifts were only in the 20 to 60 Hz range.

The lack of a systematic resonance frequency downshift on PFOS water loading tested
with one of the most sensitive QCMs on the market led us to try another gravimetric device
and change the test protocol. First, we used two-port 434 MHz SAW resonators with gold
electrodes specifically designed for sensor applications. For Rayleigh-type SAW resonators,
the liquid environment cancels the signal. So secondly, we developed a protocol in which
the SAW resonator was immersed in pure water spiked with different PFOS concentrations
for a fixed amount of time (46 min), followed by expedited drying in warm air for 75 min.

Results for the G60 sample (1LB MIL-101(Cr) layer deposited at 10 mN/m) are shown
in Figures 7 and 8 with identical scales and color coding and in Table 1. The first LB film
layer mass with probably some contamination in it was 1.4 ng, which, after rinsing with
water for 46 min, remains 0.89 ng. Both some contamination and the MOF layer that was
not firmly attached had been removed. This mass is only approximately 25% of the mass of
an AA LB monolayer deposited on the same resonator but at more than double the surface
pressure of 22 mN/m and hence a higher density [47]. This observation, combined with
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the much rougher surface of the MOF layer with hundreds of nanometer-sized features,
confirms the very low density of MIL-101(Cr) due to its highly porous structure. The lower
adsorbed mass at 0.2 umol/L (Figure 7), compared to the subsequent 0.2 pmol/L PFOS
steps, is probably due to the further layer cleaning during the 46 min rinsing with stirring
at this concentration. After all the adsorptions, the loaded Q. factor remains above 1000,
which we had set as a lower limit for optimum sensor performance [47].

Magnitude (dB)

-20

-22

T T T
433200k 433400k

0 after water
rinsing

T T T T T T T T T T T
433600k 433800k 434M 434200k

Frequency (Hz)

Figure 7. Gravimetric resonance peaks for sample G60 SAW 1 LB film MIL-101(Cr) covered 434 MHz
resonator: yellow—150 min after plasma cleaning; black—after 1 LB film; red—after pure water rinsing;
purple—with 0.2 umol /L PFOS; green—with 0.4 pmol/L PFOS; blue—with 0.6 umol /L PFOS.

Magnitude (dB)

o

1.2 second time 1.2 After pure
-

waterl rinse

T T T T T T T T T T T T T T 1
433200k 433400k 433600k 433800k 434M 434200k

Frequency (Hz)

Figure 8. Gravimetric resonance peaks for sample G60 SAW 1 LB film MIL-101(Cr) covered 434 MHz
resonator: red—after pure water rinsing; blue—with 0.6 umol/L PFOS; green—with 1.2 yumol/L

PFOS; gray—after a second 1.2 pmol/L PFOS immersion; purple—after pure water rinse to test

contaminant accumulation.
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Table 1. Summary of gravimetric data for the G60 sample 434 MHz SAW resonator coated with 1 LB
film layer from MIL-101(Cr) at a surface pressure of 10 mN/m.

Resonance Frequency Loaded Group Loaded
Frequency fj Shift Af Mass [ng] Delay g4 Qp-Factor
[MHZz] [kHz] m = Af/43.5 [us] QL=mf, Tg
After plasma 434.042 0 0 2.10 2862
1LB film 433.981 —61 1.40 2.06 2807
Waterl—pure 434.003 +22 0.51 2.10 2862
Water2 + 0.2 umol/L PFOS 434.001 -2 0.046 2.04 2781
Water3 + 0.4 pmol/L PFOS 433.936 —65 1.49 1.80 2453
Water4 + 0.6 umol/L PFOS 433.898 —38 0.87 1.75 2384
Water5 + 1.2 umol/L PFOS 433.780 —118 2.71 1.54 2097
Water6 + 1.2 pmol/L PFOS again 433.636 —144 3.24 1.09 1484
Water7—pure 433.626 —10 0.23 1.05 1430
Water8 + 1.2 umol/L dodecyl sulfate 433.620 —6 0.14 0.64 872

