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Abstract

Some materials that are active heterogeneous catalysts for the breakdown of non- ionic
aromatic solutes in water are found to act as potentiometric sensitizers for same solutes.
As an example, here the aromatic water pollutant, benzyl alcohol, was sensed with a limit-
of- detection (LoD) below its potability limit of 19 uM. Our findings are rationalized on the
grounds that both catalysis and sensing rely on adhesion of analyte/substrate on the
sensitizer / catalyst. Specifically, a set of powdered transition metal doped zeolites and
related frameworks that catalyze the oxidation of waterborne aromatic pollutants were
dispersed in phase transfer matrices. Matrices were introduced into water-gated thin film
transistors (WGTFTs) that act as potentiometric transducers. Potentiometric sensing of
non-ionic waterborne pollutants is limited to molecules with a ‘free’ molecular dipole, i.e.
a dipole that is not locked in the molecular plane. The present work establishes an
application for catalysts beyond catalysis itself. The use of catalysts as sensitizers is

recommended for wider uptake and in reverse, to screen candidate catalysts.
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Introduction

The first step in heterogeneous catalysis is the adsorption of a ‘substrate’, i.e. a molecule
that is meant to be catalyzed, from solution onto the surface of a solid catalyst. Adsorption
often is highly selective (Friend et al. 2017; Medford et al. 2015). If the initial adsorption
of substrate onto a catalyst surface can be transduced into a physical (e.g. electrical)
signal, then a material known to be a catalyst for a particular substrate would also act as
a selective receptor or ‘sensitizer’ in a sensor for this substrate, which then would be
called the sensor’s ‘analyte’. Such a sensor will be effective even below the temperature
required for a catalyst to be active, as adsorption already occurs at lower temperatures.
The present work demonstrates this concept on the example of an aromatic alcohol,
benzyl alcohol, as substrate/analyte in aqueous solution. Transition metal doped zeolites
and similar frameworks acted as sensitizer. As the transducer for adsorption, a water-

gated thin film transistor (WGTFT) was employed.

Transition metal doped zeolites are commonly applied in heterogeneous catalysis (Friend
et al. 2017 ; Medford et al. 2015; Cejka et al. 2016) and are used in the finely powdered
form e.g. for the treatment of water polluted with aromatic contaminants (Inchaurrondo et
al. 2012 ; Rahman et al. 2018; Valkaj et al. 2011). In addition, such catalysts have been
used as sensitizers in amperometric and voltammetric sensors for waterborne analytes
(Rahman et al. 2018 ; Rahman et al. 2016; Rostami et al. 2017) and also in potentiometric
gas sensors (Sahner et al. 2008). However, they have not previously been reported in

potentiometric sensors for waterborne analytes.

Here, first the catalytic activity of a number of transition-metal doped zeolite ‘candidate’
sensitizers was confirmed by selecting appropriate non-ionic aromatic water pollutants,
namely: phenol, benzyl alcohol, and toluene. It should be noted that in our case we don’t
aim to trap or exchange any of these pollutants within the zeolite framework, but rather to
catalytically degrade them by oxidizing them to COz2, water or ketones, by using H202 or
O2 as oxidizing agents. For our sensing tests instead, phase transfer membranes were
filled with such powder zeolite catalysts, and introduced into a novel potentiometric sensor

concept for waterborne analytes, the water-gated thin film transistor (WGTFT). In this



context, our membranes act as a medium to allow the measurement of electrical
properties of our materials, but again with no ion exchange process involved in our
experiments. Since its introduction in 2010 (Kergoat et al. 2010), the WGTFT has
emerged as a useful potentiometric transducer of membrane potentials, e.g. for ion-
selective membranes (Al Baroot and Grell 2019; Melzer et al. 2014; Schmoltner et al.
2013 ). In the WGTFT, a gate voltage is communicated to the TFT channel across the
aqueous medium via pairs of electric double layers (EDLs) forming at the gate electrode
/ water, and water / channel, interfaces. This communication can easily bridge
macroscopic (millimeter or more) distances while still maintaining high specific
capacitance ( >1 pF/cm?). When a membrane is inserted in the aqueous medium
between the gate electrode and the channel, any membrane potential Vm(c) that may
develop under analyte concentration c is added to the applied gate voltage. Membrane
potentials are therefore transduced into a corresponding shift of WGTFT threshold
voltage, AVw(c). Phase transfer membranes typically were sensitized with organic
macrocycles as ionophores. Macrocycles selectively capture a specific ion in their central
cavity, thus in the presence of ‘target’ (analyte) ion, charge accumulates in the membrane.
In that case, membrane potential, Vm(c), follows a Nikolsky-Eisenman (modified
Nernstian) characteristic (Al Baroot and Grell 2019; Melzer et al. 2014 ; Schmoltner et al.
2013). Recently, some of the present authors have instead introduced ion exchanging
(rather than ion capturing) inorganic ionophores into WGTFT membranes (Alghamdi et
al. 2019; Algahtani et al. 2020). Selective response with low limit- of- detection (LoD) was
demonstrated for Cs*, Pb?*, and Cu?* (Alghamdi et al. 2019 ; Algahtani et al. 2020), but
membrane potential Vwm(c) followed a different characteristic, namely a Langmuir-

