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Abstract

The utilisation of zeolites as infrared spectroscopy-based gas sensors and as potentiometric

sensors in zeolite-modified electrodes is reported in this thesis.

Commercial zeolites (NaX, NaY, MOR, FER, BEA-12, BEA-19 and ZSM-5) and
prepared Sn-BEA zeolite have been modified by CuSO4, Cu(NOz3)> and Cu(CH3COO). as
copper sources to obtain room-temperature CO sensors. Cu* forms stable complexes with CO
at room temperature that can be observed by IR spectroscopy. In preliminary screening, MOR
impregnated by Cu(NOz). showed the highest response to 1mbar of CO in a vacuum and from
~10 ppm to 5000 ppm under flow conditions. After further testing, water interference presented
a significant problem to sensor performance. Therefore, hydrophobic Sn-BEA (Si/Al >1500,
Si/Sn = 64) was prepared. Cu(NOs3). — impregnated Sn-BEA demonstrated resistance to water
interference in a humid environment (~1500 ppm of H.O) while maintaining the sensing

properties.

Hydrophobic Sn-BEA and dealuminated BEA zeolite were prepared from a commercial
BEA-19 precursor to obtain a room-temperature infrared spectroscopy-based exhaust gas
fumes sensor. Due to fluoride-assisted synthesis, Sn-BEA has high hydrophobicity and a nearly
defect-free structure. Both materials have been subjected to CO, CO,, NO and NO2 in Ar flow
containing 100 ppm of H20. Dealuminated BEA showed a response to CO2 and NO2, while
Sn-BEA showed selective response only to NO2. Also, Sn-BEA demonstrated two types of
response that could be used for determining both the current and the cumulative concentration

of NO..

The new concept of zeolite-modified electrodes called “Ion-Sensitive Pencil” has been
established. Zeolite and graphite were combined in a uniform mixture (40:60 wt.% ratio) and

pressed by a hydraulic press (4 tonnes) to form a pellet, which was subsequently used to draw



electrodes. Heulandite zeolites from three natural deposits and 11 commercial zeolites (NaX,
KX, NaY, KY, NaA, KA, BEA-12, BEA-19, ZSM-5, MOR, FER, LTL) have been used to
detect 9 cations (Na*, K*, NH4", Ca?*, Mg?*, Mn?*, Zn?*, Ni?*, Cu?*). Most sensors exhibited
near-Nernstian responses to alkali and alkaline-earth cations, while the responses to transition-
metal cations were relatively low. Zeolites demonstrated inferior selectivities and sensitivities
as compared to classical ion-selective electrodes, although the production is simpler and less
expensive. Therefore, the zeolite-containing electrodes were used in a multisensor array to
quantify Mg?* content in a model plant fertilizer solution (Na*, K*, NHs*, Mg?"). The
relationship between the responses was determined using the partial least squares method. The
R? coefficient in cross-validation was 0.83 and the root mean square error of cross-validation

was 0.34 log[Mg?*].

The structure-performance relationship of ion-sensitive pencils has been determined
using chemometrics. Principal component analysis has been used to visualise the variation of
selected zeolite properties (Si/Al; Al/(Si+Al); Pore Size (A); Largest Channel, MR; Channel
Network; Extraframework Cations (Na*, K*, NHs*, Ca?*, Mg?* or Fe®*); Crystallite Size
(XRD); Particle Size (SEM-TEM); SiOH Intensity). Partial least squares regression was used
to relate zeolite properties with sensor responses to Na*, K*, NH4*, Ca?* and Mg?*. Pore size,
largest channel and Si/Al ratio affect the sensor performance the most. Additionally, it was
found that the presence of K™ and Na* as extraframework cations affect the sensitivity towards
Ca?*. The R? coefficients in calibration models were 0.81-0.96 and root mean square errors of

cross-validation for the presented models were 4.1-12.4 mV/dec.
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Chapter 1

Introduction



1.1 Zeolites — brief historical overview

Zeolites are crystalline aluminosilicates that comprise uniformly sized pores of molecular
dimensions. Geologically they are present in the earth’s crust in places where volcanic rocks
and ash layers react with alkaline groundwater. Zeolites also crystallize in post-depositional
environments over periods ranging from thousands to millions of years in shallow marine
basins.™ From the other rocks, they were distinguished by Swedish mineralogist Axel Frederik
Cronstedt. In 1756 he was studying minerals from a Svappavari copper mine (Sweden) when
he stumbled upon a mineral of unusual and to that date uncharacterised properties. When the
mineral was heated with a blow-pipe flame it looked like it was boiling. Based on this property,
Cronstedt named it “zeolite”. This term was coined from the Greek words “zeo” (boiling) and
“lithos” (stone),?! which has later been adopted by researchers who studied these minerals after
him. For the following two centuries, zeolites were mainly studied by mineralogistst® who tried
to elucidate their crystallisation conditions, structure stability upon reversible dehydration, 5!
and adsorption of small molecules such as ammonia, carbon dioxide, hydrogen sulphide, etc.
after initial water desorption.[51 At that time, zeolites were not of much interest because no
practical application was observed.[® The interest in the field was regained after O. Weigel and
E. Steinhof’s,[® and J.C. McBain’s papers, % where they reported that chabazite adsorbs water,
methanol, ethanol and formic acid, but not diethyl-ether, acetone or benzene. Based on this
observation of partial exclusion of certain molecule types, McBain establishes the term
“molecular sieve”. In 1944 Barrer reported that linear alkanes such as propane, n-butane, n-
pentane, can be separated from their branched isomers using chabazite.**) The molecular
sieving property raised interest in the field, but there were only limited amounts of natural
zeolites present. Another drawback is that they were rarely pure and usually contaminated with

other minerals, metals and quartz.



R. M. Barrer and R. Milton revolutionised the field in the 1940s by preparing synthetic
zeolites in their laboratories, as an alternative to the use of natural zeolites.*2*31 Although, they
were not the first researchers that attempted to synthesize a zeolite. In 1862 H. Saint-Claire-
Deville reported the hydrothermal synthesis of a zeolite from potassium silicate and sodium
aluminate.'! In years to follow, many other scientists synthesised analogues of naturally
occurring zeolites.™! Barrer’s and Milton’s work was revolutionary because they produced
synthetic zeolites, which had no natural counterparts. To grasp the importance of this
discovery, it should be stressed that from ~260 different zeolite types known today only 67
occur naturally, so almost 200 are synthetic.[*®! For the following 10 years, zeolites were
synthesised from only inorganic systems (Barrer synthesized zeolites P and Q (KFI
network),*"I while Milton prepared zeolites A, B and C).1*¥ That has limited Si/Al ratio to low
values. Another important factor that contributed to the progress in the field was
characterisation techniques development, most importantly XRD powder diffraction.él
Without it, there was almost no possibility to identify and confirm structural differences and
uniformity. In 1961 Barrer!*®! achieved another milestone, he introduced organic molecules as
structure-directing agents (SDA) in the synthesis of a zeolite. SDAs are used to direct zeolite’s
pore size and volume. In the beginning, it was tetramethylammonium hydroxide (TMA-OH),
but in the years to follow, other researchers used many types of organic molecules, but mainly
quaternary ammonium salts. Using of SDAs allowed the synthesis of high silica zeolites (e.g.
BEA ranging from Si/Al= 5 to 100) and even pure-silica ZSM-5 (Silicalite 1).[2%

In 1997 a definition of zeolites was presented by IZA, and it stated: a crystalline
substance with a structure characterized by a framework of linked tetrahedra, each consisting
of four O atoms surrounding a cation. This framework contains open cavities in the form of
channels and cages. These are usually occupied by H.O molecules and extraframework cations

that are commonly exchangeable. The channels are large enough to allow the passage of guest



species. In the hydrated phases, dehydration occurs at a temperature mostly below about 400
°C and is largely reversible. The framework may be interrupted by (OH, F) groups; these
occupy a tetrahedron apex that is not shared with adjacent tetrahedra’ ! From this
definition, it can be seen that the zeolite family is not restricted only to classical silicon and
aluminium zeolites, but also it comprises (aluminophosphates) AIPOs, (silico-alumino-
phosphates) SAPOs, (metal-containing AIPO) MeAPOs and (metal-containing SAPO)
MeAPSOs. A distinction of zeolites among other crystalline oxide materials stems from the
unique properties of zeolites: uniform microporosity, ion exchange capacity, framework

acidity, and thermal stability.

1.2 Zeolite structure

The structure of a zeolite consists of TO4 tetrahedra (primary building unit), where T
atom (Si, Al) is surrounded by four oxygen atoms in the corners of tetrahedra. Those tetrahedra
are interconnected only by corner-sharing. Two T atoms cannot be connected directly, they
have to be connected via bridging oxygen atom (Figure 1.1). T-O-T bond angles can vary from
130° to 180°, and thus produce various structure patterns (secondary building units, SBUS).
SBUs are made from up to 16 T atoms containing tetrahedra interconnected in 23 possible

ways. 11622231 The most common SBUSs are visualised in Figure 1.2.



a) b)

Figure 1.1. a) TO4 tetrahedra, b) Corner-sharing TOj4 tetrahedra,
(White circles represent T atoms (Si, Al), blue circles represent O atoms),

adapted according to ref.[]
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Figure 1.2. Selection of most common SBUs.#l

Each specific zeolite structure can be made from one or more different types of SBUs
(e.g. LTA contains 5). They are not chiral and in a unit cell, there has to be an integral number
of SBUs. With a variety of combinations, SBUs can produce a range of chains and 2-D
networks which are then mutually interconnected while forming a distinct structure. Depending
on the structure type, differently sized and shaped channels and cavities can be made.?*! Based
on a specific framework, characteristic units made from several SBUs are present in sodalite,
zeolite A (LTA), faujasite and zeolite L (LTL), which are depicted in Figure 1.3.[® These rings
form a number of different composite building units, which are characteristic of each type of

zeolite.
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Figure 1.3. The composite building units for sodalite, zeolite A,
faujasite and zeolite L; a) double four-ring, b) double six-ring,

¢) cancrinite cage (CAN), d) B-cage (sodalite cage). [

The nature of their links gives rise to different structures. For example, sodalite or S-
cages connected through single four rings make a sodalite structure, whilst connecting them

via double four rings (D4R) yields LTA and if they are linked through double six rings (D6R)

the structure of faujasite (FAU) or EMT is obtained (Figure 1.4).12%]

@SOD

sodalite
or B- cage

Figure 1.4. Sodalite or s-cage in different zeolite structures. 2%



So far ~260 zeolite structure types are known. Each structure type is labelled with a 3
letter symbol provided by the Structure Commission of International Zeolite Association (IZA-
SC).[81 Zeolite framework is negatively charged. The negative charge stems from the
isomorphous substitution of silicon ions (Si**) with trivalent ions (AI**, Fe3*, Ga®*, In®*, B%"),
of which aluminium is the most common. Consequently, that negative charge has to be
compensated with extra-framework cations. Zeolite framework cannot have more aluminium
than silicon in the framework due to the “Lowenstein’s rule”.l?®) It states that Al-O-Al
connections are not possible. In other words, each aluminium atom has to be surrounded by
oxygen bridges to four silicon atoms, which means that Si/Al ratio has to be at least one or

greater than one. This leads to the chemical composition of a zeolite:

(M+)a(M2+)b [Al(a+2b)5in—(a+2b)02n] * mH,0

In this formula, M, represents extra-framework ions, that most commonly are alkaline
(K*, Na*) or alkaline earth (Ca?*, Mg?") ions. Extra-framework ions are not bonded to the
framework, they only have weak interactions, and therefore can be easily exchanged for other
ions that are present in zeolite’s proximity.l®l Contemporary zeolite synthesis depends on
organic SDAs. Since organic molecules are bulkier than the inorganic ions of the same charge,
fewer ions are needed to fill the channel or a cavity void and less aluminium atoms are required
in the structure to compensate for the charge imbalance. Therefore, SDAs can facilitate the

synthesis of zeolites with higher Si/Al ratios.

1.3 Acid and basic properties

Besides structural characteristics of zeolites, another important feature is the presence of very
strong acid sites. The acid sites that can be found in the zeolite framework, and solids in general,
are Brgnsted or Lewis in nature (Figure 1.5). As mentioned previously, the introduction of

trivalent aluminium atoms in the tetrahedral framework brings negative charges that have to be



balanced by extra-framework cations. In cases when the exchange is performed with
ammonium cations which can be later decomposed (to gaseous ammonia and a proton), protons

act as compensating cations near aluminium centres, considering their formal charge.

Bronsted acid site Lewis acid site
i
O\Si/ O\Al/ © O\s” N © O\Si/ O\M/O
i
O/ \O/ \O O/ \O/ \O O/ \O/ \O

Figure 1.5. Visualisation of Brgnsted and Lewis acid site,

M = tetravalent metal atom (e.g. Sn, Ti, Zr), adapted according to ref.[?7]

Those protons contribute to forming of bridging OH-groups with a polar covalent O-H bond,
(Figure 1.5) which can easily donate H" and hence behave as Brgnsted acid sites (BASS).
Therefore, a number of possible BASs strongly depends on Si/Al ratio.[?8] Nowadays, protonic
or H-forms of zeolites are mostly synthesized directly, by using SDA molecules. In this case,
the protons may be residual from the combustion or decomposition of the templating agents.
That allows various synthesis paths to produce the so-called H-forms of zeolites, which are
very strong solid Bransted acids.[?®! The idea that zeolite acidity originates from aluminium
tetrahedral bonding was first suggested by Thomas.B% Milliken et al.BY conceived different
structures of the acid sites, with tricoordinated silicon atoms located on small structure defects
acting as electron-acceptor sites, i.e., as Lewis centres. Other Lewis sites can be created by
local charge imbalances originating from defect sites, extra-framework aluminium cations,
thermal dehydroxylation, the presence of coordinately unsaturated metals (Sn, Ti, Hf, ...),
surface defects. Some Lewis acid sites are important in catalytic reactions with transition

metals that involve reduction or oxidation steps. To measure solid acidity, the experiments have



to convey information on the chemical nature of the acid sites (Brgnsted or Lewis), site
concentration, acid strength distribution, and accessibility to acid sites. The amount of
framework aluminium controls the highest possible number of BASs. However, the
concentration of aluminium and the amount of acid sites rarely match because zeolites tend to
release aluminium as a result of thermal or chemical treatments. This is a characteristic of Y
zeolite, one of the most important commercial zeolites. Additionally, the ion exchange is an
equilibrium process that may be incomplete. Also, BASs can be lost via dehydroxylation at
high temperatures. It can be realized that the holistic description of acidity requires the

characterization of several factors so that in general multiple techniques must be used.

1.4 lon-exchange

Of the total annual zeolite consumption, 73% is used as detergent builders, hence the ion-
exchange ability of zeolites is widely exploited.[® Following the discovery that soils undergo
ion exchange when contacted with solutions of ammonium salts®?l and that ammonium or
potassium were exchanged for calcium in 1858,1 H. Eichhorn first reported that this
phenomenon reversibly occurs also in natrolite and chabazite.*] That was successful and
provided great possibilities for the industrial use of zeolites. To this date, it is thoroughly
studied by many scientists for various applications from gas adsorption to catalysis and fuel
conversion. In comparison to other ion-exchangers such as organic resins that swell in water,
zeolite structure remains almost intact in aqueous solutions with a wide pH range (pH < 2 cause
dealumination, and pH > 10 cause desilication).l®! For the research presented in this thesis,
ion-exchange process is one of the most important ones, because it allows entering of the ions
that are interacting with species of interest in the zeolite channels or cavities. Therefore, this
process is described in a more detail way. In general, ion-exchange process can be

thermodynamically defined by two statements:



(@) the system is in a true state of equilibrium;

(b) the exchange process is fully reversible. If the system is not reversible then there will be
two different reactions (one representing the forward exchange and another the reverse
exchange) that need to be examined separately. These processes must have different standard
Gibbs energies also, in the reversible case, the forward and reverse reactions have different
Gibbs energies although the difference is only in sign.

Those definitions are not solely for zeolites, but all solids in general. Since they are
uniform, definitions provide a possibility to compare the cation selectivity of a zeolite with
different types of compounds. lon exchange as a process can be defined as the exchange of ion
A4 | which is in the beginning only in the solution, and ion BY5 that is present only in the
zeolite.

qpAd* +4aB;® © qpAL* + qsBJ”
In the equation above, g4 and g5 are the charges of the ions, As and Bg solution cations, while
Azand B are cations inside the zeolite structure. lon exchange isotherm at a standard condition
of temperature and pressure can be constructed to yield the distribution of cations between the
zeolite and solution phases when equilibrium has been reached. Detailed experimental
methodology for the construction of an isotherm is described by Dyer et al.*®l and by
Townsend."! Idealised isotherm shapes are shown in Figure 1.6. They give a visual indication

of the relative preferences of the cations for the zeolite and solution phases.
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Figure 1.6. Theoretical ion-exchange isotherms, adapted from ref[],

Fs- equivalent fraction of cation in a solution, Fs- equivalent fraction of cation in a zeolite

When there is no difference in affinity for cations in the zeolite phase the isotherm is a
straight line — the dotted line (1) in Figure 1.6. Isotherm (2) is the shape adopted when A
remains in solution, it does not readily substitute B from the zeolite phase, under defined
experimental conditions. Isotherm (3) occurs when A replaces B from the zeolite. The
sigmoidal shape of (4) arises when there is a change in selectivity, in the concentration range
that is studied, and it could indicate that more than one exchange sites in the structure are
available for the competing cations. This must be viewed in the light of the conclusions of
Barrer and Klinowski®! who provided a fundamental approach to the effect of electrolyte
concentration on selectivity. They concluded that when competing cations have different
valencies, selectivity increases for the cation with the higher valency as dilution increases.
Changes in isotherm shape can occur, with both the loss and gain of a sigmoidal shape being
possible, so the presence of inflexions in an isotherm may not be taken as evidence that there

is more than one possible exchange site in the zeolite. This enables an isotherm to be plotted
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recording the equivalent fraction (Fs) of the ingoing cation in solution against its equivalent
fraction in the zeolite (F;). When ions have the same valency, changes in isotherms with
dilution are very small. These quantities can be defined as,

Fs(A) = qacs(A)/(qacs(A) + qpes(B))  Fz(A) = qacz(A)/(qacz(A) + qpcz(B))
where g4 and qg are the charges of the ions, cs(4), cs(B), c;(A) and c,(B) are the cation
concentrations in solution and solid phases, respectively.

The selectivity of a zeolite for ion A can be expressed quantitatively as a separation factor,
o = F;(A)cs(B)/Fy(B)cs(A)

A fuller consideration of the normalisation and its theoretical justification can be found
in Barrer et al.*®! As it was mentioned in the definitions, to apply thermodynamic analyses to
isotherm data it is imperative that the process be demonstrably reversible. In a majority of real
zeolite-cation systems, the path of the reverse isotherm deviates markedly from that of the

forward exchange (Figure 1.7).
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Figure 1.7. lon-exchange isotherm hysteresis, adapted from ref.[%!
This phenomenon is known as “hysteresis” and can arise from the presence of phase

separation and the coexistence of two phases over the composition range studied. It can also
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be a consequence of changes in occupancy of heteroenergetic cation sites created by drying the
zeolite samples prior to their use to generate the reverse curve. Other causes are the incidence
of unsuspected ternary exchanges, small errors in analysis or even the precipitation of metal
oxide or hydroxides on the zeolite external surface. Not all isotherms in the literature have been
constructed in the formal ways described above. Often they arise from contacting the zeolite
with solutions containing only the in-coming cation, analysis for only one ion is carried out in
one phase (solid or aqueous) and various units of concentration are used.[*”) For most
applications, the full thermodynamical analysis is not necessary, so only the distribution
coefficient at one point is used. It is used in cases when the only important fact is the final
amount of the desired cation that is going to be present in the exchanged zeolite. At each point
a distribution coefficient (Kp) can be defined for ion A:
Kp(A) = cz(A)/cs(A)

where c;(A) is the concentration of ion A per unit mass of anhydrous zeolite and cg(A) is the
concentration of A per unit volume of external solution. Distribution coefficients are widely
used as convenient checks of practical selectivities under fixed experimental conditions,
provided equilibrium has been reached. These equations are suitable only for binary systems,
which means that there is one ion entering and one leaving the zeolite. For commercial
utilisation in real-life samples where multiple ions are present, zeolites should be able to
exchange at least two or more different types of cations. However, then thermodynamic
calculations become more complicated. Since those conditions were not studied during this
project, they will not be covered.