The insertion loss decreases minimally from 7.4 to 8.3 dB. The frequency downshift
between 0.2 and 1.2 pmol/L concentrations is 221 kHz (Table 1). Compared to the down-
shifts typically measured with QCMs in the 10 to 60 Hz range, e.g., [48], it indicates the
achievable signal purity and peak detection accuracy with modern, specialized, 100 times
more expensive instrumentation and dedicated resonance peak detection software. Our
experiments use a general-purpose pocket-sized VNA at a EUR 500 price range with a
much higher than required by us scan range (4 GHz, and consequently smaller accuracy)
and no specialized peak detection software. However, there is work in progress on peak
detection. Thermostation of the sample can also significantly improve signal accuracy
and stability. So, instrumentation-wise, there is a significant margin for improvement.
Sensor sensitivity can be further enhanced considerably if the resonator is included in
a sensor oscillator circuit, resulting in several orders of magnitude improvements in the
LOD [45,46]. Thus, the proposed gravimetric method of PFOS detection could be capable of
determining concentrations required by the water purity legislation for PFAS contaminants.
The SAW resonators used measure approximately 2 X 3 mm, and the electrodes are on
one side and thus are much more suitable for system integration and miniaturization for
in-field applications than alternative transduction techniques like electrochemical or optical
methods and QCMs. SAW resonators are also much more robust devices.

Three control experiments were performed to check the validity of the results. First,
an uncoated sample G61 was plasma-cleaned and then tested by immersing it in pure
water, followed by drying with and immersion in 1.2 umol/L PFOS concentration solution
for 46 min each (Figure 9). After drying from pure water, there was a 54 kHz frequency
downshift. This can be due to some water contamination as the water quality was far from
excellent. Alternatively, this can also be due to the effects of plasma cleaning. On this
sample, the plasma cleaning resulted in a 205 kHz frequency upshift (not shown), which
was moving up for almost 5 h before stabilization. The effects of the air plasma on this mi-
croelectrode structure are poorly understood, but immersing in water could have removed
part of this effect. More importantly, on a subsequent immersion in 1.2 pmol/L PFOS
solution, the lack of frequency downshift indicated no PFOS influence on a bare resonator.

In a second control experiment, we immersed the G60 sample in 1.2 umol/L of SDS
solution (Figure 10). This compound is similar to the tested PFOS, but the fluorine atoms
are replaced with hydrogen atoms, and the chain is a bit longer. There was only some 6 kHz
frequency downshift, which can be due to water contamination, e.g., the pure water rinse
caused a 10 kHz downshift. This minimal downshift should be compared to the 144 kHz
downshift on the second immersion in 1.2 umol /L PFOS solution.
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Figure 9. Gravimetric resonance peaks for sample G61 SAW 434 MHz resonator without any coating:
yellow—after plasma cleaning and relaxation for 280 min; red—after pure water rinsing; green—with
1.2 umol/L PFOS. Results show that PFOS does not affect an uncoated resonator.
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Figure 10. Gravimetric resonance peaks for sample G60 SAW 1 LB film MIL-101(Cr) covered 434 MHz
resonator: purple—after pure water rinse; brown—in 1.2 umol/L sodium dodecyl sulfate (SDS), a
very similar to PFOS compound. The minimum downshift indicates no adsorption and, consequently,
the high selectivity of this MOF coating to PFOS.

In a third control experiment, a newly prepared G62 sample on the single LB film from
MIL-101(Cr) was deposited at the same surface pressure of 10 mN/m as the G60 sample and
was tested against 1.2 umol/L of PFOA. This PFAS contaminant is similar to PFOS but with
a different head group. More MIL-101(Cr) mass was deposited compared to G60, although
at the same surface pressure due to the above-mentioned film inhomogeneity. But this
should produce a higher sensitivity device. However, there was no frequency downshift
due to PFOA adsorption at all (Figure 11). These results confirm the high selectivity of the
MIL-101(Cr) coating to PFOS.
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Figure 11. Gravimetric resonance peaks for sample G62 SAW 1 LB film at 10 mN/m MIL-101(Cr)
covered 434 MHz resonator: purple—after pure water rinse; green—in 1.2 umol/L PFOA, a very
similar to PFOS compound. The lack of downshift indicates no adsorption and, consequently, the
high selectivity of this MOF coating to PFOS.

As an additional transduction method for PFOS detection, EIS has been tested in a
PB buffer. We used a three-electrode configuration with an Ag/AgCl reference electrode
and a platinum coil counter electrode. As working electrodes were used MIL-101(Cr)
coated by the LB layers flat gold samples with an approximate area of the SMD-mounted
SAW resonators. The MOF-covered SAW resonators were tested in either a three-electrode
configuration in which the two interdigitated electrodes are shorted and used as a working
electrode or a two-electrode cell configuration in which there is no reference electrode, but
the reference input of the potentiostat is connected to the counter electrode. The working
and counter electrodes are connected to one of the pairs of interdigitated and ground
electrodes of the two-port resonator. Preliminary data for this last configuration is reported
here (Figure 12).