Freundlich (LF) adsorption isotherm, eq. 1:

(eq. 1) Vm(c) = AVin(c) = AVin(sat) (Kc)B / [(Kc)P +1]

K quantifies the strength of the interaction between a sorption site and the sorbate, 8 <1

quantifies inhomogeneity between sorption sites (8 = 1, K for all sorption sites is equal,



giving the classic Langmuir isotherm as a special case). AVi(sat) is a saturation value for
membrane potential / threshold shift under large c. A characteristic concentration c12 is
given by AVin(c12) = V2 AVin(sat); c12 = 1/K independent of 8. The different characteristics
are assigned to the different origin of membrane potential: while macrocycles accumulate
charge in the membrane, ion exchange changes the dipole moment, leading to a
polarization (Alghamdi et al. 2019; Algahtani et al. 2020).

The present work is inspired by the observation that changes in dipole moment under ion
exchange can generate large membrane potentials without the net charging of the
membrane. While phase transfer membrane sensitized WGTFTs have so far only been
used as ion sensors, polarization should enable the WGTFT-transduced detection of non-
ionic solutes, as well: When a non-ionic, organic substrate / water pollutant that carries a
molecular dipole adsorbs from the aqueous phase onto the surface of a catalyst, this
should also lead to a change in the catalyst’s surface polarization. Consequently, phase
transfer membranes sensitized with powdered catalyst grains should develop a
membrane potential under exposure to a substrate. The WGTFT should then transduce
membrane potential into a threshold shift. The present report shows that some zeolite-
catalyst loaded membranes indeed shift WGTFT threshold under water polluted with
benzyl alcohol, but not under toluene or phenol pollution. This report therefore establishes
a new application for catalysts beyond catalysis itself, namely as sensitizers in sensors
for water pollution, which is recommended for wider uptake. The potentiometric sensing
mechanism is discussed to establish criteria which type of non-ionic aromatic pollutants
can be sensed in this way at all. Further, the relationship between catalytic activity, and

sensing performance is discussed.



2. Experimental

a.) Selection and modification of Zeolites and related materials:

Within this study, we investigated 10 candidate catalysts/sensitizers which either were
derived from common ‘parent’ zeolites (aluminosilicates) namely ZSM-5 (belonging to the
MFI framework, a structure consisting of two parallel channels), and Zeolite type 13X and
zeolite Y (belonging to the FAU framework, consisting of a cage structure), or were
derived from mesoporous silicate ‘parents’ lacking aluminum centers that are frequently
used as support materials for catalysts, namely MCM-41 and SBA-15. Note, MCM-41
and SBA-15 are not strictly zeolites but similar mesoporous silicate frameworks that lack
the aluminum centers of zeolites with their associated Brgnsted acid properties. However,
due to their otherwise similar structure, we here will summarily refer to all frameworks as
‘zeolites’ rather than ‘zeolite- and related frameworks’. Parent materials were sourced
commercially as fine powders (ThermoFisher Scientific, 45879 zeolite ZSM-5 ammonium;
A10378 Molecular sieves, 13X, powder; 45866 Zeolite Y, hydrogen; Sigma-Aldrich, Silica,
mesostructured MCM-41 type (hexagonal) ; mesostructured SBA-15, 99% trace metals
basis) to represent a range of different pore sizes, aluminium contents (including zero for
MCM-41, SBA-15) and surface areas. These parameters affect the growth of metal
nanoparticles (Zhao et al. 2011) under the subsequent doping protocols described below.
Usually, the larger the surface area, the smaller and more isolated are the resultant
dopant metal nanoparticles (Wilde et al. 2019). Surface area and pore size may also
introduce diffusion effects which can influence catalytic activity. The framework’s molar
Al : Si ratio affects the stability of the framework and its acidity (the higher the Al : Si ratio,
the more acidic a zeolite is), which is a key characteristic for catalytic activity (Xu et al.
2007). Zeolite frameworks were then modified by doping with 1-1.5 wt% of transition
metals Cu, Fe, or Mn. These are capable to catalyze the decomposition of organic
pollutants like phenol to CO2 and water in the presence of molecular oxygen or peroxides
(Maduna et al. 2007 ; Meng 2013), or to oxidize alcohols to ketones. Transition metal
doping was by different protocols: wetness impregnation (WI); ion exchange (IE); and
deposition precipitation (DP). WI (Conte et al. 2012) leads to relatively large clusters (>
20 nm) of CuO mostly outside the pores of the zeolite. |IE instead leads to smaller (usually

< 5 nm) CuO clusters or to the exchange of Al centers with Cu centers, or other metals



(Barrer et al. 1976). DP can lead to the formation of mixed metal oxide CuO/Cu20 species
in the range of 10 nm or lower (Gurbani et al. 2009). Details on the doping protocols
employed here are in the supplementary information, part 1. A numbered list of the

resulting materials used here is in table 1.