As mentioned above, commercially zeolites are mostly used in detergents, as a detergent
builder. That is zeolites are used to soften hard water as well as to enhance the overall detergent
performance. During the water softening process Ca?* and Mg?* ions from water are exchanged

for Na* ions from the zeolite. In the past, that process was utilising phosphates, but since the
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excess amount of phosphates in wastewater caused the proliferation of algae that created a
disturbance in the ecosystem, a better solution had to be found. Nowadays, zeolites are used as
eco-friendly compounds. Since the water hardness, as well as the washing customs, are not the
same throughout the world, not only one zeolite type is suitable to cover all the market
demands. Several zeolites are used, of which LTA,* FAU®2 and MAP“® are most common.
Those zeolites are used because they have a low Si/Al ratio and therefore high ion-exchange
capacity and selectivity towards small and highly charged cations such as Ca* and Mg?*. Apart
from the detergent industry, zeolites are also used in wastewater and nuclear waste treatment.
From the wastewater, the most important ion to be removed is the ammonium ion, while the
nuclear waste can have a wide variety of ions such as Cs*, U?*, Sr?*, Th*", etc. Zeolites MOR,
CHA and ANA were tested, but clinoptilolite showed the best efficiency in both fields. Another
great advantage of clinoptilolite is its availability as a naturally occurring zeolite in vast
quantities.l* In addition to these large-scale processes, ion-exchange properties of zeolites are
important in other areas, e.g. catalyst preparation and sensor applications.

As this project is going to be focused on zeolite applications as environmental pollutant gas
sensors and as electrode-based cation sensors in water solution, the alternative approaches to
sensing those species are explored in the following two sections (their sensitivity range, cost,

durability and ease of use).

1.5 Gas sensors: state of the art

ITUPAC defined a chemical sensor as “A device that transforms chemical information, ranging
from the concentration of a specific sample component to total composition analysis, into a
useful analytical signal.”*¥ Gas sensors for environmental pollutant gases (COx, NOx, SOx)

present on the market can be divided into two main types: optical and electronic sensors (Figure
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1.8). The main principles of these sensors will be explained in the example of CO sensors since

they are the most common in UK households.

Gas sensors

Optical 'Electronical
sSensors . Sensors
| | | —
Non- _
Optochemical | Photoacoustic  Dispersive Electrochemical Me_tal Oxide
e Semiconductor

Figure 1.8. Classification of state-of-the-art CO gas sensors.

1.5.1 Optical sensors

Optical sensors can be further divided into optochemical, photoacoustic and non-dispersive
infrared (NDIR) sensors. The optochemical sensors are metal salts (e.g PdCl) that are reduced
upon interaction with carbon monoxide. The salt changes colour when reduced and this is the
feature alerting the observer. Even though they are inexpensive, a big drawback is that the
alerting system requires the vigilance of the observer to recognise the change in
concentration.® If it is considered that at high concentration carbon monoxide causes
dizziness and confusion,“¢471 an average person may be in no condition to readily observe this

change and get away from the danger.

The second type of optical sensors gas sensors depends on photoacoustic spectroscopy.
Photoacoustic spectroscopy observes sounds formed by the interaction of EM waves with the
detector. [81 Upon contact with EM waves, a thermal expansion is generated, which produces

a pressure wave (sound). For CO sensing, a 4.55 um (~2200 cm™) laser was pointed to a gas

chamber [“*-5%, Upon interaction with CO, the signal attenuation was proportional to the CO
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concentration. The technique has been tested with both low and high CO concentrations, but

the long signal response (~35s) and the bulky design prevent it from widespread use.

The third major type of gas sensor is an NDIR gas analyser. It shows great responses to high
concentrations of CO (200-1000ppm), but the response at lower concentrations is worse than
with metal oxides®, Figure 1.9. Therefore, it is not suitable for commercial use, because a
home gas sensor is supposed to warn the homeowners about the leakage while their life is still

not in danger. Combined with NDIR technology, biomimetic sensors are in use as well.

1.5.2 Electronic sensors

Electronic sensors come in two main types: thermistor type metal-oxide-semiconductor (MOS)
detectors that detect a change in heat when target gas reacts with the oxide layer (the change in
temperature raising the alarm), and an electrochemical detector that works by sensing the
change in charge carriers in an electrolyte solution when target gas interacts with an electrode
of the device. Sensors have been utilised by researchers to actively measure the varying
concentration of CO in the environment. Wiegleb and Heitbaum reported the use of metal oxide
gas sensors as detectors for monitoring NO and CO gas concentrations in cars, studying the
variation in concentration over an extended period. SnO2 was used to detect the change in
concentration of CO and In20 to detect the concentration of NO.5? The sensor was used to
measure the concentration of CO and NO at varying stages of the journey; metal oxides were
used due to their fast response to the change in concentration. These responses were compared
with an infrared gas analyser (Figure 1.9). The responses are comparable although the NDIR
analyser has a greater dynamic range, the MOS device had a better response at low

concentrations.[4°!
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Figure 1.9. SnO> based sensor and infrared gas analyser intensities comparison

at various concentrations of CO.[%2

According to recent studies, the best metal oxide semiconductor (MOS) material for the
detection of carbon monoxide is SnO>. Others, such as CeO> and TiO», have been investigated
but are yet to match the performance of SnO: systems having poor responses at low CO
concentrations. Such sensors have been demonstrated to have higher responses to carbon
monoxide at low concentrations than an infrared gas analyser and as a result, show great
promise for cheaper air quality measurement.[®? The operating temperatures around 250 °C
help to lower power requirements, although it is still desirable to minimise these further, as this
remains the largest obstacle to the use of MOS technology. The small particle size, around 2
nm, has been shown to increase gas response, although material processing in device

fabrication has yet to be optimised in this instance. The investigation of nanomaterials provides
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a potential way forward for future research into lowering device power consumption and

increasing gas response.

Currently, most of the CO sensors on the market are based on electrochemical technology. [**]]
The electrochemical cell consists of the working electrode, counter electrode and electrolyte.
At working electrodes that are usually made from noble metals (e.g. Pt for CO), the target gases

are oxidised and at counter electrodes, the oxygen from the air is reduced.

Working electrode 2C0 + 2H,0 - 2C0, + 4H" + 4e~

Counter electrode 0, + 4H* + 4e~ - 2H,0

Electrolytes could be either liquid (acid or salt solution) or solid (yttria-stabilised zirconia or
“NASICON” (NasZr,SizPO12)) P45l The former are less common since there is a risk of

leaking and drying out.

The electric current produced upon oxidation of the gas on the working electrode is related to
the CO concentration. The sensors show almost no response to H2, CH4 and NH3, but ethanol
is a significant interference since its reducing potential is similar to CO. ®° This is compensated
by utilisation of chemical filter membranes on top of the working electrode. At lower
concentrations the response to CO is quick, but at higher concentrations, the response depends

on CO permeability through the membrane.

The main advantages of this technology over the others can be attributed to a nearly linear
response to CO concentration, compact design, long lifespan and ability to operate at room
temperature. Since no heating of the sensing substrate is required, the sensors can also be
battery-operated, which facilitates their mobility. On the other hand, the disadvantages are a
limited long-term temperature range (0-50 °C), the need for stable oxygen supply and potential

handling hazards when acids are utilised as electrolytes®®l,
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1.6 Zeolites as sensors

Due to their unique properties, zeolites are of high interest in the field of gas sensing. Their
adsorptivity, porosity, high surface area, the presence of mobile ions, and catalytic activity
make them potential candidates as chemical sensors in numerous applications. Zeolite-based
gas sensors can be divided into two main groups. Zeolites can serve as a main functional

element of a sensor, or as an auxiliary element (Figure 1.10).

Zeolite
| | N
Functional Auxmary
element element
I
lon- . 1 High |
conducting AELLUI Catalyst Filter surface Host
layer
layer | template

Figure 1.10. Classification of zeolite-based sensors. 7]

1.6.1 Zeolite as a main functional element

Sensors that have zeolites as main functional elements rely on conductive, adsorptive, or
catalytic properties of one specific zeolite and its interaction with the target species, i.e. their
chemical features are exploited (Figure 1.10). General aspects of ionic conductivity in zeolites
have been studied extensively.’” Due to the band gap of several eV between the valence and
conduction bands, no electronic conductivity (direct current) is observed with zeolites in
general .81 However, as extra-framework cations present within the zeolite can move from one

binding site to the next, the zeolite exhibits ionic conductivity.[®®! In the dehydrated state, ions
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move within the zeolite according to ion-hopping mechanism, while in the hydrated state,
protons in zeolites move via the “vehicle” or Grotthus mechanism.®@ The thermal activation
energy of conduction and the specific conductivity varies for every specific cation. Na* -
containing zeolites (e.g. 2.9x107° Q cm ™ in LTA at 600 °C) have the highest conductivity
values and lowest activation energies in the dehydrated state, as determined by impedance
spectroscopy.®¥ By increasing the cation diameter, electrostatic interactions decrease from Li*
to Na*, which results in lower activation energies and higher conductivity, but with K™ and
Rb*, an increase in activation energy is observed due to steric effects. Compared to other solid
electrolytes, zeolites are in the middle range. For example, conductivities are 2 orders of

magnitude lower than in Na*-B-alumina, and 3 orders of magnitude higher than in CaF.

Sensors that use conductivity to measure the analyte concentration can be grouped depending
on the localisation of the effect. The interaction involves either the entire bulk of the zeolite,
i.e., it takes place within the channels and cages, or it is confined mostly to the interface
between the zeolite surface and an adjacent phase (gas, liquid or solid). Apart from ionic
conductivity, zeolite-containing sensors can change their visual properties. In this case,
cataluminescence (CTL) is utilised. This term describes chemiluminescence produced during
the heterogeneous catalytic oxidation of organic vapours on the surface of a solid catalyst,©?]
for example, a zeolite. Recently, this radiation was used by Yang et al. to prepare CTL optical
sensor devices based on Na-FAU or Na-Cs-FAU for the selective detection of acetaldehyde

and n-hexane. .157.:63]

1.6.2 Zeolites as an auxiliary phase

When zeolites are auxiliary phases, sensors utilise physical aspects more, so that other materials
could benefit from them. Zeolites as an auxiliary phase in gas sensing are divided into three

major subgroups (Figure 1.10). They can act as filter layers (either catalytic or size-restrictive
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to enhance the selectivity of a sensitive film), high-surface templates, and host structures to
immobilize gas-sensitive species. Zeolite filters are of particular interest for conventional n- or
p-type semiconducting sensor materials. One major drawback of the latter is lack of selectivity.
If a zeolite film is deposited on the top of the actual sensor element, it may act as a barrier for
interfering gases, thus preventing their interaction with the sensor. This method of selectivity
enhancement has been reported in the literature for a large variety of semiconductor—zeolite
pairs, e.g., LTA zeolite on Pd-doped SnO,,1®!! Pt-loaded MFI on SrTig xFexO3,[®! MOR on
Sn0..%1 Due to their characteristic framework structure, zeolites also serve as templates for
the synthesis of sensor materials with an exceptionally high surface area. This is of particular
interest in the case of conventional n-type semiconducting sensor devices, e.g. tin oxide, where
the sensing mechanism is closely connected to the interactions between the analytes and
oxygen species adsorbed on the surface.[”] The zeolite framework structure also serves as a
host for the immobilization of gas-sensitive agents.[*® Due to its comparatively large cages,
the so-called “super cages”, zeolite FAU is suitable to encapsulate bulky dye molecules or

complexes.l
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1.7 lon-selective electrodes

The second part of this project is dedicated to utilising zeolites in systems analogous to
ionophore doped ion-selective electrodes (ISE). ISE, also known as a specific ion electrode, is
a sensor that converts the activity of a specific ion dissolved in a solution into an electrical
potential. The voltage is dependent on the ionic activity, according to the Nernst equation. ¢!
ISE measures the potentiometric response of a phase boundary potential between the aqueous

phase and water-immiscible (sensing) phase.

. RT . 2303RT
EMF =E +Zi—FlTlai =E +zi—FlOgai

where EMF represents the measured value, E° is a constant and in the case of the phase
boundary potential it depends on solvation of ion i in two adjacent phases, R is the universal
gas constant (8.314 J mol? K1), T is the absolute temperature in K, F is Faraday constant
(96485 C), zj is the charge and a; is the activity of an ion. The origin of the potentiometric

response is discussed later in this chapter.

The research on ion-selective electrodes started in 1906 when Cremer reported that a rise of
potential occurred when two solutions with the different activity of hydrogen ions (H*) were
separated by a glass membrane.l®® Those findings have become the main principles of the pH
electrode, which is the most used ISE. Glass ISE were later optimised to detect other ions other
than H*, but the biggest breakthrough occurred when ionophore-based polymeric membrane
ISEs were introduced.®®7% One of the most important ionophores to this date is valinomycin
which specifically binds K* ions (Figure 1.11).I"Y1 Benefits of valinomycin use as ionophore
originate from the structure that allows interaction with K* ion in stoichiometric ratio 1:1, and
also K* fits snuggly in the ring, while other ions like Na* or Rb™ are either too big or too small

to interact in the desired way. In contemporary designs of ISEs, ionophores are dispersed in
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the porous polymer matrices (PVC, polyurethanes, acrylates, perfluoropolymers, etc. ) that

work as a membrane in the sensing phase. 687072731

Figure 1.11. Structure of valinomycin.["™

In the field of ISEs zeolites are for their structural characteristics used as ionophores, too. The
first report on zeolites as elements in electrochemical electrodes was published by Marshal in
1939, where the potentiometric response of zeolites in a cement matrix was reported.[’4l In
1970, Barrer and James exploited the pore size of zeolite A to detect sodium ions in a mixture
with tetraethylammonium species based on the size exclusion from the channels.[”® In addition,
the selectivity for dopamine and epinephrine over ascorbic acid was reported based on a
difference in the charge of these species.[”®! A significant amount of research effort was put
into conducting-polymer-zeolite  membranest’”# and zeolite-modified carbon paste
electrodes(®-8% put so far the selectivity and the Nernstian response obtained with valinomycin
have not been matched.[® That fact should not be discouraging for the further study of this
type of electrode, because the development of new zeolite structures and matrix types provides

a great opportunity to design a highly selective and commercially usable sensor. Also, as
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demonstrated in chapter 4, the lack of selectivity could be overcome by using the chemometric

methods.

1.8 Chemometric methods

Chemometrics encompasses a number of mathematical, statistical and computational methods
that are used to interpret or predict the data in experimental natural sciences. They are most
commonly used in experimental design modelling, pattern recognition and multivariate

calibration. The latter two method types were used during this thesis. 86

Principal component analysis (PCA) is a pattern recognition method aiming to represent the
samples characterized by multiple variables in a series of 2D plots (scores and loadings plots).
The PCA scores plots could be used to assess the similarity or dissimilarity of the studied
samples and the PCA loadings plots to evaluate the impact of specific sample variables on these

differences. 85861

Partial least squares (PLS) is a multivariate calibration method that aims to find the linear
regression model using the dependent variables (e.g. spectra, chromatograms) and correlate
them with the independent variables (sample properties). The calibration process requires an
initial data set with values that are of interest for prediction (e.g. spectrum, chromatogram),
and the system features that are believed to contribute to the response. Using the data from the
training set, the model predicts the response of new samples. In chemistry, PLS is used to

determine the influence of sample properties to the observed signal response.[52°]

1.9 Characterisation techniques

Apart from the evaluation of sensor response towards an analyte, it is necessary to characterise

all the constituent materials to determine the physical and chemical properties of the sensor.
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Thus, the source of the analytical signal can be identified and the overall sensor performance

optimised. The main principles of characterisation techniques are described below.

1.10 Infrared Spectroscopy

Infrared (IR) spectroscopy utilises electromagnetic radiation in the infrared region (~30 to
~12000 cm™) of the spectrum to characterise the molecular structure based on their bond
vibration properties.’®-%% The IR part of the EM spectrum could be further separated into three

regions based on the observed vibration types:

« Far-IR (400-30 cm™): molecular skeleton and crystal lattice vibrations; molecules

containing heavy atoms,

« Mid-IR (4000-400 cm™): lighter element bonds and functional group vibrations; organic

compounds, metal-organic complexes and lighter inorganic sample analysis

« Near IR (12820-4000 cm™): overtones and combination frequencies; mainly used for

quantitative analysis

To be IR active, the vibration must be accompanied by a change of the dipole moment upon
interaction with IR radiation. For example, molecules with a permanent dipole moment (CO
and NO) can be observed using IR spectroscopy. On the other hand, molecules like H2> and N2,
without a permanent dipole moment are not infrared active. For molecules with N number of
atoms, 3N-6 number of vibration modes are possible (3N-5 in case of linear molecules). The
IR active vibration modes involve bond stretching or bending (Figure 1.12). Stretching modes
can exist as symmetric or asymmetric while bending modes can be classified into four different
types. Rocking and scissoring are in-plane modes, twisting and wagging are out-of-plane

modes. [87-90]
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Figure 1.12 Molecular vibration modes, adapted according to the ref.[*"]

1.10.1 Instrument components:

Infrared spectrometers can utilise dispersive or Fourier transform (FT) setup. The latter is most
common in contemporary laboratories, and it was used during this work, as well, so it is
described in more detail. The main components of an FTIR spectrometer are an IR source,

interferometer, sample cell and detector (Figure 1.13).

Common IR sources are silicon carbide (“Globar”) or ceramic (“Nernst glower) rods which
are electrically heated to ~1500 °C. No monochromators or dispersive elements are present in
the FTIR instruments, but all the wavelengths are collected simultaneously. The interferometer
is used to produce an interference pattern which could be later transformed to a spectrum by

using Fourier-transform mathematical operation.

The main parts of an interferometer are a beam-splitter, a fixed mirror, and a moving mirror.

The beam-splitter is a semi-transparent mirror positioned at a 45° angle to the incident beam.
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The incoming radiation is separated by the beam-splitter and into two beams. One part is
transmitted to the fixed mirror while the other one to the moving mirror. The moving mirror is
controlled by a special mechanism that changes its position by several millimetres. When both
reflected beams reach the beam-splitter, they are recombined and produce an interferogram.
The amplitudes of the interferogram are registered by a detector and using Fourier transform

mathematical operations extracted from the time domain to the frequency domain. [&7-°0

The photonic and thermal detectors are the two most common types of IR detectors. In the
former ones (e.g. MCT — mercury cadmium telluride) incident IR radiation causes electron
excitations from the ground and first excited states of the semiconductors. Photonic detectors
have faster response times and higher sensitivity but require to be cooled down by liquid
nitrogen to avoid the thermally induced electron excitation. Thermal detectors are pyroelectric
crystals like DTGS (deuterium triglycerine sulphate). They produce a temperature-dependent

potential difference when exposed to IR radiation. 7%

[

t| i Moving mirror

Fixed mirror Beam splitter Detector
A
Sample cell Computer
IR source

Figure 1.13. FTIR instrument scheme, adapted according to the ref.[*l
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1.10.2 Non-dispersive IR spectroscopy

Non-dispersive IR (NDIR) spectroscopy setup does not contain any optical dispersing
components (e.g. prisms) that separate the incident light. Rather, the light is filtered after the
interaction with the sample and before reaching the detector. Also, the use of
microelectromechanical systems enables the instrument miniaturisation viable for gas sensing
applications. The three main types of NDIR-based setup are the total absorption, negative filter
and positive filter. The latter one is the most common, so the working principle will be further
explained. The NDIR system could have either one or two IR sources, where the emitted light
is directed to the sample and the reference cell. The reference cell is sealed and contains a non-
absorbing gas (e.g. N2), while the target gas can flow through the sample cell. Since the
absorption region of gaseous molecules (COx, NOx, SOx) overlap with the water adsorption,
the optical filters are used to increase the sensitivity of the detectors to the specific gas.’*:9?
Usually, the optical width of a filter is from 50 to 300 nm, which would be ~100 cm™ in the
mid-IR region. Additionally, the gas adsorbing sensor materials usually shift the adsorption

wavelengths, thus further increasing the selectivity of the recorded signal.

1.11 Powder X-ray diffraction

Powder X-ray diffraction is a characterisation technique primarily used for phase identification
of polycrystalline samples. It could also be used for semiquantitative analysis, unit cell and
crystalline structure determination. The X-ray of the EM spectrum is the most suitable for the
diffraction of crystals since the wavelengths (~101° m) are the same order of magnitude as the
interatomic distances. 8% X-rays produce constructive interference when interacting with the

crystal lattice when the conditions by Bragg's Law are satisfied.

nAd = 2d sinf
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n (integer) represents the order of reflection, & [°] is the incoming angle of X-rays of a specific

wavelength (4, [m]) and d [m] stands for the interplanar spacing (Figure 1.14).

Standard laboratory powder X-ray instrument uses a cathode tube as an X-ray source. In this
type of X-ray source, a tungsten filament is heated with high voltage to produce electrons that
then bombard the anode.[888 |f the excited electrons have the energy sufficient to displace the
inner shell electrons, the X-rays with wavelengths characteristic to that anode material are
produced. During this work, Cu-anode (Ko1=1.5406 A) was used. After passing through
several optical components (e.g. monochromatic filter and collimator) the X-rays diffracted
from the sample are recorded by the detector and further processed to obtain the powder

diffraction pattern.[8

Figure 1.14. Scheme of Bragg’s diffraction law.