Pure PB buffer
o151 0 uM}L PFOS

-Z'/MQ

T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

z/Mo
Figure 12. A Nyquist plot from the EIS data measured in a two-electrode configuration between
the interdigitated electrodes of sample G55 with five LB layers from MIL-101(Cr) deposited at a
surface pressure of 20 mN/m covered SAW resonator in a PB buffer at different PFOS concentrations:
red—no PFOS; blue—0.5 umol/L PFOS; green—1 pmol/L PFOS; black—1.5 umol/L PFOS.

The elimination of the reference electrode cancels the 10 kHz maximum frequency
limit imposed by its slow reaction time, so we tested the EIS to 1 MHz frequency. An
additional advantage of the lack of a reference electrode is the much easier integration for
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in-field applications. Using a large number of microelectrode-sized electrodes (5 pm width)
gives a much higher signal-to-noise ratio [49]. Additionally, the interdigitated microelec-
trodes (IDuEs) as electrochemical transducers offer the added advantage of high collection
efficiencies, a low response time that favors rapid detection, low ohmic drop, and readiness
for miniaturization [39]. The sensing layer symmetrically covers both electrodes, and
specific reactions occur on both of them [50].

EIS measurements usually provide information on electron transfer processes, which,
in our case, demonstrate the adsorption of PFOS onto five LB layers covered with the
MOF MIL-101(Cr) SAW resonator. Impedance is a measure of the ability of a circuit to
resist the flow of electrical current, and the real part (Z’) of the impedance spectra in the
Nyquist plot highlights its resistive behavior. In the air, the structure behaves as a pure
capacitor, situated between the 100 nm-high, 5 pm-spaced IDuEs covered by the excellent
dielectric that MIL-101(Cr) is. Resistances reach above 10 GQ) below 10 Hz frequencies. The
semicircle shape of the Nyquist plots in the buffer corresponds to a direct electron transfer
limited process [51]. The greater the radius of the semicircle, the greater the resistance,
suggesting a decrease in the electron transfer. Since PFOS carries a —1 charge at the pHs
used, the reduction in resistance highlights the adsorption of PFOS, whose presence in the
MOF pores increases the electron transfer through the LB layer. Detailed discussion of the
electrochemical data is outside this paper’s scope.

We proved that we could combine gravimetric data and EIS data on a single device,
a SAW resonator. While this is typical in E-QCM applications, the gravimetric data here
are unprecedentedly sensitive to small molecules adsorbed from a liquid environment.
On the other hand, the SAW resonator IDuEs provide significant signal improvement
for the EIS measurements. EIS in this configuration could be easily measured in highly
purified water with sensor resistances within the 5 MQ range at 0.05 Hz, which is accessible
for handheld and pocket tablet-operated potentiostats. Thus, the entire system can be
used for in-field real-time PFOS contamination monitoring. To reach the 0.1 pg/L PFAS
detection legislative limits, improvements are needed in instrumentation (specialized
VNA with integrated peak detection software, sensor oscillator circuitry), MOF LB film
understanding and optimization, sensing layer selectivity and manipulation through,
e.g., MOF modification [52], and test protocol modifications. However, the frequency
downshifts reported here of around 220 kHz per 1 umol/L = 0.5 mg/L of PFOS, with a
resonator-loaded Qp, factor above 2000 and reaction times in the minutes range, are highly
promising. The limit of detection (LOD) for this method at its current implementation
is limited by the instrument detection limit (IDL). The standard peak deviation for our
pocket-sized VNA device when measuring the 434 MHz SAW resonance peaks without
averaging and any optimization was measured to be 1 kHz. This would give an LOD of
around 7 pg/L. The manufacturer of the VNA we used claims that 100 Hz precision was
obtained for a 400 MHz resonator [53], which would give an LOD of 0.7 ug/L. At the same
time, a commercial QCM-D device for 5 MHz resonators specifies a frequency noise of only
0.03 Hz [54]. This instrument uses an exponential decay-based characterization electronic
oscillator system introduced in 1996 [55]. A later development in electronics suggests phase-
shift monitoring resulting in a three times signal-to-noise ratio improvement at 10 MHz,
expected to perform even better at higher frequencies [56]. SAW oscillator electronics
design has also been investigated [57]. Although the noise is proportional to the frequency
of the resonator, with targeted instrument development it should be possible to cover the
legislative sensitivity requirements for PFAS detection.