Table 1: The 10 materials studied here. Aluminosilicate zeolites: ZSM-5, X, Y, and highly silicate
zeolites MCM, and SBA. The standard notation used denotes the respective zeolite framework:
ZSM-5, Zeolite Socony Mobil 5 (ZSM-5) (ThermoFisher Scientific, zeolite ZSM-5 ammonium
form), zeolite type Y (Y), zeolite type 13X (13X) (ThermoFisher Scientific, Molecular sieves, 13X,
powder; ThermoFisher Scientific, 45866 Zeolite Y, hydrogen), highly silicate zeolites: Mobil
Composition of Matter (MCM-41) (Sigma-Aldrich, Silica, mesostructured MCM-41 type
(hexagonal), Santa Barbara Amorphous-15 (SBA-15) ) (Sigma-Aldrich, Silica, mesostructured
SBA-15, 99% trace metals basis). All the zeolites are used in acidic form, with the exception of
No.4, where an ammonium zeolite precursor (NH4-ZSM5) was used. WI = wetness impregnation,

IE = ion exchange, DP = deposition precipitation.

Zeolite No. | Composition (wt%) / Preparation | Si : Al molar ratio
1 1% Cu/ZSM-5-WI 46 : 1
2 1.5% Cu/ZSM-5-IE 46 : 1
3 1% Cu/ZSM-5-DP 46 : 1
4 1% Cu/NH4-ZSM-5-WI 46 : 1
5 1% Cu/13X-WI 1.2:1
6 1.5% Cul/Y-IE 11:1
7 1% Fe/ZSM-5-WI 46 : 1




8 1% Fe/MCM-41-WI 1:0

9 1% Fe/SBA-15-WI 1:0

10 1% Mn/ZSM-5-WI 46 : 1

Wetness impregnation (WI) and deposition precipitation (DP) protocols are expected to
lead to the formation of small metal oxide clusters on the external surface of the zeolite
crystals (Meng et al. 2013), known as ‘extra-framework’ species. Such procedure should
not lead to any change in lattice parameters and unit cell volume of the zeolite. lon
exchange protocols instead can lead to intra-framework species (Lopez-Sanchez et al.
2012), that is the doping metal replaces some Al centers within the Si-O-Al framework.
The latter effect can lead to changes of lattice parameters. All of the materials in table 1
as well as the ‘parent materials’ prior to modification were therefore characterized by
powder X-ray diffraction (supplementary section S2.a, Figures S1 to S6), and where
appropriate, also by X-ray photoelectron spectroscopy (XPS) (supplementary section
S2.b, Fig.s S7 and S8). In summary, all materials present extra-framework species,
although material No. 6, a Cu-doped Y zeolite obtained by ion exchange, shows the
largest change in unit cell volume due to doping, albeit the change still is rather small
(0.5%). This small contraction could suggest the incorporation of some Cu into the
aluminum framework of the zeolite. Also, only material No. 6 showed some copper in

oxidation state +1 (namely, 23%) rather than +II.

b.) Selection of analytes and solution preparation

To allow systematic comparison, sensing was tested on dilute solutions of three example
aromatic water pollutants: benzyl alcohol, phenol, and toluene, shown in Fig. 1a, as
examples of water pollutants. All three candidate analytes consist of a rigid benzene ring
with one substitution, hence adhesion should be similar for all with any difference to be
ascribed to the only different functional group. On the other hand, due to the different

substitutions, the three molecules show very different molecular dipoles. The magnitude



of dipole moments ranges from strong to weak: benzyl alcohol, 1.7 Debye (D), phenol 1.5
D, and toluene 0.2 D, respectively (Schaefer et al. 1989; Pople and Gordon 1967).
Further, benzyl alcohol has a dipole at the pendant -OH group that can rotate out of the
plane of the benzene ring around the dihedral angle of the saturated carbon-carbon bond
that links it to the benzene ring. Phenol also shows an -OH dipole but this is fixed in the
plane of the ring as it is attached without ‘spacer’. Toluene shows (almost) no dipole from
the pendant non-polar methyl group. Test solutions of benzyl alcohol and phenol were
prepared by diluting 1 mM stock solutions. For toluene, a saturated stock solution was
prepared by mixing an excess of toluene with water, stirring for 24 hours then leaving for
2 days in a separating funnel to ensure separation, and drawing saturated solution of
toluene in water from the funnel. According to (Polak and Lu 1973), at ambient
temperature that corresponds to 30 mM. A saturated toluene solution was then diluted to

make test solutions.

c.) Catalytic activity measurements
Before testing zeolites 1 to 10 as potential sensitizers in WGTFT sensors for the above
three candidate analytes, catalytic activity of zeolites for the oxidation of these same

molecules was established when they are considered as substrates.