1.12 Thermogravimetric analysis, differential scanning

calorimetry

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) are methods
for thermal analysis of the samples. In TGA experiments, the mass of a sample is monitored as

a function of temperature. Experiments could be dynamic (temperature ramp), isothermal
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(stable temperature over a certain period) or quasistatic (sample is heated stepwise).[8&1 DSC
measures the changes in the temperature between the studied sample and a reference. There are
two types of DSC setup. In a heat-flux experiment, where the change in heat flow is monitored
by temperature sensors and both the sample and a reference crucible are positioned in the same
furnace close to each other. The other type is power differential DSC where the reference and
the sample are placed in separate furnaces and the change in temperature flow is measured as
the amount of electrical power required to match the temperature in both systems. TGA and
DSC experiments are usually performed simultaneously and can provide information on

sample composition, thermal stability and phase transition. 858

TGA-DSC used in this work had a heat-flux DSC setup. The instrument consists of a furnace
with a microbalance. Depending on the required information, thermal experiments could be
conducted under an inert atmosphere (N2, Ar) or using a gas of choice (air, Oz, COo, ...).
Additionally, FTIR or mass spectroscopy instruments can be coupled with a TGA-DSC setup

to analyse the thermal decomposition products. &

1.13 Scanning electron microscopy, energy-dispersive

X-ray spectroscopy

Scanning electron microscopy (SEM) is an imaging technique that uses a focused beam of
electrons to produce high-magnification (up to 100,000x) sample micrographs.l®3-%¢! In zeolite
characterisation it is mainly used for the morphology characterisation and potential impurities
detection. The image is produced by scanning the surface of a sample in a raster scan way, i.e.
the observed image is a collection of a number of scanned lines. In a laboratory SEM
instrument, electrons are produced by heating a tungsten filament using a high voltage (up to

40 kV). The produced electrons are focused on the sample by several electromagnetic lenses.
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The micrograph is obtained by the detection of backscattered and secondary electrons. The
former are produced by elastic scattering and are used to form elemental composition contrast.
The latter are produced by inelastic scattering of the primary electron beam and are used for
producing the topographic contrast of the samples. [*3-%1 The secondary electrons are formed
when the incident electrons transfer the energy to the electrons in the sample atoms and then
electrons from the sample atoms with sufficient energy leave their orbitals to become the
secondary electrons. Both types of electrons are detected by Everhart-Thornley detectors that
are based on scintillators. Scintillators transform electron signals into photons which are then
amplified by a photomultiplier. To produce a micrograph, samples have to be conductive to
prevent charge build-up when exposed to the electron beam. Since zeolites are insulators, it is
required to coat them with a conductive layer (~2-20 nm). Usually, carbon, gold or platinum-
palladium alloy are used to coat the samples.[**-%1 The modern SEM setups are coupled with
an energy-dispersive X-ray spectroscopy (EDX) system. EDS is used for elemental
characterisation of the samples based on characteristic X-rays produced by the sample
atoms.®*61 Characteristic X-rays are formed when the primary electrons remove the inner shell
electrons of an atom. Subsequently, the electron from an outer shell is moved to the vacated
spot and an X-ray photon with a wavelength that matched the energy difference is emitted.
Since all the elements have unique energy differences, this can be used for element
identification. Additionally, since the SEM micrograph is collected by raster-scanning, it is

also possible to map the element distribution. 4!

Throughout the thesis characterisation techniques such as N2 adsorption-desorption, solid-state
nuclear magnetic resonance, solid-state UV-vis spectroscopy and inductively coupled plasma
optical emission spectrometry have been utilised as well. However, since they were not used

extensively, their working principles will not be described.
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1.14 Potentiometry

Potentiometry is an electrochemical technique that enables the determination of the activity of
dissolved charged species based on a difference in potential between two electrodes. The
analytical equipment for potentiometric measurement includes a reference electrode, an
indicator electrode, a salt bridge and a potential-measuring device. /%81 A reference electrode
has a known electrode potential that is independent of the analyte concentration and remains
constant at a constant temperature. Most commonly in an experimental setup, Ag/AgCl or
calomel (Hg2Cl) electrodes are used. The indicator electrode develops a potential, Eing, that
depends on the activity of the analyte in a predictable way. The third component of a
potentiometric cell is a salt bridge that prevents the components of the analyte solution from
mixing with those of the reference electrode. The most common salt bridge is a saturated
solution of KCI, but saturated solutions of NH4NOgz or LiOAc are used as well. As potential-
measuring devices voltmeters with high input impedance are used. For optimal performance,
the impedance has to be at least three orders of magnitude higher than the electrodes to

minimise the current flow.[70%8

The total measured potential or electromotive force is a sum of the potential differences at all
interfaces in an electrochemical cell. However, only the liquid junction potential and the
membrane interface potential are sample-dependent. Therefore, the equation describing the

potentiometric response can be written as:
EMF = Econst + Emem + Eref

where EMF [mV] presents the total response of the electrochemical cell, Econst is the non-
sample-dependent potential differences, Emem iS the potential difference developed at the
indicator membrane interface and Erer is the liquid junction potential at the reference electrode.

The latter potential difference occurs at the sample solution-salt bridge phase boundary due to
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the difference in ion mobility. Generally, using KCI, NH4sNOs or LiOAc salt bridges of high
concentration (1M) this contribution can be minimised because the mobility of both ions in a
pair is similar. Therefore, Ere can be considered as a constant, and the only sample-dependent

potential difference is Emenm. 108!
EMF = Econst + Emem

The potential difference at indicator electrode-sample solution interface can have three
contributions: membrane — inner electrode solution (if there is any), transmembrane potential
and membrane-sample solution interface potential. The transmembrane potential occurs due to
the diffusion of ions from areas of higher to areas of lower concentration within the membrane.
However, if there is a uniform distribution within the membrane, the contribution of
transmembrane potential is minimal and can be neglected. The indicator electrode membrane-
sample solution interface potential difference arises due to charge separation at the phase

boundary. [79:8]

E _ RTl I +RT1 a;(aq)
mem = z.F e z;F nai(mem)

R is the universal gas constant (8.314 JK*mol™), F is the Faraday constant (96485 C mol™?), T
[K] represents the temperature, z;j is the charge of the ion, k; is the measure of lipophilicity of
an ion, while aj(aq) and ai(mem) are the activity of the uncomplexed ion in both aqueous and
membrane phase. Since the k; factor is related to the energy of phase transfer from aqueous to
membrane phase, it is a feature of a single type of ions and it is kept constant. Also, using the
assumption that the ion activity in the membrane phase is constant, the equation can be re-

written to look as a well-known Nernstian equation,

EMF = E° + RTI
= ZiF na;
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where E° represents the constant terms under standard conditions (273 K, 10° Pa). For a singly

charged ion, the response should be 59.2 mV/dec. /048]
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1.15 Objectives and thesis outline

This project aimed to develop and characterise novel zeolite-based sensors for environmental

applications. The first part of the research work presented in this thesis is focused on the

preparation of gas sensors for exhaust fume gases (COx, NOx), while the emphasis in the second

part is on the preparation of zeolite-based electrochemical sensors.

The thesis includes six chapters and an appendix:

VI.

The introductory chapter is focused on providing a brief historical and theoretical
background of zeolites, sensors in general and used characterisation techniques.

In the 2" chapter, the preparation, characterisation and screening of Cu-containing
zeolites as potential CO environmental sensors is presented.

The 3™ chapter describes the preparation and characterisation of selective NO2 sensors
based on hydrophobic Sn-BEA zeolite.

The concept of an ion-sensitive pencil is introduced in chapter 4, and the first zeolite-
based multi-sensor array is also demonstrated.

In chapter 5, the potentiometric performance of ISP-drawn electrodes is related to the
physical and chemical properties of zeolites using chemometric techniques.

In the final chapter, the reported findings are summarised, and future work

recommendations are presented.
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Preparation and screening of
Cu-modified zeolites utilised

as potential environmental CO
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2.1 Introduction

Carbon monoxide is a product of incomplete combustion of organic materials, such as petrol,
oil or gas. The concentrations are particularly high in industries, where fossil fuels are
combusted for energy generation, and in cities with high levels of traffic. CO is a colourless
and odourless gas, which is impossible for humans to detect. Also, it is the leading cause of
poisoning in the United States and may account for more than 50% of fatal poisonings reported
in many industrial countries.[* CO binds irreversibly to the iron centre of haemoglobin, the
oxygen transport molecule in blood, and in that way prevents oxygen transfer throughout the
organism. The maximum time-weighted average exposure value ascribed by the United States
National Institute of Occupational Safety and Health is 35 ppm over an 8 h period, while
exposure to more than 800 ppm causes a headache and dizziness, and exposure to 12800 ppm

results in death within 2-3 minutes.[??! Therefore, it is of crucial interest to monitor CO levels.

At the same time, carbon monoxide is a common probe molecule in FTIR characterisation of
extraframework cations, metals and acid sites in zeolites.”!! It forms complexes with alkali,
alkaline-earth, and transition metal cations at low temperatures (77 K).B! In the interaction with
alkaline and alkaline-earth cations, mainly weak o-bonds or electrostatic interactions are
formed between the C end of CO and the metal cation. No z-back donation can further stabilise
the complex since no d electrons are present in the outer shell.l®! However, with transition
metals both the cations themselves and the negative charge of the zeolite framework contribute
to the stability of the formed complexes.[’l For the applicability of environmental CO sensors,
stability of complexes at room temperature or higher is required. A good example of such a
stable complex is Cu*-CO. However, copper can commonly exist as Cu®, Cu* or Cu?*. Due to
its electron configuration, CO is preferentially adsorbed on Cu™ ions because both ¢ bond and

n-back donation stabilize the carbonyl complex that is formed.>88 Only weak bonding is
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observed between CO and Cu?* ions, because the & component is almost insignificant, and no
= back-donation is present. Moreover, with Cu® atoms CO forms mainly a z-bond, and those
complexes are relatively unstable and tend to dissociate below room temperature.[ Therefore,
this work aims to introduce copper(l) into the zeolites to obtain a functional environmental

sensor at room temperature.

Apart from impregnation and ion exchange that are widely used, the introduction of gaseous
CuCl as a Cu* source was reported previously.®) However, that procedure requires a specialised
setup, and high energy consumption, so it would not be viable for mass production of the
potential sensor. Thus, the former two were chosen as copper insertion methods and CuSOa.,

Cu(NO3)2 and Cu(OAC): solutions as copper sources.

Even though the observed Cu*-(CO)x species were well studied and characterised by FTIR, to
the best of our knowledge, Cu-containing zeolite species have not been utilised as CO
monitoring sensors. Therefore, the aim of this chapter is to demonstrate whether the Cu-

modified zeolites can be utilised as potential room-temperature CO sensors.

Also, water coadsorption is a common interference to zeolite performance.l! To overcome
this challenge, hydrophobic zeolites can be utilised. Zeolite hydrophobicity can be achieved by
decreasing the aluminium content. [**] However, purely siliceous zeolites (e.g. Silicalite 1) have
almost no ion-exchange capacity that is required for the Cu* content in the sensor. Therefore,
isomorphous substitution by other tetravalent cations (Sn, Ti, Zr, Ga) and fluoride-assisted
synthesis provides an alternative approach.l*?3 A good example of such a zeolite is Sn-BEA,
which is widely used as a selective biomass-conversion catalyst resistant to degradation by
water.[* Due to its catalytic importance, the synthetic procedures have been optimised to be
reproducible in order to prepare crystalline, nearly defect-free zeolites. Hence, Sn-BEA was

chosen as a hydrophobic sensor material because the fluoride assisted synthesis allows it to be
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hydrophobic, while the Sn in the framework (Si/Sn=64) facilitates the ion-exchange and

impregnation.
2.2 Experimental Section

2.2.1 Materials

Commercial zeolites NaX (Si/Al=1.2), ZSM-5 (Si/Al=40), NaY (Si/Al=2.5), MOR (Si/Al=10),
FER (Si/Al=10), BEA-12 (Si/Al=12.5) and BEA-19 (Si/Al=19) (all from Zeolyst), copper
sulphate pentahydrate (CuSQO4 - 5H.0), copper nitrate trinydrate (Cu(NO3)2 - 3H20) and copper
acetate monohydrate Cu(CH3COO)> - H20O (Acros), NHsOH 35% water solution, fumed silica
(SiO2) (Sigma), tetraethylorthosilicate (Si(OC2Hs)s) tetraethylammonium  hydroxide
((C2Hs)aN(OH), 40%), tin (IV) chloride pentahydrate (SnCls-5H20) hydrofluoric acid (HF,

48%) (Sigma Aldrich).

2.2.2 Sensor preparation

As illustrated in Figure 2.1, commercial zeolites were impregnated and ion-exchanged by
stirring 3g of a specific zeolite in 60 mL of the 0.1 M CuSOa, Cu(NO3), and Cu(CHsCOO);
solutions, respectively. For the impregnated samples, after the addition of a zeolite to the
solution, the pH of the initial solution (from pH=3.5 for nitrate solution to pH= 4.5 for acetate
solution) was adjusted to pH range 5-6 using 35% NHsOH solution. pH adjustment was carried
out to prevent the zeolite structure degradation in acidic media. The maximum possible amount

of impregnated copper species on a zeolite was 2000 umol/g.

The reaction mixture was stirred vigorously for 2 hours at 40°C. In the following step, both the
impregnated and ion-exchanged samples were centrifuged for 10 minutes at 5000 rpm, then
decanted and washed with 20 mL of distilled water and centrifuged again. The washing process

was repeated twice. Samples were then dried at 50°C overnight.
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The hydrophobic Sn-BEA was prepared according to the procedure from refl*%l, Briefly, 5 g of
commercial BEA-19 was dealuminated in 125 mL of concentrated nitric acid for 16h at 80 °C.
Subsequently, the dealuminated sample was washed 6 times with 25mL of deionized water and
dried overnight. Thus prepared material was used as a seed in further steps. The synthesis gel
was prepared by mixing 6.98 g of tetraethylorthosilicate and 7.67 g of tetraethylammonium
hydroxide. Subsequently, 0.12 g of tin (IV) chloride pentahydrate was dissolved in 0.6 mL of
water and added dropwise to the gel. The Si/Sn molar ratio in the gel was 100. The gel was

stirred for 12h in a closed container and then 3 days in an open container. After allowing the



excess water and ethanol to evaporate, 0.74 g of hydrofluoric acid was added to the gel. 0.085
g of seeds suspended in 0.58 g of water was added to a homogenized gel and mixed thoroughly.
The mixture was then heated for 6 days at 140 °C in an autoclave. The products were then
washed 5 times by 25 mL of water, followed by washing 5 times by 25 mL of acetone. Samples

were dried overnight.

2.2.4 Preparation of sensors for in situ flow experiments

Sensors were made according to the previously described procedure®l, Silicon wafers were
cut to 10x10 mm squares and cleaned with ethanol and acetone. The as-prepared sample was
dispersed in acetone (4 wt%), mixed with 3-propylcelulose as a surfactant and deposited in
several layers as a thin film on silicon wafers (10x10 mm) by spin coating (Laurell spin coater,
model WS-400B-6NPP-LITE). Prepared films were then calcined for 30 minutes at 450 °C

(ramp rate 5 °C/min).

2.2.5 Sensor characterisation

Zeolite samples were characterised by scanning electron microscopy (SEM) (Hitachi TM 3000
with Bruker EDX (energy-dispersive X-ray analysis) analytical system at 500x magnification,
300s EDX exposition time), X-ray powder diffraction (XRD) (Bruker D8 Advance
diffractometer, Cu Ka at 40 kV and 40 mA, 26=5-60°), in situ XRD experiments (Bruker D8
Advance, Cu Ka at 40 kV and 40 mA, 26=5—60°, ramp 1 °C/min to 450 °C, pattern collected
at 200 °C), thermogravimetric analysis (TGA) (Rheometric Scientific STA 1500, 20-800 °C,
10°C/min, 40 mL/min N2 flow) and Fourier transform infrared spectroscopy (FTIR) (Thermo
iS10 spectrometer with a custom-made vacuum cell, 6000-1000 cm™, 64 scans, 4 cm™

resolution, transmission mode).

Prior to collecting SEM micrographs and the EDX analysis, samples were pressed into pellets

(13mm, 50-60 mg) by a hydraulic press, mounted on aluminium holders, fixed by carbon
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cement and carbon-coated. Due to the limitations of the instrument, the used magnification was
500X, which provided an observation area of ~300x300 pm. The samples had to be carbon-
coated, hence, carbon percentage was excluded from elemental analysis, which only affected
the analysis of copper-acetate-treated samples. In addition, oxygen was omitted due to its
constant ratio throughout the zeolite samples. Elements of interest were silicon, aluminium,
and copper for all the samples and sulphur and nitrogen for sulphate- and nitrate-based samples,

respectively.

Before FTIR analysis samples were also pressed into pellets (13 mm diameter, 10—15 mg),
activated in a vacuum cell (Figure 2.2) by heating to 450 °C (ramp 1 °C/min), kept 5 h at 450
°C, then the sample was cooled to 30 °C in a vacuum, and its IR spectrum was collected. In a
preliminary test 1 mbar of CO was introduced into the cell at 30 °C, the IR spectrum of the
sample was collected in the CO atmosphere, the sample was evacuated for 10 minutes, and
another spectrum was collected. In the titration experiment, ~1.2 umol of CO was added to the

cell before collecting each spectrum.

Figure 2.2. FTIR spectrometer and vacuum cell.
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2.2.6 Operando gas detection

Experiments testing the sensor performance were conducted using a custom-made operando
cell in a flow system, with argon as a carrier gas containing 100 ppm of water. Prior to the
controlled adsorption of individual gas mixtures (20 to 5000 ppm of CO, CO2, NO or NOz in
Ar) the samples were activated in situ at 250 °C for 30 minutes (ramp rate 3 °C/min) and cooled
down to the ambient temperature. The spectra were collected using a Thermo iS50
spectrometer, equipped with an MCT detector, using 64 scans at 4 cm™! resolution in the
6000—1000 cm™* spectral range. All presented sensor performance data are the difference
spectra obtained by subtraction of the zeolite spectrum prior to the gas adsorption experiment
from the spectrum of a sample at a specific concentration of the target gas. Since some water

vapour was inherently present in the argon flow, gas-phase water correction was applied.

2.3 Results and discussion

To prepare the optimal zeolite-based CO sensor for environmental applications, a screening of
a variety of commercially available zeolites was undertaken. Selected zeolites were chosen
because of their wide range of Si/Al ratios (Si/Al=1-40), pore width (5.0-7.4 A) and channel

networks (1D-3D), and crystallite sizes (0.04-0.80 pm), Table 2.1.17]
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Table 2.1 Zeolite properties of the zeolites used in this chapter,

Si/Al values were determined by the manufacturers

Si/Al | Pore Size, | Largest Channel | Crystallite | Extraframework
A Channel, Network | Size, pm Cation
MR
MOR 10.0 6.7 12 1D 0.74 NH4*
BEA-12 | 125 6.8 12 3D 0.04 NH4*
BEA-19 | 19.0 6.8 12 3D 0.04 NH4*
ZSM-5 40.0 5.5 10 2D 0.52 NH4*
NaX 1.3 7.4 12 3D 0.78 Na*
NaY 2.6 7.4 12 3D 0.78 Na*
FER 10.0 5.0 10 2D 0.6 Na*

2.3.1 SEM and EDX

In the beginning, both copper introduction methods were compared on a model system, using

MOR and the solution of Cu(NOs).. SEM-EDX was used to determine the chemical

composition. The silicon to aluminium ratio was monitored to detect the possible structure

degradation due to the dealumination of a zeolite in acidic media. The atomic percentages data

for all the used samples are summarised in Table 2.2,

From Table 2.2 can be concluded that the copper loading for the MOR impregnated by

Cu(NO3)2 was more than five times greater than the ion-exchanged one. Since the higher

copper loading should lead to the higher total capacity of the sensor towards CO, impregnation

was chosen as a method for screening the sensing performance of other zeolites. Additionally,

the Si/Al ratio of the ion-exchanged sample increased, indicating the potential damage to

zeolite frameworks during ion-exchange using nitrate solution (pH < 7).
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Table 2.2. EDX characterisation data of Cu-impregnated samples (*ion-exchanged sample).