The best in situ device for PFOS detection currently has an LOD of 0.5 ng/L [39]. It
uses the same MIL-101(Cr) after a special activation protocol. The MOF is placed in a
cylindrical microfluidic channel sandwiched between 3D-spaced microelectrodes. EIS is
used as a transduction mechanism. However, the device requires pumping water for 3 h
before reaching a baseline. This is a form of solid-phase extraction. The design makes
its in-field application problematic. This device is reusable by simply passing pure water
through the microfluidic channel again for 3 h. In our case, we could only partially remove
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the adsorbed mass by washing it in pure water. Even washing at 43 °C, a temperature
below the AA tail melting point, could not restore the resonant frequency value before
PFOS loading. We are exploring this problem, especially since MIL-101(Cr) is among the
best-studied MOFs [58]. The possibilities for electrochemical oxidation and electrocatalytic
degradation of the PFAS should also be considered [59]. The closely spaced, only 5 um
from each other, interdigitated electrodes are very suitable for providing high electric fields
even at small external voltages.

One approach to increase the sensitivity toward PFAS is fluorine functionalization [52,60].
A few other papers using different MOF molecules for PFAS detection are worth mention-
ing [61-63]. Optical or microextraction mass spectrometry was used to transduce the signal.
In a just-published paper, silver nanoparticles embedded within a fluorine-rich Ti3Cy-based
multilayered MXene were binding several PFAS contaminants and showed specificity of the
sensor for long-chain PFAS, and no interferences from structurally similar compounds lacking
F, small molecules, organic matter, and ions. EIS was used, and a very low LOD of 33 ppq was
achieved [64]. However, the measurements were performed in PBS buffer with Fe(CN)g® /4~
redox probe, which questions constant water monitoring applications. An excellent result
in PFOS sensing with an LOD of 7.5 ng/L was achieved by using the MIP approach [65]. A
thin coating of gold nanoparticles with a well-developed dendritic structure was drop-cast
on a glassy carbon electrode. This helps increase the voltammetric response to a Fe redox
probe. On top, this structure was covered with electropolymerized MIP. A novel statistical
approach was used to simultaneously optimize the three significant factors influencing the
sensitivity—CV cycles, the monomer /template ratio, and electrolyte pH. PFOS concentrations
in the 0.05 nmol/L to 1 umol/L range were tested with very high selectivity. The sensor
reusability was not discussed. While showing impressive sensitivity, this sensor would be
challenging to use for constant in-field water purity monitoring. The gravimetric sensing
concept we suggest does not need any additional chemical additives or pH regulation. The
SAW resonator can be automatically immersed in the water to be tested for a definitive amount
of time and then withdrawn and the Peltier element heated for faster drying and maintenance
at constant temperature for precision data reading. The sensor should be covered with an
anti-fouling coating for long-term use. Thus, the gravimetric detection concept of small-sized
molecules dissolved in water presented here is very promising for in-field continuous water
purity monitoring.

4. Conclusions

In this work, we have shown that even the usage of a very sensitive 100 MHz QCM
measured at the third harmonic could not detect a small-sized molecule like PFOS (MW 500)
in pmol/L concentrations gravimetrically in a liquid environment because the mass of the
adsorbed liquid masks its mass. Instead, we proposed to use a more sensitive two-port
434 MHz SAW resonator with gold electrodes. We immerse the resonator in pure water
spiked with PFOS at different concentrations, wait for 46 min, then dry the resonator
and measure the resonance frequency downshift and Q-factor change. Thus, we have
demonstrated the first gravimetric detection of PFOS, or more generally—of such small
molecules in water. Gravimetric detection is considered the gold standard in chemical
sensing as there is no need for data interpretation. We used the MOF MIL-101(Cr), which
is known to be selective toward PFOS adsorption, for the resonator’s sensing layer. Its
selectivity was tested with SDS and PFOA. The discreet layer-by-layer LB method carried
out the sensing layer deposition. The achieved estimated LOD is still a couple of orders
of magnitude higher than the PFAS EU legislative requirements for water intended for
human consumption. This could be improved by using dedicated measuring electronics,
optimizing the sensing layer coating, using smaller-sized MOF crystals, and eventually,
functionalizing them. Additionally, we have proven that the electrodes of the SAW res-
onator can be used for a two-electrode EIS spectroscopy detection of PFOS. Combining
two complementary transduction mechanisms on a single device gives additional sensor
selectivity. These results are an important step forward in developing in-field sensors for
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constantly monitoring water quality. While here we focus on one of the emerging water
contaminants, this concept with a different selective coating can be used for other new
contaminants like microcystin-LR or secondary water contamination, e.g., from dissolved
medical drugs in the wastewater to be reused.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/chemosensors12070116/s1: Figure S1: Nitrogen adsorption-
desorption for MIL-101(Cr) used in this study. Figure S2: X-ray diffraction (XRD) for the powder raw
MIL-101(Cr) material.
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