Catalytic tests for phenol oxidation were carried out by dispersing the solid catalyst in an
aqueous solution containing 10.6 mM of phenol and by adjusting catalyst amount or
reactant in order to maintain a constant molar metal to substrate ratio (M : S) of 1:100. In
a typical experiment, approximately 30 mg of catalyst and 50 mL of aqueous phenol
solution were used. All catalytic tests were carried out in custom made glass 100 mL
flasks equipped with a Young’s valve - to be used as a batch reactor - at a constant
reaction temperature of 80 °C. 0.76 mL of H202 (30%, VWR International) was added to
the phenol solution as an oxidant when the temperature reached 80 °C to start the
reaction. The flask containing the reaction mixture was inserted into a pre- heated
temperature calibrated aluminum block for the desired reaction time, and equipped with
a magnetic stirrer operating at 500 rpm. The reaction was quenched into an ice-water

bath after 4 h. Analysis of the reaction mixture was carried out via HPLC using the



following analysis condition: XBridge C18 column, acetonitrile / 0.1% orthophosphoric
acid solution with a ratio of 30%/70% (V/V) as mobile phase with a flow rate of 1 mL-min-
'. Qualitative and quantitative characterization of the reaction mixture was carried out by
comparison to standard solutions in the range 10 to 1000 mg L' of: phenol, hydroquinone,
p-benzoquinone, catechol, maleic acid, malonic acid, acetic acid, and formic acid. COz2
amount was calculated from the carbon mass balance for these products, and validated
via total organic carbon determinations.

For catalytic activity tests on benzyl alcohol as substrate, the catalyst was dispersed in 5
mL of 277 mM of benzyl alcohol (Acros, 99%) solution adjusting the amount of substrate
to a molar metal to substrate ratio of 1 : 100 for each catalyst with respect to the total
amount of active metal. The reaction mixture was heated using a reflux condenser at 80
°C for 24 hours with a magnetic stirrer operating at 300 rpm at atmospheric pressure.
Analysis of the reaction mixture to determine product selectivity and conversion was
obtained via "H-NMR using a Bruker Avance IlIHD 400 spectrometer operating at 400
MHz. NMR spectra were collected using CDCls as the solvent. Before NMR analysis, the
reaction mixture was extracted with CDCls for 1 h under stirring. After that, the subnatant
solution was collected and analyzed. Chemical shifts were reported in parts per million
(ppm) from tetramethylsilane (Gottlieb 1997). Partial NMR used for our quantification and
identification of our compounds were: benzyl alcohol, & (ppm): 7.83-7.28 (CsHs, m, 5H),
4.68 (CH2, d, 2H, J = 5.3 Hz), 2.06 (OH, s broad, 1H); benzaldehyde, & (ppm): 10.02
(CHO, s, 1H), 7.89-7.51 (CeHs, m, 5H), with: 7.89-7.87 (CH(ortho), m, 2H), 7.62-7.61
(CH(para), m, 1H), 7.54-7.51 (CH(meta), m, 2H).

d.) Phase transfer membrane preparation

To prepare PVC membranes 30 mg of PVC and 65 mg of plasticizer 2NPOE were
dissolved in 3 mL of THF, which is a good solvent for all ingredients. All chemicals were
purchased from Sigma Aldrich. Then, 7 mg of powdered zeolite as listed in table 1 were
dispersed in 500 uL of such solution in a small vial and left overnight at room temperature

to allow evaporation of THF. The resulting membranes were ~ 0.4 mm thick and were



then conditioned for one hour in DI water. Finally, the membrane was glued in between

two plastic pools with epoxy, see Fig. 1b.

e.) Water- gated transistor preparation, setup, and measurement protocol

Transistor source/drain contact substrates were prepared by thermal evaporation of Au
(100 nm) with Cr (10 nm) as adhesion layer onto clean quartz- coated glass substrates
sourced from Ossila Ltd (order code S151) by a shadow mask. Each substrate contains
5 pairs of electrodes separated by channel with a length L = 30 ym and width W =1 mm
(W/L = 33.3). 4 sprays of 0.05 M SnCls-5H20 dissolved in isopropanol were sprayed using
an airbrush from 20 cm distance onto contact substrates preheated to 400 °C. Afterwards
substrates were left on the hot plate for 30 min for full decomposition of tin chloride
precursor into semiconducting SnOz2. Resulting film thickness was ~ 45 nm as determined
with a Dektak surface profilometer, the bandgap of SnO2 is 3.6 eV (Sankar et al. 2015).
To test the response of membrane-sensitized WGTFTs to aromatic substrates, we used
a 2- chamber design, similar to some previous workers (Arvand-Barmchi et al. 2003;
Schmoltner et al. 2013), which is derived from the design of traditional potentiometric ion
sensors, e.g. ( Menon et al. 2011). The SnO2 transistor substrate was in contact with DI
water held in an ‘inner’ reference pool that is separated by the sensitized PVC membrane
from a second, ‘outer’ sample pool. The outer pool is initially also filled with DI water, but
this is then subsequently replaced with solutions of increasing analyte (substrate)
concentrations, while the inner pool remains filled with DI water as analyte- free reference.
The transistor is gated by a tungsten contact needle that is in contact with the sample
solution in the outer pool. The setup is illustrated in Fig. 1b. As with all electrolyte- gated
transistors, the potential applied to the gate contact is communicated to the
semiconductor surface via interfacial electric double layers (EDLs). To record linear
transfer characteristics, a small, constant positive voltage (+ 0.1 V) is applied to the drain
contact while the source remains grounded. The drain current Ip then was recorded as a
function of the voltage applied to the gate (gate Voltage, Va). Vg is ramped from -0.6V —
+0.8V. Drain current is low for negative or small positive gate voltage but rises linearly
with gate voltage when the gate exceeds the threshold, Vin. However, the potential that