Zeolite Si (at.%) Al (at.%) Cu (at.%) Si/Al Cu/Al
BEA-12 CuSOq4 78.8 6.3 11.6 12.5 1.8
BEA-12 Cu(NO3)2 63.7 5.2 13.5 12.2 2.6
BEA-12 Cu(OAc)2 84.2 6.6 9.2 12.8 1.4
BEA-19 CuSO4 80.1 4.2 12.5 19.0 3.0
BEA-19 Cu(NO3): 80.0 4.5 15.5 17.9 35
BEA-19 Cu(OAc)2 87.2 4.5 8.4 19.5 1.9
ZSM-5 CuSOq 84.1 2.4 10.8 35.2 4.5
ZSM-5 Cu(NOs3)z 68.5 2.0 13.4 33.7 6.6
ZSM-5 Cu(OAC):2 87.1 2.4 10.5 36.1 4.4
MOR CuSOg4 76.6 8.2 12.6 9.3 15
MOR Cu(NO3)2 78.4 8.4 13.2 9.4 1.6
MOR Cu(OAc)2 80.5 8.1 114 9.9 1.4
NaX CuSOq4 39.9 30.4 11.7 1.3 0.4
NaX Cu(NOs3)2 42.1 31.6 11.0 1.3 0.4
NaX Cu(OAc): 44.9 31.7 8.6 1.4 0.3
NaY CuSOq 545 20.3 12.6 2.7 0.6
NaY Cu(NOs3):2 55.4 20.4 15.3 2.7 0.7
NaY Cu(OAc): 59.9 21.6 9.1 2.8 0.4
FER CuSOq4 81.3 8.4 8.2 9.7 1.0
FER Cu(NOs)2 74.3 7.4 114 10.1 15
FER Cu(OAc):2 82.6 8.7 8.8 9.5 1.0
MOR Cu(NQOg3)2 * 89.4 8.3 2.3 10.7 0.3

It can be observed that the Si/Al ratios of the zeolites in Table 2.2 are close to the listed in the
product specifications of parent zeolites, which is indicative of zeolite framework preservation
during the impregnation process. Copper loadings showed a trend that samples from acetate
solutions have the lowest value, increasing to sulphate and nitrate. Differences between the
highest and the lowest value for each zeolite were in most cases ~3%, while in the case of BEA-

19, the difference was the highest (~7%).
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2.3.2 XRD

As mentioned above, impregnation methods were used to introduce copper to the zeolites since
ion-exchanged zeolites had a significantly lower Cu-loading. In this work, the difference
between the two mentioned copper introduction methods was in the pH of an exchange
solution. When the pH depended only on the initial solution of the copper salt, the ion exchange
occurred. In cases where the pH of a solution was adjusted, no ammonia complexes are
detected, only the basic analogues of initial copper salts precipitated (Figure 2.3). For example,
from Cu(NO3)2 solution, Cuz(NOs3)(OH)3 has precipitated, which is in nature present in two
polymorphic forms as minerals gerhardtite (orthorhombic) and rouaite (monoclinic). In these
reaction conditions, only the monoclinic form is noticed. The XRD patterns of precipitated
salts were compared to the calculated patterns from the Inorganic Chemical Structural Database
(ICSD) and International Centre for Diffraction Data (ICDD) databases (Figure 2.3a). From
the CuSQs solution several basic salts could precipitate, but only CuSQO4 - 3Cu(OH)2, known
as brochantite, was observed (Figure 2.3b). In the case of Cu(OAc). solution
[Cu(OAC)2]2-Cu(OH)2-5H20 precipitated, which is known as a blue-green colour pigment blue
Verdigris (Figure 2.3c). The presence of the basic salts was detected by comparison of XRD
patterns of parent and impregnated zeolites before high-temperature activation on the example

of Cu(NOs); treated MOR (Figure 2.4).
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Figure 2.3. Calculated (1) and experimental (2) XRD patterns of Cu2(NOs3)(OH)s (a),
CuSO4 - 3Cu(OH)2 (b) and [Cu(OAC)2]2-Cu(OH)2-5H20 (c); calculated patterns are
simulated from the structures deposited in ICSD and ICDD.
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Figure 2.4. XRD patterns of Cu-MOR (1), MOR (2), and Cuz(NQOs3)(OH)s (3),

patterns are offset for clarity.
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In Figure 2.4, XRD patterns of MOR and Cu-MOR have been collected from experimental
samples, while the XRD pattern of Cuz(NOz)(OH)s is calculated from the structure deposited
in ICSD. In the Cu-MOR pattern, four additional peaks can be noticed (20=12.8°, 32.0°, 33.5°,
36.4°) that do not appear in the parent MOR pattern, but they correspond to the peaks from the
calculated Cuz(NO3)(OH)s pattern. Therefore, it can be concluded that the new phase is present

in the copper impregnated sample.

Prior to FTIR characterisation samples were pressed into pellets (S=1.22 cm?, m=10-15 mg),
and activated under vacuum at 450 °C for 5 hours to remove the adsorbed water and reduce
from Cu?* to Cu*.>%18 After the activation process, the pellets changed the colour from
distinctive blue-green to black. This was an indication that the portion of Cu-complexes
adsorbed on the zeolite surface, transformed into copper (1) oxide (Figure 2.5). This statement
was confirmed by the in situ XRD experiment simulating the activation conditions. The
vacuum conditions during the activation process were simulated by the flow of N> as an inert
gas. Before the activation Cu2(NO3)(OH)3 phase was present, whose peaks (20=12.8°, 32.0°,
33.5°, 36.4°) disappeared after the activation and new peaks (20= 29.5°, 32.5°, 35.5°, 38.8°)
appeared which correspond to copper (I1) oxide, while no copper (1) oxide peaks were observed

(Figure 2.6).

Figure 2.5. Zeolite samples pressed into pellets, parent zeolite MOR (left),
copper impregnated zeolite before activation (middle),

copper impregnated zeolite after activation (right).
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2.3.3 FTIR

During FTIR characterisation, the area of most interest has been 2000-2200 cm™ where
characteristic bands of Cu---CO complexes appear. Absorption peaks of gaseous CO are
observed between 2171 and 2120 cm™?, while the bands representing Cu*-CO interaction
within the zeolite framework are observed from 2150 to 2160 cm™. Apart from the main Cu*-
CO band, the Cu*-(CO)2 and Cu*-(CO)s bands have been described. ¢ During the CO
adsorption-desorption measurements performed in this research, the most intense band has
been detected at ~2155 cm™2, which corresponds to the symmetric stretching vibration of the
Cu*-CO bond, while bands at ~2125 and 2177 cm™* appeared as shoulders too. Those two

bands can be assigned to Cu*-(CO). symmetric and antisymmetric stretching, respectively.l®l
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Table 2.3. FTIR bands of CO adsorbed on Cu-impregnated zeolites,

*data collected during this work.

Zeolite  Cu*-CO*,cm™ Cu*-(CO)*,cm™* Cu*-CO,cm™ Cu*-(CO)2, cm™
NaX 2153 2176, 2113 -
NaY 2148 2157, 2108 2143191 2168, 213519
MOR 2156 2178, 2108 2159020 2180, 2152120
FER 2177 2155, 2115 2157021 2178, 2142121
BEA-12 2157, 2180, 2152019
2154 2180, 2130
2158122 2180, 215212
BEA-19 2157 2179, 2132 -
ZSM-5 2158, [19] 2178, 21500
2156 2176, 2133
2157 [ 2178, 2151

Since Cu?* and Cu® interactions with CO are too weak to be detectable at room temperature,

all the observed IR bands can be assigned to Cu*-CO. Zeolites are a crucial component of a

Cu*-based sensor since basic copper salts impregnated on non-zeolitic systems such as silica

have shown no response towards CO at room temperature (Figure 2.7). Zeolite structure

favours the existence of single Cu* cations by having dispersed cationic sites and smaller cages

that would further stabilise the isolated Cu* cations.®! Also, the presence of Bronsted acid sites

within the framework can contribute to the controlled reduction of Cu?* to Cu*, rather than the

complete reduction to elementary copper.
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Figure 2.7. FTIR spectrum of CO adsorbed on Cu(NO3z).-impregnated fumed silica.

The reduction of Cu?* to Cu* has been observed only within the zeolite channels. Using MOR
treated by Cu(NOz)2 solution as an example, both the ion-exchanged and impregnated samples
have similar peak shapes and positions, but the total peak area is more than three times higher
for the impregnated sample (Figure 2.8). This ratio is smaller than the copper loading ratio
determined by EDX, which can be explained by the distribution of Cu within the zeolites,
which is not completely dispersed as isolated Cu* ions, rather than a mixture with Cu® and

Cu®* Bl indeed, bulk CuO has been observed XRD patterns (Figures 2.5 and 2.6).
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Figure 2.8. Difference FTIR spectra of CO adsorbed on MOR ion-exchanged (one) and
impregnated (two) by Cu(NO3)2 solution.
Dependence on the copper source is demonstrated in the example of BEA-12, where different

copper sources have minor variations in peak shape and position (Figure 2.9).

The theoretical calculations have shown that the Cu*™-CO interaction depends not only on the
position of copper ions but on the surrounding framework as well.[l FTIR spectra collected in
this work are in agreement with these findings and indicate that the positions and relative

intensities of the peaks vary for different zeolite frameworks (Figure 2.10).
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Figure 2.9. Difference FTIR spectra of CO adsorbed on BEA-12 impregnated with
CuSOs4 (1), Cu(NO3)2 (2), Cu(OAC):2 (3), spectra are offset for clarity.
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Figure 2.10. Difference FTIR spectra of CO adsorbed on Cu(NO3z). impregnated zeolites.

From the measured peak area, the total amount of adsorbed CO can be calculated by the Beer-

Lambert law (equation 1).[241

A(peak) - S(sample)
e(peak) - m(sample)

n(CO) =

where (¢) is the molar extinction coefficient acquired from the literature.l®! A is for the peak
area [cm™], S is the sample surface pressed into a disk [cm?], ¢ is a symbol for molar extinction

coefficient of a Cu-CO* interaction [cm umol ! g ], m is mass of a sample [g] and n is the
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amount of CO [pumol]. Data for all the used zeolites are summarised in Table 2.4. Even though
the observed peaks are a combination of bands representing symmetric stretching of Cu™-CO
and symmetric and asymmetric stretching of Cu*-(CO)., the total area of the peaks is assumed
as the 1:1 complex since only the molar extinction coefficient of the Cu™-CO band has been
published.[®! Also, bearing in mind the most likely sensor design which will utilise non-
dispersive infrared (NDIR) technology, where the spectral resolution is significantly lower, this
approximation seems satisfactory. Since there has been an excess of CO in the system, then the
calculated amount of CO equals the amount of Cu* in the sample (Table 2.4). Not all copper in
the samples is Cu*, due to autoreduction and disproportionation during which Cu?* and Cu® are
formed.®] From the total amount of copper in the sample, a portion is utilised for the detection
and sensing of CO. This leads to a goal for future research, which is to optimize the percentage
of copper (1) either by controlled reduction during activation or by impregnation using different

Ccopper sources.
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Table 2.4. CO adsorption-desorption FTIR data, scaled to 10 mg, & = 13.5 cm pmol %!
*jon-exchanged sample, “determined by FTIR, fdetermined by EDX, **n(CO) = n(Cu™*).

Zeolite AreaCO pmol CO/gof pmol Cu/g of Cu*/Cu**
zeolite # zeolite, total ¥
BEA-12 CuSOs4 25.4 164 1545 0.1
BEA-12 Cu(NO3)2 25.9 370 1279 0.3
BEA-12 Cu(OAc)2 51.6 495 1192 0.4
BEA-19 CuSOq4 27.9 181 1190 0.2
BEA-19 Cu(NO3)2 25.4 417 1126 0.4
BEA-19 Cu(OAc)2 65.3 628 735 0.9
ZSM-5 CuSOq 27.8 102 1498 0.1
ZSM-5 Cu(NOs3)z2 26.8 307 1315 0.2
ZSM-5 Cu(OAC):2 56.7 292 797 0.4
MOR CuSOg4 76.9 672 1227 0.5
MOR Cu(NO3)2 114.4 801 1101 0.7
MOR Cu(OAc)2 62.0 549 899 0.6
NaX CuSO4 19.7 148 1173 0.1
NaX Cu(NOs3):2 25.4 236 1096 0.2
NaX Cu(OAc):2 26.8 432 858 0.5
NaY CuSOq 7.2 52 1228 0.0
NaY Cu(NOs) 16.3 144 1432 0.1
NaY Cu(OAc): 10.4 121 829 0.1
FER CuSOq4 29.3 265 820 0.3
FER Cu(NO3)2 46.7 422 1135 0.4
FER Cu(OAc):2 44.5 402 877 0.5
MOR Cu(NQOg3)2 * 26.2 237 229 1.0

It can be concluded from the table that the highest Cu*/Cu ratio is in the ion-exchanged sample.
However, in terms of the total amount of Cu® sites, impregnated counterpart has more than
three times as much Cu™ that could interact with CO. From the maximum possible amount of
2000 pmol of copper per gram of a zeolite, impregnated samples contained between 735 - 1545

umol of Cu. Considering the data presented in Table 2.4, a trend of the greatest Cu*/Cu ratios
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of copper in acetate samples can be seen. In general, copper nitrate impregnated samples
showed the greatest values in the total amount of Cu in the sample. Copper acetate impregnated
sample (Cu(NOz3)2 BEA-19, Table 2.4) demonstrated the highest percentage of copper (1) and
the sample with the highest value of the total copper present in the sample were MOR
impregnated by Cu(NOs).. In general, faujasite samples showed the lowest values in both
categories, while on the other hand, MOR and BEA samples showed the highest values. Several
factors could contribute to these results, e.g. Si/Al ratio, channel network and pore size. In the
zeolites such as NaX and NaY, with Si/Al ratio is close to 1.3 - 2.6, it is more favourable to
exchange them with double charged cations since the aluminium sites and thus the negative
charges are positioned in greater proximity compared to the zeolites with high Si/Al ratio.
Additionally, the proximity of two copper cations within the framework gives them a higher
probability of disproportionation and autoreduction. For the zeolites with lower Si/Al ratios,
the probability for single charged points to be located further away from each other is higher,
so it should be more favourable for Cu* species to exist. However, the higher the Si/Al ratio,
the lower the number of possible exchange sites for Cu™ cations. The sensitivity of ZSM-5
zeolite (Si/Al=40) was among the lowest, most likely due to the lower total amount of possible
Cu* sites. It could be concluded that the optimal values are from Si/Al=10-20 since MOR and
BEA-19 showed the best Cu*/Cu ratios among the impregnated samples. Also, it has been
found that most of the Cu* species in MOR are located in the side pockets of the main channel
and therefore less likely to undergo disproportionation or autoreduction.®] Compared to the
FER that has the same Si/Al ratio, but a different type of framework, it could be concluded that
the presence of side pockets in the MOR framework does help in the stabilisation of Cu*
cations. Moreover, higher Cu*/Cu ratios were observed in MOR, BEA and ZSM-5 zeolites as
compared to NaX, NaY. This could be explained by the fact that the larger pore size (e.g.

faujasite-type zeolites) facilitates the formation of copper nanoparticles within the zeolite,
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where it is easier for copper to be disproportionated and autoreduced.®! Therefore, MOR and

BEA-19 were chosen for further research.

2.3.4 CO titration and stepwise desorption at different temperatures

Cu(NO3),- impregnated MOR

MOR Cu(NOs3), sample was first submitted to a titration experiment at room temperature

(Figures 2.11 and 2.12) to determine if it was possible to discriminate different concentrations

of CO.
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Figure 2.11. CO titration experiment, Difference FTIR spectra of CO adsorbed on Cu(NOs)z
impregnated MOR.
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Figure 2.12 Evolution of the IR peak area following CO adsorption on
Cu(NOs3). impregnated MOR (1) and
evolution of IR peak area during stepwise desorption at different temperatures of
CO on Cu(NO3). impregnated MOR (2).
In the presented experiment, the pelletized sample was titrated with doses of 5 torr (250 pmol)
of CO at room temperature. From the collected FTIR spectra, it has been possible to distinguish
different concentrations of CO in the controlled atmosphere. Initially, only the 2159 cm™ peak
was present, but at higher concentrations, shoulders at 2177 and 2150 cm ™ appeared too. Those
bands could be ascribed to Cu*-(CO) stretching. Eventually, at the highest CO partial pressure,
the shoulder at 2150 cm™ became the most intense. In addition, stepwise desorption at different
temperatures was conducted (Figure 2.13) to determine the regeneration temperature of a
sensor. The sample was initially left at room temperature to determine the rate of desorption at
room temperature. During the first 30 min, a drop of 36 % in peak area could be noticed, but
the peak intensity remained stable for another 30 minutes. The peak corresponding to Cu*-CO

interactions remained stable, while the bands ascribed to Cu*™(CO), species decrease in
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intensity. The data demonstrated that the Cu™-CO interactions are strong. Hence, the sample
must be regenerated at a minimum of 400 °C to desorb all the CO from the sample (Figure
2.13). This feature also indicates that the sensor could be utilised up to 400 °C, but with the

intensity calibration at each specific temperature.
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Figure 2.13. Stepwise desorption at different temperatures, Difference FTIR spectra of CO

adsorbed on Cu(NOg)2 impregnated MOR.

All the former experiments were conducted in a controlled atmosphere in a vacuum system but
to simulate the working conditions of a sensor, an atmospheric test was undertaken (Figure
2.14). In this experiment, the activation procedure was the same as for all the previous samples
and then the sensor was exposed to the atmospheric conditions for 5 minutes. After the
spectrum of the blank sample had been collected, the sample was exposed for 2 minutes to

~100 ppm of CO in air.
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Figure 2.14. Difference FTIR spectra of Cu(NO3)2-impregnated MOR:
exposed to air for 5 minutes (1),
exposed to CO in the air for 2 minutes (2).
Even though the bands at 1640 cm™ and from 2500-3700 cm?, that can be ascribed to water
adsorbed on a zeolite, are the most significant, the peak corresponding to the Cu*-CO (2159
cm™Y) interaction could still be observed (Figure 2.14). However, this means that the

atmospheric water would significantly disturb the operational performance of a sensor.

2.3.5 In situ CO adsorption on Cu(NO3); - impregnated MOR

In the next experiment, Cu(NOs3).- impregnated MOR sample was deposited on a Si wafer and
tested using in situ flow system (15-900 ppm of CO in Ar atmosphere, 100 ppm H20), Figure
2.15. Unlike the experiments performed in vacuum, a transition from 2157 cm™ to 2135 cm™
occurs at higher CO concentrations, Figure 2.15. The transition can be ascribed to the presence
of water vapour in the test gases. It has been reported previously that the peaks corresponding

to CO adsorbed on zeolites reversibly shift to lower wavenumbers in presence of water.®! Even
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though the shift is present, it does not affect the total area of both peaks, Figure 2.16. It can be

observed that the total peak area increases with increasing CO concentration.
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Figure 2.15. Waterfall graph of difference FTIR spectra of CO Adsorbed on CUMOR in Ar

flow, spectra are offset for clarity.
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Figure 2.16. Evolution of peak area of 2135 cm™ peak (1), 2157 cm™ peak (2) and the total
peak area (3) of CO adsorbed on Cu(NOs3).- impregnated MOR.

2.3.6 In vacuo CO — H;O coadsorption on Cu(NOs3), - impregnated

MOR

The effect of water vapour on CO adsorption was further studied using the vacuum cell setup.
The concentration of CO was recalculated based on CO potential pressure to allow comparison
between the two sets of experiments. 0.05 mbar of CO that would correspond to 50 ppm in the
flow system, was introduced to the vacuum cell, Figure 2.17, step (A). Subsequently, water
was added in 0.1 uL steps (5.55 umol, ~150 ppm) to monitor the transition from the peak at
2157 cm ™ to 2135 cm?, step (B). The complete transition was observed after the addition of
0.6 puL of H20. To confirm that the shift is reversible, the sample was evacuated for 30 minutes
(step C) and another 0.6 puL of H2O was stepwise added to the vacuum cell (step D) and the

peak intensities, shapes and positions were reproducible, Figures 2.17 and 2.18 . This leads to
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a conclusion that in the potential real-life exposure of the sensor, where changes in humidity

are frequent, the sensor should keep its functionality.
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Figure 2.17. Waterfall graph of difference FTIR spectra of CO Adsorbed on Cu(NO3)2-
impregnated MOR, 50 ppm of CO adsorbed (step A) followed by stepwise H,O adsorption
(step B), evacuation (step C) and H.O readsorption (step D), spectra are offset for clarity,

colour legend represents the intensity scale.
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Figure 2.18. Peak evolution of CO adsorbed on Cu(NO3z)2 - impregnated MOR during water
adsorption-desorption experiment;
2135 cm! peak (1), 2157 cm™! peak (2) and the total peak area (3).

Additionally, the sensor was first exposed to 1 uL of water (55.5 umol, ~1500 ppm), Figure
2.19 — step A, followed by a CO adsorption (50 to 1000 ppm), step B. It can be observed that
at the lower concentrations the peak intensity is significantly lower than on a dry sample
(Figure 2.19). However, after the sample was exposed to CO concentrations that were
comparable to the initial water concentration, the peak shapes and intensities were regained.
The evacuation experiment demonstrated that the water adsorption was reversible, Figure 2.19-

step C. At the same time, the high-temperature activation before CO detection was necessary.
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different partial pressures (50-1000 ppm) (step B) and evacuation (step C), spectra are offset

for clarity, colour legend represents the intensity scale.

Even though that the total area of the peaks, which would be detected by NDIR-type sensor,
was not affected both during in situ and vacuum experiments, the CO detection sensor is
significantly more sensitive in the absence of water. Therefore, a more suitable sensor material
should be found. It was decided to utilise the sensor based on zeolite BEA-19, which is less

hydrophilic and showed promising results during the initial screening, also (Table 2.4).
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2.3.7 Cu-impregnated Sn-BEA

BEA-19 was used as a starting material for the preparation of hydrophobic Sn-BEA zeolite.
The goal was to prepare hydrophobic material that would still possess a considerable ion-
exchange capacity. This was accomplished by the fluoride-assisted synthesis, where the
silanols that are initially present on the zeolite surface were replaced by fluoride groups.™*>21,
Cu(NO3)2- impregnated Sn-BEA was characterised by XRD to confirm that the prepared
material has the BEA framework and the basic copper salt (Figure 2.20). A more detailed

characterisation of hydrophobic Sn-BEA and application as selective NO- sensor is presented

in chapter 3.
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Figure 2.20. XRD patterns of CuSn-BEA (1), BEA-19 (2), calculated basic copper nitrate (3),

patterns are offset for clarity.