applies at the semiconductor surface is different from the potential applied to the gate



needle by any membrane potential Vm in response to the substrate solution in the sample
pool. Hence, the substrate-concentration dependent membrane potential Vwm(c) is
transduced into a threshold shift AVin(c), and the transfer characteristic shifts along the
gate voltage axis (additional details concerning the threshold voltage analysis method in

supplementary information section S3).

a.)
T

b.)

Gate

smlm | Drain

. DI water + Analyte |

<eolite- oaded pvC membran®

DI Water

SnoO,

Substrate

Fig. 1a: Chemical formulae of the three non- ionic aromatic analytes tested in this study,

left to right: benzyl alcohol, phenol, and toluene. b: Schematic illustration of WGTFT



sensor setup. SnO2 is spray pyrolyzed from tin chloride precursor over previously

deposited Au / Cr adhesion layer source / drain contact pairs

f.) Data analysis

To determine threshold shift AVin(c) quantitatively, recorded transfer characteristics at
substrate concentration ¢ > 0 were shifted along the Vg axis for best overlap with the ¢ =
0 transfer characteristics (section S3 in supplementary information). The required shift for
the best overlap was taken as AVi(c). Resulting AV vs ¢ response characteristics were
fitted to the ‘Langmuir Freundlich’ (LF) isotherm, eq. 1, using the Origin 2018 non- linear
fitting routine. Fitting returned B values not significantly different from 1 within the margin
of error, therefore B = 1 was used for determination of limit- of- detection (LoD), i.e. the
lowest concentration of an analyte (substrate) that can be detected with a particular
zeolite in the WGTFT. Data were re- plotted in linearized form, AVi(sat) (Kc +1) vs. Kc.
A straight line of the form AVin(sat) (Kc +1) = mKc + b was fitted, and linear fit parameters
m and b +/- Ab evaluated by linear fitting routine in Origin software b overlapped with zero

within +/- Ab, as expected. LoD was calculated from the common ‘3 errors’ criterion,

(eq. 2) KcLop = 3Ab/ m

LoD is a key measure of sensor performance.

3. Results and discussion

a.) Catalytic activity

The catalytic activities of zeolites 1 to 10, as introduced in table 1, for the oxidation of
aromatic water pollutants were determined following the protocol described in section 2c.
Resulting activities are summarized in table 2, and they refer to the catalytic reactions

reported eq.3 and eq.4, for phenol and benzyl alcohol oxidation respectively:

CsHs5-OH + 14 H202 —» 6CO2 + 17 H20 (eq. 3)



And

CesHs5-CH2-OH + 1/2 O2 —» CeH5-CHO + H20  (eq. 4)

Table 2: Summary of catalytic activity of zeolites 1 to 10 on substrates phenol (P) benzyl alcohol
(BA). No.’, zeolite number from table 1; (a) conversion rate calculated as initial rate over a
reaction period of 20 min (as after 4 h all catalysts lead to completion), reaction conditions: 80 °C

endogenous pressure (b) conversion rate after 24h, reaction conditions: 80 °C atmospheric

pressure. For full experimental details see the supplementary information.

Zeolite Composition / Benzyl alcohol conversion Phenol initial

No. preparation rate/ conversion
mM h-1 ©®) rate/

mM h-1 @
1 1% Cu/ZSM-5-WI 0.09 0.65
2 1.5% Cu/ZSM-5-IE 0.12 1.43
3 1% Cu/ZSM-5-DP 0.16 0.43
4 1% Cu/NH4-ZSM-5-WI 0.01 0.38
5 1% Cu/13X-WI 0.20 1.59
6 1.5% Cu/Y-IE 0.17 1.59
7 1% Fe/ZSM-5-WI 0 0.34
8 1% Fe/MCM-41-WI 0 0.05
9 1% Fe/SBA-15-WI 0 1.54
10 1% Mn/ZSM-5-WI 0.24 <0.01

Conversion rates for phenol are considerably higher than those of benzyl alcohol. The
reason of this behavior is two-fold: (i) the oxidation of phenol is assisted by hydrogen
peroxide, whereas the oxidation of benzyl alcohol is assisted by molecular oxygen, and

(i) the doping metals that have been selected for the zeolites are inherently more efficient




at hydrogen peroxide activation rather than molecular oxygen activation under our
experimental conditions. Materials that are active for phenol oxidation may not be active
for alcohol oxidation and vice-versa, because reaction mechanisms are different. An
example of this are the Fe containing catalysts No.7 (1% Fe/ZSM), No.8 (1% Fe/MCM-
41), No.9 (1% Fe/SBA-15), which fail to catalyze benzyl alcohol oxidation. In fact, Fe-
doped frameworks are known to be poor oxidizers for alcohols unless nitroxide species
are added (Ma et al. 2011), and as such served as a control here. Fe-doped frameworks
(No 7, and 8) also fail to catalyze phenol decomposition, but No. 9 is very active for
phenol. Note though that sensing relies in the first step of catalysis only, namely
adsorption to the catalyst surface, which nevertheless may be strong for benzyl alcohol

despite of the lack of subsequent oxidation of the adsorbed substrate.

All candidates were also tested for catalytic activity on toluene (for the expected catalytic
reaction reported in eq. 5) but there was no measurable catalysis of toluene at the
conditions described in the supplementary information. It is known that the catalytic

breakdown of toluene usually requires autoclave conditions (Brezinsky et al. 1984).

CesHs5-CH3 + O2 — CsHs-CHO + H20 (eq. 5)

b.) Sensing benzyl alcohol

First, all zeolites were tested for sensing of waterborne benzyl alcohol, an aromatic
hydrocarbon with high solubility in water (> 277 mM). As a detailed example, we show
results for WGTFTs sensitized with zeolite No. 3 (1% Cu/ZSM-5) membranes. Linear
transfer characteristics under increasing benzyl alcohol concentration in the sample pool

are shown in Fig. 2a.
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Fig 2a: Linear transfer characteristics for SnO2 WGTFTs sensitized with zeolite No. 3
filed plasticized PVC membrane under water with increasing benzyl alcohol
concentrations. b: Resulting ‘'master curve’ after shifting all transfers along the Vg axis for
best overlap with ¢ = 0.

All transfer characteristics are similar but shift along the gate voltage axis towards larger
voltages in response to a few micromolar or higher benzyl alcohol concentration in water.
Threshold shift AVi(c) is due to an increase of PVC membrane potential, Vm(c), with
increasing concentration ¢ of the analyte, benzyl alcohol, in the sample pool. The
membrane potential was assigned to the adsorption of dipolar benzyl alcohol molecules
onto the surface of zeolite grains in the phase transfer membrane. A zeolite that was
developed as a catalyst for aromatic pollutants in water also acts as a sensitizer for such

a chemical at micromolar concentrations, even at ambient temperature where catalysis



will not yet be occurring. To quantify the threshold shift, all transfer characteristics are
shifted along the gate voltage axis to match the ¢ = 0 characteristics, as described in
paragraph 2c. The resulting 'master curve’ is shown in Fig. 2b. The good overlap into a
single master curve confirms that the only impact of increasing analyte concentration in
the sample pool is a membrane potential leading to a threshold shift, no other transistor

parameter is affected.

Similar tests were carried out for all compounds listed in table 1 under benzyl alcohol.
Zeolites No.s 1 (1% Cu/ZSM-5) , 2 (1.5% Cu/ZSM-5), 4 (1% Cu/NH4-ZSM-5), 7 (1%
Fe/ZSM-5), 8 (1% Fe/MCM-41), 9 (1% Fe/SBA-15) gave no response under benzyl
alcohol concentrations up to 200 uM. However, candidates No.s 5 (1% Cu/13X), 6 (1.5%
CulY), 10 (1% Mn/ZSM-5) also succeeded in giving a threshold shift in response to benzyl
alcohol, similar as for zeolite No.3 (1% Cu/ZSM-5). All response characteristics AVin vs.

c for the benzyl alcohol- sensing zeolites are shown in Fig. 3:
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Fig. 3: Threshold shift AV vs. ¢ in response to waterborne benzyl alcohol for WGTFTs
sensitized with zeolites No.s 3, 5, 6, 10. The dashed lines are fits to eq. 1.