From the TGA curves shown in Figure 2.21, it can be noticed that MOR contains almost 10
wt.% of water that could block the microporous channels and prevent or interfere with the CO

adsorption on copper sites. On the other hand, the weight loss due to water in Sn-BEA is only
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1 wt.%. Therefore, it is expected that such a hydrophobic sample should perform better under

environmental conditions, where high humidity levels are relatively high.
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Figure 2.21. TGA curves of Cu(NOs). impregnated MOR (1) and Sn-BEA (2).

Cu(NO3)2- impregnated Sn-BEA (CuSn-BEA) was also subjected to an in situ CO adsorption
experiment in Ar flow (Figure 2.22). The two main bands were observed, sharp at 2149 cm™
and a broad one centred at 2132 cm™. At concentrations greater than 600 ppm of CO in the
flow, the 2149 cm™ peak remains at a stable value, indicating the saturation of Cu*-CO species.
However, the sensor is still able to discriminate the higher CO concentrations due to the
increase in the 2132 cm™ band, which should correspond to stretching vibrations of Cu*-(CO)

species.

The 100 ppm of water vapour present in the test gases did not affect the peak positions in the
CuSn-BEA, therefore this sensor appears to be a more promising material for the proposed
sensor because no water interference effects could be noticed. Also, the total peak areas

followed a similar trend to Cu-MOR (Figure 2.23).
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Figure 2.22. Difference FTIR spectra of CO adsorbed on CuSn-BEA, 100-5000 ppm.

4 -

’\

Peak area, a.u.
N
N

’\\
P
m e
E e
.’
‘.

0 1000 2000 3000 4000 5000
CO concentration, ppm

Figure 2.23. Evolution of the total peak area of CO adsorbed on CuSn-BEA, 100-5000 ppm.
2149 cm! peak (1), 2132 cm™! peak (2) and the total peak area (3).
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2.3.8 In vacuo CO — H,0 coadsorption on CuSn-BEA

To determine the amount of water required to interfere with the CO adsorption, CuSn-BEA
was also subjected to water interference experiments in the vacuum system. An equivalent of
50 ppm of CO was introduced to the cell (Figure 2.24, step A), following the stepwise addition
of 0.1 uL H20, to the total of 0.5 pL, step B. Please note, due to the difficulty of the presentation
of the data because of peak overlapping, in Figure 2.24 the spectra are aligned from back to
front, as opposed to all other waterfall-type figures in this chapter. A part of the 2149 cm™
peak was shifted to lower wavenumbers, in contrast to Cu(NOs)2-impregnated MOR sample,

this amount of water was insufficient to shift the peak completely (Figure 2.24, step C).
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Figure 2.24. Waterfall graph of difference FTIR spectra of CO adsorbed on CuSn-BEA (step
A), water interference experiment (step B) and desorption experiment (step C), spectra are

aligned from back to front and offset for clarity, colour legend represents the intensity scale.
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The reversibility of water adsorption was tested by stepwise desorption (step C) and the
readsorption part of the experiment. Due to difficulty in overlapping the resulting spectra in
Figure 2.24, the part of the experiment with full evacuation (step D) and water readsorption
(step E) is presented in Figure 2.25. Upon 45 minutes of evacuation, the intensity of the 2149
cm! peak was completely recovered. Subsequently, during the water readsorption phase, a
total of 1.6 uL of H2O (88.8 umol, ~2400 ppm), was required to fully red-shift the 2149 cm™
band to 2132 cm™, Figure 2.25 -step E. Figures 2.24 and 2.25 demonstrate that the total peak
area (2170-2110 cm™) remains largely unchanged. Although, there is a reversible intensity

redistribution upon adsorption-desorption of water.
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Figure 2.25. Waterfall graph of difference FTIR spectra of CO adsorbed on CuSn-BEA in
vacuo, evacuation (step D) and water readsorption (step E), spectra are offset for clarity,

colour legend represents the intensity scale.



Finally, the CuSn-BEA sensor was exposed to 1 pL of H2O (Figure 2.26 -step A) prior to CO
titration to 1000 ppm, step B. It can be observed that the IR peaks at lower concentrations of
CO are redshifted, but the water interference is less prominent than in the MOR sample. This
is in agreement with the previous experiment (Figure 2.25). Additionally, the peak area was
redistributed upon water desorption (Figure 2.26 -step C). These data demonstrate that CuSn-
BEA could be the optimum material from the studied zeolite samples for the intended

environmental CO sensor.
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Figure 2.26. Waterfall graph of difference FTIR spectra of CuSn-BEA in vacuo after
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2.4 Conclusions and further research

The aim of this chapter was to prepare Cu*-containing zeolites and test them as potential room-
temperature IR-based CO sensors. The commercial samples (NaX, NaY, MOR, FER, BEA-12,
BEA-19, ZSM-5) and Sn-BEA were ion-exchanged and impregnated using CuSOs, Cu(NO3)2
and Cu(OAc). as copper sources. The highest Cu® content was detected in Cu(NO3)2-
impregnated MOR, which was further tested in environmental conditions. To counter
significant water interference, Cu(NOs3)2-impregnated hydrophobic Sn-BEA was established
as the optimal sensor material.

To the best of our knowledge, this is the first report on Cu-modified zeolites utilised as CO
sensors. The Cu*-containing zeolites successfully demonstrated the ability to discriminate CO
concentrations from 10 to 5000 ppm at room temperature. Also, the sensors have shown to be
operational at environmental levels of humidity. This provides an opportunity to test zeolites
modified by other transition metals for gas sensing performance. However, further optimisation
is required to be competitive against the sensors currently available on the market. The response
selectivity, reproducibility and repeatability have to be evaluated and the water interference
effects calibrated. Considering that the expected operational time of competing sensors is 5-10

years, the lifespan and regeneration system of the proposed sensor must be determined.
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Chapter 3
Hydrophobic Sn-BEA as a
selective gas sensor for

exhaust fumes
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3.1 Introduction

In the contemporary world, air pollution is a growing problem that presents a significant threat
to human health. Combustion engines and the gas exhaust fumes they produce are stated as key
sources of pollutants. 2 Exhaust fumes consist mostly of harmless O, N2 and water vapour
(up to 80%), but CO2, CO, NOx and SOx are produced in quantities sufficient to cause negative
environmental and health effects.® Reports from major environmental governing bodies
mainly focus on the control of NOx, SOx, Oz and CO in addition to the fine particulate
matter.[>41 Therefore, effective monitoring of these gases is required employing a range of gas

SENSOrs.

Gas sensors utilise a variety of physical and chemical phenomena to detect species of interest.
Over 50% of the market share is represented by electrochemical, semiconductor and infrared-
based gas sensors.®! Electrochemical sensors utilise solid electrolytes, such as yttria stabilised
zirconia, as the main active components in a galvanic cell.[®” The response of the cell is related
to the concentration of the specified gas via the Nernst equation. This type of sensors has found
the most important application as the oxygen sensor in gas exhaust systems. However,
electrochemical sensors for most gas analyses lack long-term stability and selectivity if oxygen
is present as the main interfering gas.["] Semiconductor sensors utilise the conductometric
response of a variety of metallic oxides (TiO2, WQOs, ZrO,, SnO2)®1% with SnO, being the
most common as it is responsive towards CO, NO, and NH3.B% However, these sensors
require high operating temperatures (>150 °C) and the presence of oxygen, they also often lack
selectivity.[®1% These characteristics could be optimised either by the incorporation of noble
metals or by mixing several types of oxides, however, such modifications lead to a rise in

manufacturing costs. Most of the widely available infrared sensors are based on non-dispersive
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infrared technology.*!] These sensors are characterised by low power consumption, however,

the poor detection limits and water interference present a major problem.*

Materials that could enhance the selectivity of gas sensors are zeolites. Zeolites are highly-
ordered crystalline microporous aluminosilicates. They are also widely used as molecular
sieves, industrial catalysts and in water treatment,[*?! their porosity and high adsorption
capacity make them viable materials for gas sensor applications.!*38! Zeolites have been
utilised both as the active sensing components and as auxiliary phases (e.g. filter or sieving
layer, or an immobilisation template).*+5 As active sensing components, zeolites have been
mostly used in gas sensors that are based on ion conductivity, potentiometry and
cataluminescence.**% Sensing properties of zeolite are dependent on the metal ions present
in the zeolite pores. An alternative way of zeolite modification is by isomorphous substitution,
that is by incorporating other metals (Ti, Ga, Zr, Sn)[!”? into the structure instead of
aluminium. These metal-containing zeolites are extensively used in heterogeneous catalysis,
including some of the commercially exploited framework types such as BEA, MFI, CHA and
FAU 2231 For instance, Sn-containing BEA zeolites are highly selective catalysts in biomass
conversion: enhanced activity and product selectivity were reported in Meerwin-Pondorf-
Verlein reduction,?®  Baeyer-Villiger oxidation,?? sugar isomerisation 28 and
epimerisation.l?332 Optimised synthetic procedures resulted in the preparation of highly
crystalline, nearly defect-free Sn-BEA materials.l?23-%°1 Their superior catalytic activity is
attributed to Lewis acid sites associated with the Sn atoms incorporated in the zeolite
framework. Unlike in SnO., where Sn is octahedrally coordinated, in zeolites, Sn is
tetrahedrally coordinated.[?226-3%1 The tetrahedrally coordinated Sn atoms are observed in two
main forms that are referred to as open and closed sites. Open sites correspond to Sn(OSi)4 and
closed sites to Sn(0Si)3(OH) species.>*®! In addition, a 3-dimensional network of channels

with 12-membered ring apertures offers good accessibility to a variety of species. This
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combination of highly effective active sites and microporous properties of Sn-BEA makes it a

promising material for a number of potential applications.

Although Sn-BEA zeolites have been widely utilised in catalysis and pure SnO> gas sensors
are well-known, to the best of our knowledge no application of Sn-BEA based gas sensors has
been reported. In this work, we explore the potential of combining the sensing properties of
Sn-based compounds with the zeolite pore confinement effects aiming to produce a new type
of selective gas sensors. A hydrophobic Sn-BEA zeolite has been synthesised and characterised
using a range of physicochemical techniques. A prototype Sn-BEA based sensor has been
prepared and tested under realistic operating conditions. The research presented in this chapter
demonstrates the potential of this material as a NO»-selective gas sensor for the analysis of

exhaust fumes in the presence of CO, CO3, Oz and H-O.
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3.2 Experimental Section
3.2.1 Zeolite synthesis

Zeolite preparations followed the procedure from Refl. In a typical experiment, 5 g of
commercial BEA-19 (Zeolyst, Si/Al=19.0) was dealuminated in 125 mL of concentrated nitric
acid (HNOs, 68%, Fisher Scientific) for 16h at 80 °C. Subsequently, the dealuminated BEA
(deAl-BEA) sample was washed 6 times with 25mL of deionized water (Elga Purewater
system, <0.067 puS/cm) and dried overnight. As-prepared deAl-BEA was used as a seed
material in further steps. The synthesis gel was prepared by mixing 6.98 g of
tetraethylorthosilicate (Si(OCzHs)s, Sigma Aldrich) and 7.67 g of tetraethylammonium
hydroxide ((C2Hs)sN(OH), 40%, Sigma Aldrich). Subsequently, 0.12 g of tin (IV) chloride
pentahydrate (SnCls-5H20, Sigma Aldrich) was dissolved in 0.6 mL of water and added
dropwise to the gel. The Si/Sn molar ratio in the gel was 100. The gel was stirred for 12h in a
closed container and then 3 days in an open container. After allowing the excess water and
ethanol to evaporate, 0.74 g of hydrofluoric acid (HF, 48%, Aldrich) was added to the gel. The
gel was homogenised and 0.085 g of deAl-BEA seeds in 0.58 g of water was added and mixed
thoroughly. The prepared gel was heated in an autoclave for 6 days at 140 °C. The products
were then removed from the autoclave, washed 5 times with 25 mL of water, followed by
washing 5 times with 25 mL of acetone (VWR Chemicals). Samples were dried overnight and
a part of the sample was calcined in a muffle furnace for 1h at 400 °C in a nitrogen flow,

followed by calcination for 5h at 550 °C in an oxygen flow, Figure 3.1.
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Figure 3.1. Sn-BEA calcination scheme.

3.2.2 Zeolite characterization

Zeolite samples were characterised by X-ray powder diffraction (Bruker D8 Advance
diffractometer, Cu Ka at 40 kV and 40 mA, 26=5—-60°), scanning electron microscopy (Hitachi
TM 3000 with Bruker EDX system at 500x magnification, 300 s EDX data collection time),
N2 adsorption-desorption (Micrometrics Model ASAP2020), solid-state MAS NMR (Bruker
Avance I1I-HD 500, 11.7 T, operating at 99.3 MHz, using a zirconia rotor of 4 mm outer
diameter spun at 12 kHz), thermogravimetric analysis (Rheometric Scientific STA 1500, 20-
800 °C, 10°C/min, 40 mL/min N2 flow), and FTIR (Thermo iS10 spectrometer with a custom-

made cell, 6000—1000 cm™2, 64 scans, 4 cm™* resolution, transmission mode).

Prior to FTIR characterisation, zeolite samples were pressed into self-supported pellets (13 mm
diameter, 10-15 mg). Activation was carried out in a vacuum system at 450 °C (ramp rate 1
°C/min, <10 Torr) for 450°C, then the sample was cooled to ambient temperature under
vacuum, and its IR spectrum was collected. Pyridine characterisation was conducted according
to ref (041 Following the activation procedure, the sample was kept at 150 °C and small
portions of pyridine (CsHsN, Arcos Organics, 99.5%, dried over 3A molecular sieve) were
introduced into the cell until the saturation of the acid sites. Physisorbed pyridine was removed

by evacuation at 150 °C. Omnic software (Thermo) was used to analyse the obtained spectra.
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The molar absorption coefficients were &(Py-B)=1.26 cm/umol and &(Py-L)=1.79 cm/pumol,

according to ref, [

For 2°Si MAS NMR, a single pulse excitation (30° flip angle) was used with a recycle delay of
30 s. For {*H}?*Si CP-MAS NMR, a contact time of 5 ms and a recycle delay of 2 s were used,
respectively. Chemical shifts were referenced to tetramethylsilane (TMS). All MAS NMR
spectra were recorded using a 4mm MAS probe-head at a spinning rate of 12 kHz. Adsorption
of trimethylphosphine oxide (TMPO, (CHz)sPO, Aldrich) as a probe-molecule was followed
by 3P NMR under *H decoupling. Samples were dehydrated at 400 °C under vacuum (~4x10-
® Torr) while a solution of TMPO in dichloromethane was prepared. TMPO solution was added
to the dehydrated zeolite sample under an argon atmosphere in a glovebox, and the resulting
suspension was treated in an ultrasonic bath for 15 min. The suspension was dried by
evaporating the solvent under a vacuum for 2 h. The TMPO loaded zeolites were then packed
in zirconium rotors for the NMR characterisation. 3P /2 and n-pulses lengths were 7 and 14

us respectively for all measurements.

3.2.3 Sensor preparation

Sensors were made according to the procedure described in refl*2l. Silicon wafers were cut to
10x10 mm squares and cleaned with ethanol (95%, VWR chemicals) and acetone. The as-
prepared sample was dispersed in acetone (4 wt%), mixed with 3-propylcelulose as a surfactant
and deposited in several layers as a thin film on silicon wafers (10x10 mm) by spin coating
(Laurell spin coater, model WS-400B-6NPP-LITE). Prepared films were then calcined for 30

minutes at 450 °C (ramp rate 5 °C/min).

3.2.4 Operando gas detection

Experiments testing the sensor performance were conducted using a custom-made operando

cell in a flow system, with argon as a carrier gas containing 100 ppm of water. Prior to the
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controlled adsorption of individual gas mixtures (20 to 5000 ppm of CO, CO2, NO or NOz in
Ar) the samples were activated in situ at 250 °C for 30 minutes (ramp rate 3 °C/min) and cooled
down to the ambient temperature. The spectra were collected using a Thermo iS50
spectrometer, equipped with an MCT detector, using 64 scans at 4 cm™* resolution in the
6000—1000 cm™* spectral range. All presented sensor performance data are the difference
spectra obtained by subtraction of the zeolite spectrum prior to the gas adsorption experiment
from the spectrum of a sample at a specific concentration of the target gas. Since some water

vapour was inherently present in the argon flow, gas-phase water correction was applied.
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3.3 Results and Discussion

3.3.1 SEM and the ICP elemental analysis

A summary of the elemental analysis data and textural properties of the parent BEA-19,
dealuminated BEA-19 (DeAl-BEA) and Sn-BEA samples is presented in Table 3.1 and their
SEM micrographs are presented in Figures 3.2 -3.4. The observed particle size is in the range
0.5-2 um, which is considerably smaller than those reported in the literature (5-20 um) 2%
21,32,35-3743-49] particles in the sub-micron range are necessary for the preparation of viable films
for gas sensors. The obtained values agree with those reported in the literaturel®®, e.g. the
attained Si/Sn ratio of 64 corresponds to 1.3% (calculated as Si/(Si+Sn)x100%), which is

marginally higher than the reported values of 0.25-1 % reported for similar procedurest?®-

27,32,35-37,43-49]

Table 3.1. Summary of BEA-19, DeAl-BEA and Sn-BEA characterisation data.

BEA-19 DeAl-BEA Sn-BEA

Si/Al ratio 19.2 497 1541
Si/Sn ratio - - 64

w (H20) (%) 16 14 1
Crystallite size (XRD) (um) 0.3 0.3 0.6
Particle size (SEM) (um) 0.5-2 0.5-2 0.5-2
BET area (m?/g) 640 572 504
BAS (umol/g) 395 16 3
LAS (umol/g) 106 6 20
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SEMMAG: 65.25kx  SEM HV: 30.00 kV 1 ! MIRAW TESCANSEM MAG: 6399 kx  SEM HV: 30.00 kv MIRAW TESCAN
View field: 3.114 ym  WD: 3.984 mm 1pm £ View field: 3.176 ym  WD: 3.996 mm 1pm "l
Date(midy): 03/2719 Det: SE ENSICAEN - LcS [l Date(middy): 10/09/18 Det: SE ENSICAEN - LCS u

Figure 3.2. SEM micrographs of BEA-19 (left), DeAl-BEA (right).

SEM MAG: 126.65kx SEM HV: 30.00 kV L. v 1+ 1 | MIRANTESCANSEM MAG: 128.69 kx SEM HV: 30.00 kV L.+ ¢ 1 1 1 |MRANTESCAN
View field: 1.604 pm  WD: 2.985 mm [ View field: 1.579 pm  WD: 4.991 mm 500 nm f
Date(m/dly): 09/26/18 Det: SE ENSICAEN - LCS [l Date(m/d/y): 09/26/18 Det: SE

ENSICAEN - LCS n

Figure 3.3. SEM micrographs of Sn-BEA.
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Figure 3.4. SEM micrographs of Sn-BEA powder (left), Sn-BEA (right).

3.3.2 XRD

XRD patterns of the parent BEA-19, dealuminated BEA-19 (DeAl-BEA) and Sn-BEA are
presented in Figure 3.5. The collected patterns correspond to those previously reported in the
literature.[343544 Both DeAl-BEA and Sn-BEA maintain all the peaks characteristic of the BEA
framework and no other zeolite phases have been detected.[>% Based on the peak intensities at
5-9, 13-15 and 17-19° 20, the ratio polymorph A : polymorph B is 0.6 : 0.4 %, The peaks in
the Sn-BEA pattern are well-defined as compared to those for BEA-19 and DeAl-BEA,
indicating a larger size of the crystalline domains and fewer defects. They are also shifted to
lower 20 values relative to the parent zeolites, reflecting an increase in the lattice parameters
because of Sn insertion into the framework. Peaks corresponding to the bulk SnO2 phase (19.1,
26.5, 33.8, 37.6 and 51.5° 2@) have not been observed in the pattern of freshly prepared Sn-
BEA. However, low-intensity peaks (19.1 and 26.5° 20) have been detected 9 months after the

sample preparation (Figure 3.6), which is probably due to the partial degradation of the Sn-
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containing framework via hydrolysis of Si-O-Sn bonds and eventual formation of SnO; clusters

and Si-OH groups.[*3!
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Figure 3.5. XRD patterns of Sn-BEA (1), DeAl-BEA-19 (2) and BEA-19 (3);
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Figure 3.6. XRD patterns of Sn-BEA new (1), Sn-BEA after 9 months (2).
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3.3.3 UV-VIS

The DR-UV spectrum of Sn-BEA (Figure 3.7) shows an intense peak at 222 nm, which is
characteristic of the tetrahedral Sn atoms in the zeolite framework interacting with water
molecules. A low-intensity peak around 290 nm indicates a minor contribution of SnO- in the
sample.®># These data further support a high level of Sn atoms substitution in the BEA

structure, rather than the presence of a mixture of SnO> and a siliceous zeolite.
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Figure 3.7. DRUV-VIS spectrum of Sn-BEA.