It is obvious that the characteristics in Fig.3 are not described by a Nikolsky Eisenman
law (linear shift on log ¢ scale for high c / flatlining for low c), as it is observed for ion
selective WGTFTs using ion ‘capturing’ organic ionophores (Al Baroot and Grell 2019;
Melzer et al. 2014; Schmoltner et al. 2013). Instead, the threshold shift increases steeply
at low c but flatlines (saturates) at high c, as in (Alghamdi et al. 2019). Dashed lines are
therefore fitted to a Langmuir- Freundlich (LF) adsorption isotherm, eq. 1, as described in
section 2f, providing a good match to data. Resulting parameters and evaluated LoDs are
listed in table 3:



Table 3: Characteristic parameters for fits of response characteristics, Fig. 3a, to LF

model, eq. 1, for all zeolites that gave a threshold response to benzyl alcohol.

Zeolite Substrate / AVin(sat) K [10% L-mol] B LoD

No. Analyte [mV] [UM]

3 Benzyl alcohol 262 +/-13 8.3+/-1.0 1.05 +/- 4.6
0.16

5 Benzyl alcohol 484 +/- 34 6.7 +/- 1.3 0.86 +/- 24
0.14

6 Benzyl alcohol 635 +/- 19 5.7+/-04 1.09 +/- 2.1
0.08

10 Benzyl alcohol 396 +/- 37 3.4+/-0.9 0.87 +/- 4.3
0.13

Here all K’s are similar in the order a few 10* L-mol-', which is ~ 5 orders- of- magnitude
smaller than K’s for Cs* ion exchange with zeolite mordenite (Alghamdi et al. 2019). All
four successful zeolites lead to benzyl alcohol- sensitive WGTFTs with LoDs of a few uM,
5 orders- of- magnitude lower than the concentration of a saturated benzyl alcohol
solution in water (~ 370 mM at 25 °C (Lin et al. 2012)), and below the ‘potability limit’ (the
concentration that should not be exceeded in water for human consumption) of 19 uM
(Toxnet, BENZYL ALCOHOL). Saturated threshold shift is large, particularly for zeolite
No. 6 - compare to 59 mV/decade for a Nernstian response law (Schmoltner et al. 2013),
and the electrochemical window of water, 1230 mV. AV(sat) is similar or larger than for
Cs™ ion exchange with mordenite (Alghamdi et al. 2019). The threshold shift from surface
adsorption of molecules carrying a dipole moment supports that the membrane potential
developing in mordenite- sensitized membranes in response to Cs* also was due to
interfacial dipoles. When comparing the surface areas of ‘Zeolite Y’, the support of
catalyst No. 6, and ‘ZSM-5’, the support of catalysts No.s 3 and 5: Surface area of zeolite
Y is given as 700 m? g' (Bortolatto et al. 2017), whereas for zeolite ZSM5 it is only 400



m? g (Tortorelli et al 2014). The larger AVi(sat) for catalyst No. 6 may therefore be due

to larger surface area of Zeolite Y.

A clear correlation can be established between catalytic activity, as shown in table 1, and
activity as benzyl alcohol sensitizer: Successful sensitizers 3, 5, 6 and 10 are also those
with the highest catalytic conversion rates, above 0.15 mM-h-'. Zeolites with lower or no
catalytic activity for benzyl alcohol also do not act as benzyl alcohol sensitizers. All
protocols used to dope transition metal into the zeolite framework can lead to benzyl
alcohol sensitivity - No. 3: DP; No.s 5, 10: WI; No. 6: IE all lead to benzyl alcohol
sensitizers. Both Cu and Mn doped frameworks can lead to benzyl alcohol sensitizers.
We found the strongest sensing response for zeolite No.6, which is also the only material
that contains some Cu in oxidation state | (cf. supplementary section, S2b). Cu(l) is not
essential though for catalytic activity nor sensor response, as successful catalysts /
sensitizers No.s 3 (1% Cu/ZSM-5) and 5 (1% Cu/13X) contain Cu(ll) only. The strong
response for zeolite No. 6 may simply result from the larger surface area of ‘parent’ zeolite
Y. However, there is no sensor response for Fe doped frameworks which also summarily
failed as catalysts, cf. section 3a. Also, sensitizers are not limited to a specific Si : Al ratio,
spanning 1.2 : 1 (No. 5) to 46 : 1 (No.s 3, 10). Frameworks MCM and SBA that lack Al
altogether (No.s 8, 9) did not act as sensitizers, however this may be due to the doping

with Fe only rather than a lack of Al.

c.) Attempted sensing of phenol and toluene

Following successful sensing of waterborne benzyl alcohol with WGTFTs, we have
attempted to replicate a similar response for phenol. A number of catalysts were selected
that are considered particularly promising: ZSM- 5 based zeolites show a high Si:Al ratio
which is known to lead to a strong adsorption of phenols (Damjanovic et al 2010 ; Khalid
et al 2004), hence No.s 2,3,7 and 10 were tested. No. 2 is an active catalyst for phenol,
No. 10 is almost inactive for phenol, cf. table 2. Further, No. 6 was tested for its good
performance in benzyl alcohol sensors, albeit it shows low Si : Al ratio. However, while

the catalytic activity for some of the zeolites selected here (cf. table 2) suggests good



adhesion of phenol very little or no threshold shift for WGTFTs sensitized was found for
either of these catalysts. The most ‘pronounced’ response to phenol (Fig.4) was for No.
2, which is also among the most active catalysts for phenol degradation (table 2), but the
threshold shift was still less than 80 mV even under 200 pM phenol. As phenol
concentration in potable water should not exceed 35 uM (Babich et al. 1981 ; Summary
of State and Federal Drinking Water Standards and Guidelines 1990), none of the zeolites

studied here can lead to practical phenol sensors.
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Fig. 4: Linear transfer characteristics for SnO2 WGTFTs sensitized with zeolite No. 2 filled
plasticized PVC membrane under pure water, and water with high concentration (200 uM)

of phenol.



It is suggested that the lack of clear response to phenol comes from the different nature
of its molecular dipole moment compared to benzyl alcohol: the dipole of phenol is locked
in the plane of the aromatic ring as it is directly attached to it, while the dipole of benzyl
alcohol is ‘free’, in the sense it is decoupled from the ring by a short saturated ‘spacer’ so
it is not confined to the ring’s plane. Even if phenol can adsorb well onto catalyst, if
adsorption is ‘face on’ onto catalyst surface, the dipole will be lateral (in the surface plane),
and dipoles will cancel over an ensemble of many adsorbed phenols as they will be
randomly orientated in the adsorption plane. WGTFT response to waterborne toluene on
the example of catalysts No.s 5, 6, 10 has been also tested. These all showed a response
to benzyl alcohol, and they represent different zeolite ‘families’: No. 5, based on zeolite

type X, 6: Based on zeolite type Y, No. 10, based on ZSM5.
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Fig. 5: Response of transfer characteristics of WGTFTs sensitized with zeolite 5 (a), 6
(b), and 10 (c), to 500uM toluene.

However, even under 500 uM of toluene, which is far above the potability limit of 11 uM
(Agency for Toxic Substances and Disease Registry 2017), the threshold shift does not
exceed 70 mV, cf. Fig. 5. Toluene shows almost no molecular dipole, so even if it adsorbs
well to catalyst surface, only little surface potential will develop. Also, the threshold shift
is in the opposite direction than for benzyl alcohol, indicating reversed orientation of the
(small) dipole moment or a screening effect of surface dipoles on the ‘blank’ zeolite

sensitizer.

4. Conclusions

In conclusion, we demonstrated that when phase transfer membranes are appropriately
sensitized, they can give a potentiometric response to relevant non-ionic aromatic
solutes, that can be transduced with the WGTFT. This allows the sensing of aromatic

water pollutant, benzyl alcohol, with a limit- of- detection (LoD) below its potability limit.



The observed potentiometric response is assigned to interfacial dipoles when an analyte
with a ‘free’ molecular dipole (i.e. a dipole not locked in the molecular plain) adsorbs onto
the surface of grains of powdered sensitizer. This is supported by the observed response
characteristics that follow a Langmuir surface adsorption isotherm. The need for a ‘free’
molecular dipole makes our technique selective for potentiometric sensing for the
application of non-symmetric or containing heteroatoms of aromatic pollutants in water,
which although restricting its applicability, it nevertheless shows how sensing and

catalytic activity can be bridged by the potentiometric sensor concept.

Identification of appropriate sensitizers for aromatic water pollutants was guided by a
common prerequisite for both sensing, and heterogeneous catalysis: Both require
adhesion of a ‘target’ pollutant molecule (i.e., the analyte for sensing or the substrate for
catalysis) on the surface of the sensitizer or catalyst. Therefore a number of transition
metal doped zeolite- and related frameworks were tested as candidate sensitizers,
because they are also considered as heterogeneous catalysts for the oxidation of the
same pollutants. For benzyl alcohol, a clear correlation was established between ‘good’
catalysts (those with relatively high conversion rates) and successful sensitizers, namely
the four candidates successful as sensitizers were those which displayed the highest
catalytic activity. Attempted sensing of phenol was always unsuccessful though despite
good catalytic activity for a number of zeolites studied here on phenol as substrate. It was
these negative sensing results despite good catalytic activities that lead to the ‘free dipole’

criterion.

The present work provides a first example for the use of a catalyst as sensitizer in a phase
transfer membrane for WGTFT potentiometric sensors. Hence, an application for
catalysts was introduced that goes beyond catalysis, a concept that is recommended for
more general consideration. The method established here can in principle also be used
‘in reverse’, namely to use potentiometry with the WGTFT to screen for promising
candidate catalysts as a ‘shortcut’ from the labour-intensive procedure described in 2c.
This will require detailed consideration of specific reactive pathways though, note e.g. the

breakdown of phenol is by peroxide decomposition while oxidation of alcohols like benzyl



alcohol is via hydrogen abstraction (Weston et al. 2017). Potentiometric response signals
surface adsorption only, without distinguishing later reactive pathways, and can only be

applied for substrates with a ‘free’ dipole.
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