3.3.4 TGA

The results of the thermogravimetric analysis are presented in Figure 3.8. Calcined Sn-BEA
shows a negligible water loss (1%) compared to parent BEA-19 (16%) and DeAl-BEA (14%)
upon heating to 200 °C. The water loss for both BEA-19 and DeAl-BEA is similar because of
the presence of bridging OH-groups in the former and silanol nests in the latter, both of which

increase the degree of hydrophilicity. Importantly, this characterisation technique indicated the
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high level of hydrophobicity of the Sn-BEA sample, which would be a beneficial feature for a

sensor operating in humid environments.

0 100 200 300 400 500 600 700 800
Temperature, °C

Figure 3.8. TGA curve of Sn-BEA (1), DeAl-BEA (2) and BEA-19 (3).

3.3.5 NMR

29Si MAS NMR spectra Sn-BEA demonstrate that all the peaks (-111.6, -112.2, -113.1, -115.7
ppm) are in the Q* region for the BEA framework (Figure 3.9). The well-defined narrow peaks
in this region are indicative of a highly siliceous zeolite with very few structural defects in the
framework.®! In contrast, the spectrum of parent BEA-19 shows relatively broad overlapping
peaks in the regions corresponding to Q® and Q* species, such as Si(OAIx(OSi)sx or
Si(OH)x(OSi)a.x, where x is 0 or 1.128371 These samples have been further characterised using
29Si-1H cross-polarization (Figure 3.10). In the 2°Si-IH CP MAS NMR spectrum of Sn-BEA,

three ill-defined peaks (-104, -114 and -118 ppm) have been detected. These peaks correspond
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to the Q® and Q* regions of the spectrum.[®? However, the signal intensity is very low, which

further confirms that there are almost no silanol groups present in the Sn-BEA sample.

i

1
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Figure 3.9. °Si MAS NMR spectra of Sn-BEA (1) and BEA-19 (2).
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Figure 3.10. 2°Si-'H CP MAS NMR spectra of Sn-BEA (1), BEA-19 (2).
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In the 3P NMR spectrum of TMPO adsorbed on DeAl-BEA, only one peak around 50 ppm is
observed (Figure 3.11), which can be assigned to TMPO interacting with weak BAS, i.e. silanol
groups.[285354 No peak at this position is found for the Sn-BEA sample, further indicating that
there are very few defects in the structure. The spectrum of TMPO adsorbed on Sn-BEA
contains two distinctive peaks, a low-intensity sharp one at 43.2 ppm and an intense broad peak
at 35.9 ppm. There is some discussion in the literature regarding the interpretation of the 3!P
NMR spectra of TMPO adsorbed on zeolites. Indeed, according to 8% the peak around 43
ppm should be attributed to physisorbed TMPO. Lewis et al.,®® who first reported
characterisation of Sn-containing zeolites, stated that the physisorbed TMPO is represented by
wide peaks (fwhm>9 ppm) and the bound TMPO has narrow peaks (fwhm <1.5 ppm). On the
other hand, Dubray et al.5%1 reported a different interpretation of adsorbed TMPO on Mo-
containing MFI zeolites, describing the narrow peaks as physisorbed TMPO and the broad
peaks as the molybdenum bound TMPO. Overall, the interpretation of TMPO spectra is not
unambiguous. Therefore, the narrow peak observed in this work at 43.2 ppm is tentatively
ascribed to physisorbed TMPO. The more intense broad peak at 35.9 ppm (fwhm> 9 ppm) is
not symmetrical. This results from an overlap of two peaks at 35.9 ppm and 40.8 ppm with an
intensity ratio of approximately 3:1, as shown by the spectral deconvolution presented in Figure
3.12. This ratio is similar to that reported by Lewis et al.*] for peaks 58.6 ppm and 54.9 ppm,
which were attributed to penta-coordinated Sn-sites. As the downfield shift in the TMPO
spectra is generally related to the TMPO adsorbed on stronger LAS or BAS, the peaks at 35.9
ppm and 40.8 ppm found in this work could be assigned to TMPO interacting with weak LAS
associated with Sn atoms in the zeolite framework. Their upfield shift could be also explained

by the presence of residual F ions in the BEA structure. 233
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Figure 3.11. 3'P MAS NMR spectra of TMPO adsorbed on Sn-BEA (1) and DeAl-BEA (2,
intensity is multiplied by a factor of 50).
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Figure 3.12. Deconvoluted *'P MAS NMR spectrum of TMPO adsorbed on Sn-BEA (black),

fitted cumulative peak (red), single fitted peaks (green).
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3.3.6 FTIR

FTIR spectra of the studied zeolites before and after adsorption of Py are presented in Figures
3.13 and 3.14, and the number of BAS and LAS is summarised in Table 3.1. Most of the
aluminium from the initial BEA-19 sample was removed during the dealumination process,
which has been confirmed by the elemental analysis (Table 3.1). Following this procedure,
“silanol nests” are generated in the parts of the structure where aluminium is removed, which
can be observed in the 3800-3500 cm™ region, as the peak corresponding to Si-OH groups
(~3740 cm™* for BEA-19 and ~3727 cm ™ for DeAl-BEA) broadens and increases in intensity

as compared to the parent sample due to hydrogen bonding within the newly formed silanol

nests (Figure 3.13).
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Figure 3.13. Difference FTIR spectra of Sn-BEA (1), DeAl-BEA (2), BEA-19 (3);

spectra are offset for clarity.

The number of B-Py (~1545 cm™) and L-Py (~1455 cm™) complexes detected via Py

adsorption on the parent BEA-19 is 395 and 106 umol/g, but only 16 and 6 umol/g on the
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DeAl-BEA, confirming successful dealumination of the original zeolite. For Sn-BEA, the
number of detected BAS is less than 3 pmol/g, indicating almost a complete loss of OH-groups
in the structure during the fluoride mediated synthesis, whereas the number of LAS has
increased to 20 pmol/g in comparison with the DeAl-BEA sample. Note that the number of Sn
atoms introduced into Sn-BEA is 1.5% of T atoms. Importantly, the peak position of the Py-L
complexes has shifted from 1455 cm™ for BEA-19 to 1450 cm™ for Sn-BEA (Figure 3.14),
which corresponds to Py interacting with weak LAS.[*Y All these data are indicative of tin

incorporation into the BEA framework."]
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Figure 3.14. Difference FTIR spectra of Sn-BEA (1), DeAl-BEA (2) and BEA-19 (3);

spectra are offset for clarity.

The difference FTIR spectra (Figure 3.15) show negative peaks in the 3600-3800 cm™ region.
The negative peak of low intensity at ~3741 cm™ for Sn-BEA results from Py interaction with
a small number of external silanols. For DeAl-BEA, the negative peak at 3728 cm™ (with a
shoulder at ~3741 cm™) is due to Py interacting mostly with internal and with some external

silanol groups. This could be explained by the insertion of Sn atoms in the “silanol nests” in
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the framework of DeAl-BEA, used as the seed material, which is in accord with the collected

TGA and NMR data, hence confirming that the Sn-BEA sample is largely silanol-free and thus

hydrophobic.
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Figure 3.15. Difference FTIR spectra of Sn-BEA (1) and
DeAl-BEA (2) in the OH region following pyridine adsorption.

3.3.7 CO, CO2, NO, NO; adsorption on Sn-BEA and DeAl-BEA

The response of the prototype sensors based on Sn-BEA and the parent DeAl-BEA zeolites
towards adsorption of specific gases and water vapour has been monitored by operando FTIR
and the data are presented in Figures 3.16-3.20 and 7.64 -7.72. Both Sn-BEA and DeAl-BEA
have shown selective response towards NO», (Figures 3.16, 3.17, 7.67 and 7.72), while the
DeAl-BEA has also been responsive to CO- ( Figures 7.69 and 7.70). When no significant gas
adsorption is observed, e.g. for CO and NO, mostly the peaks corresponding to the gas phase
of the used target gas and water vapour have been observed, along with the peaks in the 1620-

1640 cm™ region assigned to the bending vibration mode of water adsorbed on the zeolite
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surface.®1 As mentioned previously, the adsorbed water stems from the water vapour
introduced into the carrier gas to provide a more realistic model of the tested gas flows. For the
adsorption of CO, on DeAl-BEA (Figures 7.69 and 7.70), the peak observed at 2344 cm™ is
ascribed to physisorbed CO2, probably on the surface OH-groups.® Since this peak is
overlaying with the gas phase peaks of CO2, the gas phase correction was applied to quantify

the data (Figure 7.70).
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Figure 3.16. Difference FTIR spectra of NO adsorbed on Sn-BEA, 50 ppm (black); 50-100

ppm in 25 ppm increments; 100-900 ppm in 100 ppm increments.
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Figure 3.17. Difference FTIR spectra of NO2 adsorbed on DeAl-BEA, 50 ppm (black), 75

ppm (red), 100 ppm (blue), 200 ppm (green), 400 ppm (purple), 600 ppm (dark red).

Probably, the most interesting result of these tests is the observed selective response of both
Sn-BEA and DeAl-BEA towards the adsorption of NO2. Two main regions of the spectrum
containing distinctive peaks indicative of the interaction of the sensors with NO2 are 1800-
1600 cm™ (region A) and 1500-1300 cm™ (region B). In region A for Sn-BEA, only two peaks
at 1645 and 1720 cm™ can be detected at lower concentrations (50-400 ppm). At 50 ppm of
NO., the peak ratio is approximately 2:1, with the ratio decreasing as the concentration
increases to 400 ppm (Figure 3.16). At higher concentrations (>500 ppm), the peak at 1720
cm ! becomes the most intense. Further peaks appear at 1600 and 1755 cm™, and a shoulder
at 1685 cm™L. For DeAl-BEA, only a band at 1630 cm™ is found initially. As more NOz is
introduced, additional peaks develop at 1670 and 1700 cm™* (Figure 3.17). The peak at ~1670
cm ! is increasing in intensity with a peak at 1700 cm™ merging as a shoulder to the central

peak as the concentration of NO; increases. In region B for Sn-BEA, the main peaks are
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observed at ~1310, 1360 (most intense with a broad shoulder) and 1485 cm™ (Figure 3.16).

For the DeAl-BEA sample, the major peaks are found at 1315 and 1405 cm™* (Figure 3.17).

In agreement with the literature, the peaks appearing upon NO- adsorption can be attributed to
the disproportionation of NO2 on contact with solid catalysts, resulting in the formation of a
range of monodentate, bidentate or bridging NO™, NO2>™ and NOs~ species as well as more
complex structures resulting from their transformations.[®*-81 Since the Sn-loading of Sn-BEA
is relatively low, the formation of bridging species could be excluded. Furthermore, as no peaks
have been detected in the 2200-2000 cm™* region of the spectrum, the presence of -NO* and -
NO*(NO,) species on the samples prepared in this work should probably be ruled out.[>¢57]
Based on the NO adsorption data for Sn-MFI and Fe-exchanged MFI and BEA zeolites, peaks
in the 1800-1600 cm™* region can be assigned to nitro- species bound to either Al or Sn. The
peaks at ~1760-1710 cm™* are commonly attributed to N2O4 dimers.[*35¢-61 This is in accord
with their occurrence at higher concentrations of NO,. The peaks at ~1645 cm™* for Sn-BEA
and 1630 cm™* for DeAl-BEA could be interpreted as coordinated nitro-species, however, they
can also originate from potentially overlapping peaks of adsorbed water, found in experiments
with all the gases containing 100 ppm of water in the Ar flow (Figures 7.73 and 7.74). The
peak positions in region A for Sn-BEA are blue-shifted as compared to those for DeAl-BEA,
Si- and Sn-MFI. The peaks in region B can be attributed to nitrate or nitrite species.®*-% This
interpretation is further confirmed by the room-temperature desorption experiments (Figures
3.20 and 7.75). Most peaks in region A are partially removed, which is characteristic of
relatively weakly bound species, such as NO, or N2Oa. Indeed, the 1601 cm™ peak disappeared
instantly after stopping the NO flow, while the intensity of other peaks, e.g. at 1645 cm™?,
decreases gradually. This could indicate that the latter peak results from a superposition of
nitro-species and adsorbed water. The IR peaks in region B demonstrate only very minor

changes throughout the desorption period, which can be attributed to subtle transformations of
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NOs™ and NO2 ", while the total peak area in the B region is virtually unchanged (Figure 3.20),

as would be expected for the nitrate and nitrite species. !
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Figure 3.18. Evolution of the IR peak areas following NO. adsorption on Sn-BEA: 1800-1600

cmt (1), 1500-1300 cmt (2).
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Figure 3.19. Evolution of the IR peak areas following NO> adsorption on DeAl-BEA: 1800-

1600 cm™! (1), 1500-1300 cm™* (2).
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Figure 3.20. Evolution of the IR peak areas of NO, adsorbed on Sn-BEA upon desorption in

Ar flow at room temperature: 1800-1600 cm ™ (1) and 1500-1300 cm™ (2).

For the actual sensor performance, the areas of all peaks in a specific part of the spectrum, e.g.
regions A and B, are more important since the portable IR sensors do not possess spectral
resolution comparable to research-grade laboratory instruments.*] Therefore, for the
performance of a sensor, it is more useful to quantify the peak area of the “target” regions that
corresponds to a specific concentration value. For Sn-BEA and DeAl-BEA, the absorption
peaks of various NxOy species in both regions (1800-1600 and 1500-1300 cm™?) are evolving
in a similar fashion (Figures 3.18 and 3.19). The growth is not quite linear, and it is comparable
to the Sn-MFI system.[*3 As mentioned above, the peaks in the 1800-1600 cm™ region can be
partially removed upon desorption of NO2 from Sn-BEA at room temperature, while the peaks
from 1500 to 1300 cm™* cannot. Therefore, in the 1800-1600 cm™ region the sensor could be
used to determine dynamic changes in the current concentration, while the 1500-1300 cm™*
region would allow detecting the maximum concentration of NO2 in the monitored system

during a certain period.
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3.4 Conclusions

Exhaust fumes gas sensors containing Sn-BEA and dealuminated BEA zeolites have been
prepared and extensively characterised. The prepared Sn-BEA sample has a nearly defect-free
structure, high hydrophobicity and a sub-micron particle size. Sn-BEA has been utilised as an
IR-based gas sensor at room temperature and its performance has been compared to that of
DeAl-BEA. Both sensors have been evaluated for their response to CO, CO2, NO and NO: in

the presence of water.

Prepared materials were successfully applied as gas sensors. Sn-BEA displayed a selective
response to NO2, while DeAl-BEA responded to CO, and NO.. Also, the Sn-BEA
demonstrated the potential to determine both the current concentration of the analyte gas and
the peak concentration during a certain period. This presents a valuable starting point for
evaluation of sensor performance for zeolite catalysts with other isomorphously incorporated
metals (e.g. Ti, Zr, Mo). The future work on Sn-BEA should focus on the optimisation of
synthesis and composition of hydrophobic zeolite-based sensors. Also, the sensor performance
under realistic conditions, including elevated temperatures and humidity levels needs to be

evaluated and the studied operational concentration range should be expanded.
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Chapter 4
lon sensing pencil: Draw your

own Sensor
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4.1 Introduction

The development of information technology facilitated the remote monitoring and control of
physical devices and everyday objects over the internet. The Internet of Things (10T), as this
concept is named, has penetrated many aspects of life. Among many other applications,
specialized 10T devices can monitor the health and general wellbeing of citizens,**! provide
data to optimize food production,™ control air and water quality,’ and increase the quality of
the services offered to the citizens, while reducing the operational costs of the public
administrations,’® etc. Such systems utilise a range of sensors for monitoring relevant key

parameters. However, 10T systems utilise very few truly chemical sensors.

Chemical information (if relevant) is typically inferred from a range of physical sensors
(position, vibration, temperature, humidity)™"! or image analysis. Despite significant recent
advances, 1% chemical sensors still require relatively complex handling protocols (storage,
calibration, cleaning), which drives their price beyond the possibility to be routinely used in
loT. Interestingly, the same disadvantages limit penetration of chemical sensors in Citizen
Science (CS) as a field that some view as the next frontier in the expansion of research.[*%:2]
Involving citizens in large scientific projects opens up exciting opportunities in many
application fields.[*®l Unfortunately, chemical sensors are not yet at the stage of development
that would allow routine operations by non-specialists and integration into large, autonomous
sensor networks which are seen as essential for applications in CS and loT. If chemical sensors
are to be applied for the acquisition of large arrays of chemically relevant information, they
have to be readily available, extremely simple to use and versatile (able to obtain a variety of
relevant chemical information). Ideally, their price would be affordable, and they could be

plugged into a simple, readily available, non-specialized read-out system.
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Arguably, a pencil is one of the simplest, ubiquitous, and versatile (in terms of colour range)
tools. Thus, pencil-like chemical sensors would have a great opportunity for penetration into
fields where their applications are currently severely limited. A pencil-type sensor concept has
very recently been investigated by utilising carbon nanotubes (CNTSs) or metal-organic
frameworks (MOFs).['411 However, these approaches rely on long and laborious
modifications of experimental protocols and substantial chemical changes to the bulk or surface
of materials to achieve the required selectivity for specific ions or gasses. Therefore, a suitable
solution for this complex challenge lays in exploiting relevant advantages of existing very low-

cost materials.

Graphite is interesting as it has a long history of use in analytics,*®-2I while its price is >1000
times lower than simplest, non-modified commercially available CNTSs. Zeolites attracted our
attention due to their selective ion exchange properties exploited effectively in areas such as
petroleum industry, catalysis, water purification,?! as well as elements in electrochemical
sensors.?224 Zeolites are microporous aluminosilicate materials that can accommodate a
variety of cations e.g. Na*, K*, Ca?*, Mg?*, etc). The functionality of zeolites is based on the
selective exchange of these ions influenced by the topology, pore size, and Si:Al ratio within
the zeolite framework.[?2232%] Thus, the selectivity of a zeolite framework for a target ion offers
an opportunity for utilisation in chemical sensing in analogy to ion-selective electrodes (ISES),
while zeolite’s solid structure allows mechanical compression into stable pencil lead-like

shapes.

In this chapter is suggested that compression of a simple solid mixture of graphite and a zeolite
enables the preparation of chemical sensors that look and can be operated as a pencil but offer
analytical characteristics analogous to ISEs. A total of 14 zeolites were used to prepare 14 ISPs

and their responses to 9 cations were recorded. The choice of zeolites and ions was guided by
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the expectations of selectivity to a specific ion in environmental samples as a function of

zeolite’s affinity to that ion.[?42°]

4.2 Experimental

4.2.1 Materials

Graphite powder (<20 pum, synthetic), sodium chloride (NaCl), potassium chloride (KCI),
ammonium chloride (NH4Cl), calcium chloride (CaCl.), magnesium chloride (MgCl»), zinc
chloride  (ZnCly)), 2-nitrophenyl-octyl-ether (>99.0 %), tetra-n-butylammonium
tetrafluoroborate (TBA-TBB) tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI)
were purchased from Sigma-Aldrich, UK. Hydrochloric acid (HCI), manganese chloride
(MnCl2) and iron (I11) chloride (FeCls) were obtained from Fisher while nickel chloride (NiCl.)
and copper (I1) chloride (CuClz) from Harris reagents. All the chemicals were used without
further purification. All the standard aqueous solutions were prepared with ultrapure water
obtained from Pico Pure 3 water system. OHP universal film removable top stripe 100 (clear
4243, 100 um) from Q-connect was used as a substrate. Zeolites NaX, KX, NaY, KY were
obtained from Riogen, USA. Zeolites NaA and KA were from Crosfield, UK. Zeolites NHa-
MOR, NHs-FER, NHs-BEA-12, NH;-BEA-19, and NH4-ZSM-5, were from Zeolyst,
Netherlands, Zeolite K-LTL was from Tosoh, Japan. Natural zeolite HEU-A (USA) and natural
zeolite HEU-B (Bulgaria) were from Zeodex, UK and natural zeolite HEU-C was generously

provided by Prof A. Walcarius (Universite de Lorraine, France).

4.2.2 lon-sensitive pencil preparation

A zeolite of choice and graphite powder were thoroughly mixed using a ball mill. The solid
mixture was transferred into a pellet die and compressed in a hydraulic bench press by applying

the necessary pressure to obtain a mechanically robust pellet (a.k.a ISP lead). It was inserted
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into a pencil clutch prepared using a 3D printer (PLA filament, Wanhao Duplicator 4S).
Obtained ISP was used to draw a line onto a hydrophobic surface to obtain an electrode as

illustrated in Figure 4.1.

Graphite

Zeolite a
f1C

g

Electrode Drawing electrode lon Sensitive Pencils

13.0mm

= —|30mm

Pellet

Figure 4.1 Process of preparation of lon Selective Pencil and electrodes.

4.2.3 Electrode substrate preparation and characterisation

The hydrophobic electrode substrates were prepared by cutting a PET sheet (2.0 3.0 cm) as a
single electrode from a parent PET sheet, which was then etched with the aluminium oxide
(grit 240) for 30 s to provide the rough surface with enhanced porosity and improved adhesion
of ISP lead onto the surface of the PET. The zeolite-graphite line was subsequently drawn onto
the PET sheet by abrasion until the resistance of the drawn line was lower than 3.0 kQ as
suggested previously.?”l The midsection of the line is insulated using a simple sticky tape

Fabrication of electrode substrate is illustrated in Figure 4.2.
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NRE

Figure 4.2 Schematic representation of the proposed PET sheet-based electrode fabrication
via mechanical abrasion. Step I: PET sheet slightly roughened by sandpaper. Step Il: line
applied by hand.

4.2.4 Polymer membrane-based reference electrode

Polymer-membrane reference electrode was prepared according to the previously reported
procedure.?®l Briefly, a 10.0 x 3.0 cm strip was cut from the parent PET sheet and prepared as
explained above. A line was subsequently drawn by pencil (Staedtler, HB). Each reference
electrode was partially overlaid with a mask of sticky tape. A hole of 0.3 cm in diameter was
punched on one top end of the sticky tape. An aliquot (~20 uL) containing 12.5 wt.%
tetrabutylammonium tetrabutylborate (TBA-TBB), PVC (29.2 wt.%) and 0-NPOE (58.3 wt.%)
in 1.5 mL THF was drop cast onto the top of the electrode, and further left at room temperature
to dry overnight. The following day, reference electrodes were conditioned in 0.01 M KCI

solution for 18 h prior to the potentiometric experiments.

4.2.5 Potentiometry

Responses of all electrodes were recorded using the Lawson Labs Inc. 16-channel EMF-16
interface (3217 Phoenixville Pike Malvern, PA 19355, USA) in the stirred solution against a
double-junction Ag/AgCl reference electrode with a 1.0 M of LIOAc bridge electrolyte (Fluka).
For the measurement of analytes, all ISPs were immersed into 200.0 mL of ultra-pure water in
a beaker followed by stepwise addition of known concentration of the standard. Electrodes

were rinsed with ultra-pure water and dried before immersing into the next sample to avoid
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carryover. Potential responses (EMF) were then measured, and activities were calculated from
the calibration curve using the Nikolsky-Eisenman equation. Activity coefficients (log a) were
calculated according to the Debye-Hiickel approach. At least three electrodes of the same type
were used. Selectivity coefficients were determined using separate solutions method utilising
dry ISPs. Signal was obtained by exposure to calibration solutions of no longer than 5 min for
each calibration point and no longer than 30 min overall. Following the recording of the
response to a specific ion, ISPs were thoroughly dried using absorbing paper and the protocol

was repeated for the next ion.

4.2.6 Instrumental characterization

Electrodes and the precursor materials were characterised by X-ray powder diffraction (XRD),
Scanning electron microscopy (SEM), thermogravimetric analysis (TGA), attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR-FTIR), and contact angle
measurements. XRD patterns were collected using a Bruker D8 Advance diffractometer with
a Cu anode at 40 kV and 40 mA, the 26 range was set from 5 to 60°. SEM micrographs were
obtained using the Hitachi TM 3000 at 600x magnification. Prior to collecting SEM
micrographs samples were mounted on aluminium holders, fixed by carbon cement, and
carbon-coated. TGA analyses were carried out utilising a Rheometric Scientific STA 1500,
from 20 to 800 °C, at a heating rate of 10 °C/min with the 40 mL/min airflow). ATR-FTIR
spectra were acquired using a Thermo iS10 spectrometer equipped with a DTGS detector and
an ATR attachment with a diamond crystal. The spectral range was 4000- 600 cm™, 64 scans,
4 cm! resolution. The contact angle was measured on a custom setup using a camera with an
attached magnification lens (Carl Zeiss, Jena; GF-P 10x) and analysed using ImageJ software

with the “Contact angle” plugin.
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4.2.7 Multisensor array data processing

In the case of analysis of model mixtures containing four different inorganic cations, the set of
zeolite-based sensors was considered as a sensor array. To relate the response of the sensors in
the mixtures with the content of metal ions, partial least squares (PLS) regression was
employed.?®l The derived models were validated using segmented cross-validation with a
random split of samples leaving three samples out of calibration at each of the six-folds. Root
mean square error of cross-validation (RMSECV) was used to evaluate models’ performance.
All calculations were performed in collaboration with prof. Dmitry Kirsanov from St.
Petersburg State University using The Unscrambler 9.7 software package (CAMO, Oslo,

Norway).

4.2.8 Analysis of bottled water and instant soup samples

Three bottled drinking water and an instant-tomato soup were purchased from a local shop.
Firstly, the calibration curve was obtained by using two-point calibration at 5.0 x 10 and 5.0
x 10°® M of Na* concentrations. Signal was obtained using a digital multimeter (WhiteGold
WG 023 digital multimeter) and a polymer-based solid-contact reference electrode (TBA-
TBB). Three bottled drinking water samples were directly analysed without any sample
preparation and tomato soup was diluted 1000-fold using 10 uM Tris-HCI buffer solution (pH

7.50).

To test the concept of ISP, a range of zeolite types was used, including Faujasite (FAU), Linde
Type A (LTA), Mordenite (MOR), Ferrierite (FER), Beta type (BEA), MFI for Mobil five (also
known as ZSM-5 for zeolite Socony Mobil-five after the company that invented it), Linde Type
L (LTL), and naturally occurring zeolites of Heulandite type (HEU) of USA, Bulgarian, and
Romanian origin. The rationale for using such a wide variety of zeolite types was to scan

zeolites for various factors affecting their selectivity (e.g. pore size, topology, and Si:Al ratio)
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for the potential to be utilised in ISPs. A more detailed study of the impact of these factors on

ISP’s functionality will be discussed in Chapter 5.
4.3 Results and discussion

4.3.1 ISP composition optimisation

ISPs were prepared using 0, 1, 10, 20, 40, and 60 wt.% of zeolite in graphite and compressions
of 2, 4, and 6 tonnes. ISPs prepared with 40 wt.% of zeolite compressed with 4 tonnes of
pressure exhibited near-Nernstian slopes and these conditions were adopted as optimal (Table
4.1). The ISP composition optimisation was done using NaX as a zeolite, but the conclusions
were applied to all the other ISPs.

Table 4.1. Conditions for preparation of ISP pellet used to produce electrodes and their

electrochemical response to Na* cations (in m\V/decade).

Composition Compression load

(wt.% of NaX zeolite) 2 tonnes/slopes 4 tonnes/slopes 6 tonnes/slopes
0% 1.9 2.8 2.5

1% 10.0 11.9 9.94
10% 30.63 30.32 30.58
20% 40.5 46.10 42.86
40% 35.2 55.1 51.19
60% N/A* N/A* N/A*

*The resistance of the ISP pellets with 60%:40% zeolite: graphite ratio was ~5-10 kQ higher
than the rest of electrodes, pellets were very brittle, and the drawing was very difficult so they

were not used at all.
The calibration plot of ISP prepared by compressing 40 wt.% of NaX zeolite using 4 tonnes of

pressure is presented in Figure 4.3. It is noteworthy that ISPs with no zeolite (0 wt.%) showed
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slopes of >3 mV/decade thus indicating that the potentiometric response indeed originates from

a zeolite.

e |SP (NaX)
—s— graphite

€ 59.2 mV
(0]
¢ m—n .F———./
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Figure 4.3. The potentiometric response of NaX-based ISP (circles) and pure graphite (squares)
to Na*. Slope of NaX-based ISP =55.1 mV/decade, limit of detection (LOD) = 2 x 107°M. An

inset provides the structure of faujasite (FAU).

4.3.2 Electrode components characterisation

4.3.2.1 Graphite

The disadvantage of using graphite as the electrode matrix is its well-known sensitivity to pH.
Indeed, Figure 4.4 illustrates the response of a blank electrode made by drawing a line onto the
electrode substrate using a typical 3B pencil (Staedtler). This implies the need to either buffer

a sample solution or determine its pH in parallel to analyte measurements.
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Figure 4.4.The response of an electrode prepared by drawing a line on the sensor substrate
using a 3B pencil.
A typical polymer membrane-based ISE requires a readout device with high input impedance
to avoid polarization of the sensor. Note that electrode polarization has been utilized in so-
called pulstrodes.% The resistance of typical PVC-based ISE is in order of MQEY thus
requiring readout systems with input impedance in GQ range. The resistance of membranes
based on popular acrylate-based polymers can be even higher. The inclusion of lipophilic salts
into the membrane was used as a strategy to reduce membrane resistance.*? Previous
characterization of graphite as an intermediate layer for ISEs using electrochemical impedance

spectroscopy?’ revealed two important benefits of graphite:

1) Both the phase transfer of ions through the solution/matrix interface and transduction

from ionic into an electronic signal at the matrix/solid contact interface are fast.
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Similar behaviour is observed with traditional ion-selective membranes prepared with

conductive polymer as an intermediate layer.[*!

2) The overall resistance of ISP is in the order of kQ, thus requiring less sophisticated

readout systems.

This was an encouragement to utilize a simple multimeter as a readout device. Since its input
impedance is about 1000 times higher than the resistance of ISP it is reasonable to expect that
it should be sufficient to suppress sensor polarization. In summary, zeolites offer suitable
chemical functionality and preparation of ISP that can be used immediately off the shelf, while
graphite as a matrix offers ion-to-electron conductivity and sufficiently low resistance so that
less sophisticated readout instrumentation can be used than required by its counterpart polymer

membrane-based ISE.

4.3.2.2 Substrate

An electrode substrate was characterised by the ATR-FTIR spectroscopy and SEM. Using
FTIR spectroscopy, it was determined that the substrate sheet consists of two phases,
polyethylene terephthalate (PET) and poly(ethylene vinyl alcohol) (PEVA). Spectra of both

phases were collected (Figures 4.5, 4.6) and compared with the database entries.[*]
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Figure 4.5. ATR-FTIR spectrum of PET.
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Figure 4.6. ATR-FTIR spectrum of PEVA.
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SEM micrographs show that the thickness of the PET sheet is 100 + 3 um (Figure 4.7), which
is in agreement with the technical specifications of the PET sheet,*31 while the thickness of the
etched PET sheet is 90-95 um (Figure 4.7). SEM micrographs confirmed that the substrate
sheet consists of two phases, 95 pum and 5 um thick, respectively. In comparison with the ATR-
FTIR results, it was determined that the 95 um thick layer is PET and the 5 um layer is PEVA

(Figure 4.7).

NL D45 x600 100 um

SM17-530022 2019/02/01 NL D45 x600 100 um

SM17-530015 2019/01/31

Figure 4.7. SEM micrographs of (a) unetched PET sheet, (b) etched PET sheet.

4.3.3 SEM

Electrodes were observed using SEM providing a top-view and a side-view. The top
view of the etched substrate is shown in Figure 4.8(a), while in the top view of the ISP-drawn
electrode (Figure 4.8 (b)) darker shade of graphite and lighter zeolite particles can be observed.
Collected images from both the top- and side-view confirmed that the electrode material is
deposited on the PET sheet, but from the side view of the substrate and the ISP-drawn electrode

(Figure 4.8(c) and (d)), it was not possible to determine the thickness of the applied layer.
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Figure 4.8. SEM micrographs of (a) etched surface of the PET sheet, (b) ISP-drawn electrode,
(c) side-view of the etched PET sheet, (d) side-view of the ISP-drawn electrode.
Electrodes are hand-drawn, so the difference in the thickness of the applied layer is inevitable,

but as an estimate, the thickness was determined using the equation below,

m

pA

where | [um] is the thickness of the ISP applied layer, V [cm?] is the volume and A [cm?] is the
surface of the layer, m [g] and p [g cm®] are the mass and the density of the applied layer,

respectively, Table 4.2. Density was calculated from the mass and the volume of the pressed

pellet.
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Table 4.2. Electrode material layer thickness calculation data.

Pellet density (p) PET sheetarea (A)  Layer mass (m)  Layer thickness (I)

1.57 gcm 6.95 cm? 12.4 mg 11.3 pm

4.3.4 XRD

XRD pattern of the electrode containing NaX zeolite as a model zeolite was compared with the
patterns of the precursor materials (Figures 4.9-4.11). The full list of the peaks is listed in Table

4.3.

Table 4.3. List of XRD pattern peaks of the NaX-containing ISP-drawn electrode.

20 peak position, ° Precursor 20 peak position, ° Precursor
6.157 NaX 30.379 NaX
10.139 NaX 31.036 NaX
11.812 NaX 32.078 NaX
15.475 NaX 33.680 NaX
18.502 NaX 34.305 NaX
20.095 NaX 37.526 NaX
23.105 NaX 40.874 NaX
23.386 NaX 41.335 NaX
26.029 PET sheet 53.801 PET sheet
26.567 Graphite 54.629 Graphite

PET sheet peak (20= 26.029°) is predominant in the pattern since the thickness of a sheet is

90-95 um, and the drawn layer of the electrode is approximately 10 + 3 um. The second most
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intense peak stems from the graphite phase. The position of that peak (20 =26.567°), from
which the d-spacing is calculated using the Braggs’ law (d= 3.35A) corresponds to the dooz
plane spacing between graphite layers.l* Figure 4.11 indicates that the positions of the NaX
peaks correspond to the peaks from the ISP pattern, but the intensities are low in comparison
with the graphite and PET ones, therefore the peaks in the 20 range 22-30° are masked by PET
and graphite peaks. Since no additional peaks are appearing in the pattern, it could be concluded

that no other crystalline phases are present in the electrode.
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Figure 4.9. XRD pattern of the ISP-drawn electrode.
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Figure 4.10. XRD patterns of the NaX-containing ISP-drawn electrode (black),

PET sheet (red) and graphite (blue).
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Figure 4.11. XRD patterns of the NaX-containing ISP-drawn electrode (black) and NaX
zeolite (red).
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4.3.5 ATRFTIR

ATR-FTIR spectra of the ISP-drawn electrode, NaX zeolite and graphite samples have also
been collected (Figure 4.12). It can be observed that the ISP-drawn electrode spectrum has
contributions from both graphite and NaX, just as in the XRD patterns.*l In the ATR-FTIR
spectra of the NaX zeolite intense peak from 800-1200 cm™! corresponds to symmetrical and
asymmetrical O-T-O stretching (T= Si, Al) bonds, while the peaks from 600-750 cm™
correspond to O-T-O bending vibrations in the zeolite structure.?> Based on XRD patterns and
ATR-FTIR spectra it can be concluded that both graphite and NaX zeolite are present in the

ISP-drawn electrode.

ISP Electrode
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Figure 4.12. ATR-FTIR spectra of NaX-containing ISP-drawn electrode (black), graphite
(red) and NaX zeolite (blue).

Before moving to demonstrate the application potential of ISP, it is important to point out an
issue observed with more hydrophilic zeolites (types X, Y). Namely, attempts to apply
conditioning protocol traditional for ISEs (~12 h of continuous exposure of the sensor to an
aqueous solution of target ion) resulted in a slow and steady signal drift ending in the almost

complete loss of response (Figure 4.13) most likely originating from adsorption of water within
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the zeolite.”! The return of the near-Nernstian response after drying overnight confirms this

hypothesis.
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Figure 4.13. The potentiometric response to Na* using a fresh electrode (black), an electrode
after overnight exposure to the target ion solution (red), and after drying the electrode

overnight (blue).
Figure 4.14 presents the potentiometric response of the proposed ISP-drawn electrode.
Electrodes were first calibrated immediately after preparation as explained above. Electrodes
were then left in the 1073 M solution followed by a new calibration. Response slopes decreased
from the original 48.8 mV/decade to 25.7 mV/decade after 12 hours of exposure to water.
However, the response slope recovered to 42.7 mV/decade after drying overnight at room

temperature, Figure 4.13.
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Figure 4.14. Time traces of the potentiometric response of NaX-containing ISP-drawn
electrodes to Na* from 107 to 102 M after water exposure of 0.5 h (black) and 12 h (red).

The signal drifts were significantly smaller or non-existent in other, more hydrophobic zeolites.
However, in the spirit of critical analysis, the results for NaX are shown as the example of a
zeolite demonstrating the strongest drift. While the water uptake may present as an issue for
long-term use of ISP-drawn electrodes, it should be kept in mind that ISPs are conceived as
sensors that are inexpensive and extremely simple to use. Thus, ISP-drawn electrodes can be

treated as disposable. ISPs can be used to simply draw additional sets of electrodes.

4.3.6 Water uptake characterisation

In order to clarify the loss of the response after the electrode has been submerged in water for
12 hours, the water uptake and contact angles were measured. Graphite, zeolite and electrode
pellets were weighed before and after submerging in water. The data are presented in Table

4.4. It is demonstrated that both graphite and NaX zeolite uptake a substantial amount of water.
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Due to interaction with water, the availability of active sites in the zeolite structure would be
reduced. Moreover, the contact angle of the same pellets was measured (Table 4.4, Figure
4.15). Zeolite pellet absorbed water instantly, so it was not possible to measure the contact
angle. The dry graphite pellet measured angle was in accordance with the one reported
recently.®] The contact angle of the samples after 12h exposition to water increased, which

also confirmed that the surface was more hydrophilic.

Table 4.4. Water uptake and contact angle data.

Pellet composition Water uptake Dry sample Wet sample
contact angle contact angle
Graphite 26% 63.1° 30.9°
Zeolite NaX 41% - -
Electrode 40:60 32% 65.2° 50.2°
a) b)

Figure 4.15. Contact angle measurement data. (a) dry graphite pellet, (b) dry ISP 60:40
electrode pellet, (c) wet graphite pellet, (d) wet ISP 60:40 electrode pellet.
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The graphite-zeolite pellet used to draw electrodes has been subjected to TGA to determine its
composition since the graphite autoignition temperature was known from the literature.
From the TGA curve (Figure 4.16) it can be observed that the residual mass after heating the
pellet to 900 °C is 31.2% of the initial mass, which indicates that only the zeolite is left in the
crucible. The recorded result is smaller than 40% that is declared in the initial ratio due to the
water loss from the zeolite structure, which, in the case of NaX, is almost 28% of the zeolite

mass (Figure 4.17).
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Figure 4.16 TGA curve of NaX-containing ISP
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Figure 4.17. TGA curve of the NaX zeolite.

4.3.7 Analytical characterization and application of ISPs

The sensing functionality of ISP-drawn electrodes was characterized using potentiometry
analogous to ISEs. The response of electrodes prepared using 14 different ISPs was determined
against a double-junction Ag/AgCl reference electrode. Electrodes were immersed into a
beaker filled with a known volume of ultra-pure water followed by stepwise addition of known
concentration of the standard solution of the measured ion. Figure 4.18 demonstrates the heat
map of potentiometric sensitivities with the bar illustrating obtained slopes. It is important to
note that responses were obtained from the freshly prepared, dry ISP-based electrodes without
any pre-treatment. This was quite exciting as it offered desired functionality; sensors can be
easily stored at home without the need for any special handling prior to the measurement while
demonstrating sensitivity expressed as near-Nernstian response slopes. Response slopes of 59.2
mV/dec and 29.6 mV/dec are considered theoretical (Nernstian) for single- and double-charged

ions respectively.
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Figure 4.18. ISP sensitivity heatmap illustrating response slope in mV/dec (bar on the right).
ISPs are based on the given zeolite (vertical axis) and response slopes are obtained for each

of the analysed ions (horizontal axis). Slopes of <6 mV/dec are not shown (white).

4.3.8 Multi-sensing system in complex mixtures

Critical analysis of responses reveals that ISP-drawn electrodes exhibit responses and

selectivities that are inferior to classical ionophore-based ISEs.

Table 4.5 Selectivity coefficients obtained using ISP and a classical Na*-selective ionophore.

NaX zeolite containing ISP-drawn Na*-selective ISEs based on Na X

electrode (this work)

ionophore #0

lon

Na*
K*
NH4*
Caz+
Mg2*
H*

logKfJOt
0
-0.09+0.1
-0.09+0.1
-1.75£0.5
-4.25+1.5
+1.3+0.9

logKF}*
0
=19

-2.5
>-6
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To avoid confusion due to naming conventions, in Table 4.5 ‘X’ in the zeolite (NaX) signifies
zeolite type (FAU), while ‘X’ in the ionophore name is a Roman numeral signifying Na

ionophore ‘ten’ as per Sigma’s naming convention for ionophores.

This result was expected given that the selectivity of zeolite-containing electrodes is known to
be inferior to ionophores.?2411 However, this is a compromise that should be made to
demonstrate sensors that can be easily prepared and handled. Since arrays of nonspecific, low
selectivity sensors exhibiting cross-sensitivity to different species in the solution are well-
established analytical tools,?! it seems that the combination of easy preparation with relatively
low selectivity dictated that ISP-drawn electrodes could be best utilised as a multi-sensor
system in the analysis of complex mixtures, for instance in the evaluation of water quality. To
the best of our knowledge, this is the first reported case of using zeolite-based electrodes in
multi-sensing array systems. Having in mind the potential application of the multi-sensing
array system in environmental analysis, a model solution that contained some of the major
plant nutrients (K*, NH4*, Ca?*, and Mg?*) was prepared. In this mixture, it was attempted to
quantify Mg?* ion in such a mixture using an array of all 14 ISP-drawn electrodes.
Concentrations of all ions in this mixture varied from 1074 to 1072 mol dm™. A total of 20
different mixtures were prepared. The concentration of each ion in the mixture was determined
according to the uniform experimental design for multivariate calibration.?® The composition
of the mixtures is given in Table 4.6. The relationship of the response of the array of 14 ISPs
in these complex mixtures to the [Mg?*] was determined using partial least squares (PLS)
regression.[**l Root mean square error of cross-validation (RMSECV) was used to evaluate the
model’s performance. At the first step PLS model was cross-validated using the procedure
described in the Experimental section ‘Multisensor Array data processing’. The optimal
number of latent variables in the model was found to be five. Fig. 4 shows the resulted “added

vs found” plot. The R? coefficient in cross-validation was 0.83 and RMSECV was 0.34
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log[Mg?*]. These values indicate the applicability of the ISP array for quantitative analysis of
complex multi-component solutions. At the next step, six randomly chosen samples were set
aside and the PLS model was constructed with the rest of the samples. This model was then
applied for predicting [Mg?*] in the test set.

Table 4.6. Composition of multicomponent solutions, mol/L. All components were added as
nitrate salts.

# [Ca*'] [Mg?'] [K'] [NH4']

1 1.93E-03 7.30E-03 1.92E-03 1.00E-02
2 1.05E-04 1.31E-03 7.07E-03 4.31E-03
3 3.42E-04 5.50E-04 1.00E-02 1.03E-04
4 8.95E-04 2.17E-04 2.38E-04 1.88E-03
5 4.99E-03 1.02E-04 3.77E-04 6.41E-03
6 4.06E-04 2.94E-04 5.07E-04 1.42E-04
7 1.27E-03 9.84E-03 9.57E-04 3.32E-04
8 1.93E-03 6.01E-04 2.29E-03 1.32E-04
9 1.03E-03 1.01E-04 2.39E-03 4.79E-04
10 7.25E-04 9.58E-03 1.39E-04 1.11E-04
11 1.01E-04 7.40E-03 1.39E-03 4.07E-03
12 2.50E-04 8.69E-03 6.30E-03 7.81E-04
13 2.09E-04 2.58E-03 7.59E-04 1.10E-04
14 1.05E-04 1.25E-04 2.25E-04 3.37E-03
15 4.41E-03 1.41E-04 4.77E-04 1.24E-04
16 1.18E-04 1.18E-04 1.71E-03 9.61E-03
17 9.97E-03 1.99E-03 1.77E-03 3.66E-04
18 2.64E-03 7.46E-03 3.45E-04 2.28E-03
19 1.85E-04 2.13E-04 6.07E-03 1.22E-03
20 5.39E-04 1.61E-03 6.27E-04 2.16E-03

An excellent correlation between predicted and real [Mg?*] was obtained (Pearson’s r = 0.944)

as shown in Table 4.7 and Figures 4.19 and 4.20. The value of the mean relative error for six
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studied samples is 8.4 %. Considering the extreme simplicity of the proposed sensor
architecture and ultimately inexpensive and widely available production materials, it could be

concluded that these results provide a proof of concept for ISP-drawn arrays.
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Figure 4.19. Found vs added plot for cross-validated PLS model predicting Mg?* content in

the mixtures of four salts.
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Table 4.7. Prediction of magnesium concentration in test set samples.

# log [Mg?*], added log [Mg?*], predicted by Relative error, %
PLS model
1 -3.260 -3.298 1.2
2 -3.990 -.3764 5.7
3 -2.590 -3.099 19.7
4 -3.900 -3.692 5.3
5 -3.850 -3.468 9.9
6 -2.130 -2.311 8.5
-2.0
[ J
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Figure 4.20. Correlation of [Mg?*] obtained as PLS predicted vs added, with Pearson’s r =
0.944.
4.3.9 ISPs as a tool for use by non-trained personnel

In the introduction part of this chapter, it was argued that the penetration of chemical sensors
in fields such as loT and CS depends on the simplicity of preparation and handling of chemical

sensors. So far, it was demonstrated that handling of ISPs and operation protocols for ISP-
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drawn electrodes have the required level of simplicity for such applications while their real
power lays in multi-sensing systems combined with a chemometric approach. Owing to the
simplicity of handling and the level of data processing automation using chemometrics, it is
reasonable to believe that the ISPs could be used even by non-trained personnel. It has also
been argued that data collected using readout devices that are present in many homes, can open
very interesting applications. At present, we are not aware of devices suitable for use with
multi-sensor systems. However, using a non-optimal, single-electrode setup is indeed possible.
To showcase the simplicity and the potential for ISP-based electrodes to be used by non-trained
personnel, it was decided to demonstrate its use in the determination of total salt content in
bottled water and store-bought soup. Firstly, a simple experimental protocol for calibration and
measurement was developed, analogous to the protocol for using pH electrodes (two-point
calibration followed by the determination of signal using direct potentiometry). The analysis is
completed in <10 min (up to ~3 min per measurement for the total of three measurements
including calibration). In the protocol digital multimeter served as a readout device, NaX-based
ISP-drawn electrode, and polymer membrane-based reference electrode. The setup was

evaluated using a classical data logger (EMF 16), and glass reference electrode (Figure 4.21).
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Figure 4.21. Evaluation of the protocol setup used for the determination of the salt content in
bottled water and soup samples. The response of NaX-based electrode against Ag/AgCI glass
reference electrode recorded using EMF 16 data logger (squares) the response of NaX-based
electrode against Ag/AgCl glass reference electrode recorded using a digital multimeter
(circles), the response of NaX-based electrode against polymer (TBA-TBB) membrane-based
reference electrode recorded using a digital multimeter (triangles), the responses are offset for

clarity.

Table 4.8. Concentrations of Na* in three bottled drinking water (sample 1-3) and instant soup

samples (sample 4) obtained using ISP and from the corresponding package label.

ISP (mmol L™) Bottle label (only Bottle label (all

Na*) (mmol L)  cations) (mmol L™)

Water sample 1 1.8+0.6 0.36 2.401
Water sample 2 1.2+05 0.50 1.280
Water sample 3 1.3+0.3 0.34 1.28(
Instant soup 260 + 50! - 120[

[a] Total salt concentration including Na*, K*, Ca?*, Mg?*.
[b] After 10-fold dilution.
[c] Labelled as ‘salt’.
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This protocol enabled even the use of NaX-based electrodes despite it exhibiting the strongest
signal drift as discussed earlier. In other words, relatively short measurement time provided the
use of NaX-based ISP-drawn electrode effectively Also, a digital multimeter was used as an
example of a readout device present in many homes with the caveat that it allows only a single
electrode setup. Finally, a hand-made reference electrode was prepared to showcase the
simplicity of the experimental setup. The possibility to develop a reference electrode pencil
(REP) was envisioned. which will, in an ideal case scenario, present as the optimal example of
the utilisation of drawn electrodes. While the work on the development of REP is in progress,
a reference electrode for this set of experiments was prepared by the deposition of a polymer-
based membrane utilising a lipophilic salt as first reported by Mattinen onto the hand-drawn, 2!
PET-based substrate as suggested previously.*4 Such a setup seems like a suitable transition
from classical ISE:glass electrode to fully pencil-drawn system. The suitability of ISP:polymer
membrane-based reference electrode setup was confirmed through an initial characterization

against a glass reference electrode and using a classical high input impedance data logger.
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Figure 4.22. The concentration of Na* in 3 different bottled water samples obtained by ISP
(black) with associated error bars and compared against the labelled concentration of Na*

(red) and the total ion concentration from the label (blue).

An MS Excel sheet has also been developed for calculations of unknown concentration and its
associated standard deviation according to protocols suggested by Wiora and Wiora.*®! This
offered simplicity and automation of data processing thus further contributing to the notion of
the suitability of the use of ISPs by non-trained personnel. Figure 4.23 illustrates the use of a
digital multimeter as a readout device for determining salt content in bottled drinking water

and instant soup purchased from a local shop. Obtained data are presented in

Table 4.8, where it is shown that the overall salt content was determined in both samples with
a good degree of agreement with the data presented on the labels. Simplifications of the
electrode preparation, handling, measuring protocols, and calculations allowed to recruit

persons with basic training in chemistry (1st-year chemistry students) to perform sample
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analysis with very limited instructions. This opens unprecedented opportunities for the

generation of chemical information by non-trained personnel (i.e. general public).

. Reference
electrode

y

Figure 4.23. Illustration of experimental setup using digital multimeter and ISP in
conjunction with simplified reference electrode to determine salt content in store-bought

soup.

4.4 Conclusions

In this chapter, the concept of an ion-sensitive pencil was demonstrated. The ISP is prepared
by mixing graphite and a zeolite in 60:40 wt.%, and compression of the uniform mixture using
a hydraulic press. An array of 14 ISP-drawn electrodes was tested against 9 different cations
relevant for environmental water quality measurements. To improve discrimination power, the
array was utilised as a multi-sensor system enhanced by the partial least square statistical model
as exemplified by the analysis of magnesium ion concentration in a complex mixture

containing 3 strongly interfering ions (ammonium, potassium, and calcium).
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The new design of zeolite-modified electrodes can simply be “hand-drawn”, does not
need any conditioning prior to application and uses a very simple readout device that can be
found in an average household. Most sensors exhibited near-Nernstian responses to alkali and
alkaline earth cations, where the zeolite functionality as ion-exchangers was employed.
Compared to classical organic ionophores, the observed responses and selectivities were lower.
However, the sensor preparation, handling, and measuring protocols are so simple that persons
with basic training in chemistry were able to use ISP with minimal instructions and determine
salt content in store-bought water and soup albeit in a non-optimal, single electrode setup. At
the moment, the sensor performance is still inferior to ion-selective electrodes, but coupling
the simplicity of operation and extremely low cost of ISPs offer an unprecedented opportunity
for the application of chemical sensors in areas that require a large number of sensors and
inclusion of the general public such as 10Ts and CS. The key limitations of ISP open further
opportunities for chemists, for example, to develop zeolites and ISPs with better selectivity
while unlocking the potential for collaboration with IT engineering and science communication

experts in projects that were previously considered impossible.
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Chapter 5
Zeolite-modified
electrochemical sensors:

performance modelling
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5.1 Introduction

Zeolites are crystalline microporous aluminosilicates. Their uniform porosity, thermal
stability, non-swelling in water, ion-exchange capacity and structural diversity make them
suitable for a wide range of commercial applications. They are established as core materials in
industrial catalysis and water treatment facilities, but zeolites can also be utilised as sensor
components, serving either as matrices for other active constituents or as functional sensing
elements that are of considerable interest in zeolite science.[!! As sensing components, zeolites
could be applied for the detection of gaseous substances 21 or as electrochemical sensors of
dissolved species.’ 2% In the latter group, which is a subgroup of chemically modified
electrodes, zeolites are utilised in zeolite-modified electrodes (ZME).[*Y] Since zeolites are
electrical insulators, they have to be in contact with a conductive matrix in order to be used as
sensing electrode components. Among the reported zeolite-containing electrodes, two main
groups can be distinguished: zeolite-conductive polymer membranes [*2-261 and zeolite-graphite
matrices, among which the zeolite-modified carbon paste electrodes 7% are the most

common.

In the electrochemical characterisation of various species, voltammetric, amperometric,
conductometric and potentiometric techniques have been used.["* Among these techniques,
potentiometry, although a very simple method, is rather infrequently used for the detection of
cationic species. Interestingly, the first reports on zeolites utilised as electrode components

[16.20] were potentiometry-based.

According to the literature data," 1% zeolites can, to a certain degree, selectively detect
a variety of species: cationic dyes,?Y detergents,*® pesticides and fungicides,??
neurotransmitters and vitamins,*22% amino acids %! and inorganic cations 2621 (see Table
5.1). The potentiometric selectivity values presented in Table 5.1 were either calculated by

separate solution method or, if not explicitly stated, they were determined from the reported
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responses of electrodes to specific species. However, the selectivity of zeolite is relatively poor
compared to classical ionophore-based electrodes. This fact has probably discouraged a wider
use of ZMEs, therefore a reduced amount of research has been conducted on elucidating the
detection mechanisms and the parameters affecting the potentiometric response of ZME.
Zeolites with adsorbed cationic exchangers 2% should be mentioned as a separate category
since these components are not confined only within the zeolites, but rather are deposited on
the external surface of the zeolites. Therefore, zeolites serve only as immobilisation matrices
rather than as electroactive components. The observed selectivity in this group of sensors has

been mainly following the Hoffmeister series of anions.

Most of the reported work is confined to the use of zeolites with the faujasite (FAU)
framework, such as NaX and NaY,">3132] with several other framework types described less
frequently. Additionally, reports are also focused on the detection performance rather than on
elucidating the detection mechanism and the structure-function relationship. An attempt to
relate the electrochemical responses to the chemical and physical parameters of the analytes
and zeolites have been reported for cyclic voltammetry 263 and indirect amperometry
techniques,* only. The steric factors (cation diameter, zeolite pore size) and charge separation
have been stated as the limiting factors of the ZME performance. Even though some interesting
insight has been provided, only a limited number of zeolites frameworks has been used, thus
not covering a wider range of zeolite features available.l?533%1 Moreover, the studied
parameters have been targeted more on the optimisation of the specific electrochemical
technique, so the conclusions provided may not be applied completely to potentiometric

applications.

In this study, the observed electrochemical responses of zeolite-containing electrodes
to mono- and divalent cations are determined by potentiometric studies and systematically
analysed using chemometric techniques. Such an approach is essential for the rational design

of ZME, particularly in the case of multi-sensor arrays. Indeed, such systems with varying
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response patterns can significantly improve the selectivity of the zeolite-based sensors.[*!
However, to the best of our knowledge, this is the first comprehensive investigation relating
zeolite properties (Si/Al ratio, pore size, etc) to their performance as the materials for
potentiometric sensing. The work discussed in this chapter demonstrates that the performance
of zeolite-containing electrodes can be rationalised based on the system parameters and that

predictive models can be developed using statistical approaches.
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Table 5.1. A summary of the literature data on ZME potentiometric studies.

Species of Observed selectivity LOD (M) Linear range (M)  Zeolite used Preparation method Ref.
interest
Na* Na*>> TEA*® 0.7-2 NaA Epoxy resin membrane [l
K* Cs*™> Rb*> K*> Na*> Li* 1x10°° 104-0.1 CaA Low—viscosity epoxy [
2x107° resin membrane
2.5x107°
4x107°
Cs* Cs*> Ag", K> Na'> Li* 2x10° 3x10°°-0.1 MOR Epoxy resin membrane 4]
Cs*>> Ba’*> Ca*"> Cu?*
Cd** Cd*> AI? — 1x1075 — 1x10°2 NaA Polysulfone coated [
zeolite on glassy carbon
Cs* Cs™> K'> Na™> Lit 3x10° 5x107* - 0.1 NaX Polydimethoxysilane [15]
membrane on Ir disks
HDPCL HDPCL> DTACL® — — NaA Polydimethoxysilane [15]
membrane on Ir disks
K* K*> Ca?*> Ba?*>Li* — - CHA Neat-pressed  zeolite [
disk
H* H*>> Li*> Na™ NH,"> K*> 1x10%? 1x102-0.1 “Natural  zeolite” Screen—printed sol—gel [F7]
Fe**> Ca?" (Si/Al=5.5) graphite mix
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Species of Observed selectivity LOD (M) Linear range (M)  Zeolite used Preparation method Ref.
interest
Cd** Pb%"> Cd?* — 1x10° - 1.5x102  NaY TEOS “healed” zeolite [
membrane ©
NH,* NHs">> K*, Na*, H* 1x10°8 1x1077 — 1x10™* Clinoptilolite Siloprene— zeolite 1%
membrane (ISFET) @
Urea NHs>> K* ~ Na‘', H* 3x10° 3x107° - 5x1072 Clinoptilolite Siloprene— [401
Urea> Hg?*, Cu?*, Ag" zeolite—urease
membrane (ISFET,
ENFET) ©
Cs*, Na* Na*> Cs* — - NaY, NaA, MOR  Neat-pressed  zeolite [
disks
Cs* Cs*™> K*> NHs"™> Na*> Ca?*> 4x10°° 1x104-0.1 KY PTEV. @  (benzyl [
Cd*> Pb*> Mg?> Cu®> acetate), silicone oil
Li™> Ni2*
Thionine Thionine> RB6G>RB*>Na*> 8x10~’ 1x1076 — 1x1072 MOR PVC (DBP) M 21
NHs*> MB* @>> Sr2t>> (ion-exchanged by membrane

Ca?*> Zn?>*> Ni¥*> Co?**>

A|2+> M n2+> Fe2+

thionine)
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Species of Observed selectivity LOD (M) Linear range (M)  Zeolite used Preparation method Ref.

interest

Cs* Cs*> TI'™> Cr?*> NH4*, Na*> 7.3x10°° 1x10°-0.1 KY Sol—gel matrix 43
Cu?*, Li*, AI’*> Mg?*> Bi?">
Ca2t> Ba2+, Mn2+, Cd?*> Zn2+,
C02+> Ni2+

Cs* Cs*™> NHs*> Pb?*> zZn?*> 5.2x10°° 1.0x10“4 - 0.1 KY PVC (DBP) [44]
Cd**> Ca?> Ni?*> Hg?>
Mgz"

Table 5.1 notes:

2 TEA™- tetraethylammonium cation

b HDPCL- hexadecylpyridinium chloride, DTACL- Dodecyltrimethylammonium chloride (cationic detergents)

¢ TEOS- tetraethylorthosilicate

d ISFET- ion-selective field-effect transistor

¢ ENFET- enzyme-linked field-effect transistor

P PTEV- poly(tetrafluoroethylene-co-ethylene-co-vinyl acetate)

9 RB6G- rhodamine B6G, RB- rhodamine B, MB- methylene blue (all mentioned compounds including thionine are cationic dyes)

h DBP-dibutyl phtalate
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5.2 Experimental Section

Graphite powder (particle size <20um, synthetic), sodium chloride (NaCl), potassium
chloride (KCI), ammonium chloride (NH4Cl), calcium chloride (CaClz), magnesium chloride
(MgCl2) and zinc chloride (ZnClz) were purchased from Sigma-Aldrich. Zeolites NaX
(Si/AI=1.3), KX (Si/Al=1.3), NaY (Si/Al=2.6) and KY (Si/Al=2.6) were purchased from
Riogen, USA. Zeolites MAP (Si/Al=1.0), NaA (Si/Al=1.0) and KA (Si/Al=1.0) were provided
by Crosfield, zeolites MOR (Si/Al=10.0), FER (Si/Al=10.0), BEA-12 (Si/Al=12.5), BEA-19
(Si/AlI=19.0) and ZSM-5 (Si/Al=40.0) were obtained from Zeolyst, and zeolite LTL
(Si/Al=3.1) was supplied by Tosoh, Japan. Zeolites HEU-A and HEU-B were from Zeodex,
UK, HEU-C was provided by Prof A. Walcarius (Université de Lorraine, France). OHP
universal film (clear 4243-100um) from Q-connect was used as a substrate. All the standard

aqueous solutions were prepared with ultrapure water obtained using a Pico Pure 3 system.

5.2.1 Zeolite characterisation

Zeolites were characterised by powder X-ray diffraction (using a Bruker D8 Advance
diffractometer Cu Ka at 40 kV and 40 mA, 260=5-60°), scanning electron microscopy (Hitachi
TM 3000 with Bruker EDX system at 500x magnification, 300 s EDX data collection time)
and FTIR spectroscopy (using Thermo iS10 spectrometer with a custom-made cell, 6000—1000
cm™?, 64 scans, 4 cm™* resolution, transmission mode) Further details are provided in Ref 45461

and in Supplementary Information.

5.2.2 lon-sensitive pencil (ISP) preparation

The detailed process of the ISP electrode preparation has been described in chapter 4.[47]
Briefly, a zeolite and graphite powder were mixed in a 40:60 mass ratio using a ball-mill until

a uniform mixture is obtained. Subsequently, the mixture was placed in a 13mm KBr pellet die

165



(Specac) and pressed by the hydraulic bench press applying 4 tonnes load to obtain a pellet
(ISP). The electrode substrate was prepared by cutting a strip of a PET sheet (2.0x3.0 cm),
which was then etched (aluminium oxide, grit 240). ISP was used to draw a line onto the PET

sheet until the measured resistance of the electrode was less than 3 kQ.

5.2.3 Potentiometric measurements

Responses of all freshly prepared, non-conditioned electrodes were recorded using the
Lawson Labs Inc. 16-channel EMF-16 interface (3217 Phoenixville Pike Malvern, PA 19355,
USA) in the stirred solution against a double-junction Ag/AgCl reference electrode with a 1.0
M of LiOAc bridge electrolyte (Fluka). For the measurement of the potentiometric responses,
all the electrodes were immersed into 200 mL of ultra-pure water followed by stepwise addition
of the standards of known concentration, which were prepared using 0.1 M stock solutions of
various salts (Table 5.2). Potentiometric responses were recorded after each addition. The
electrodes were rinsed with ultra-pure water and dried before immersing into the next sample
to prevent carryovers. Activities were calculated from the calibration curve using the Nikolsky-
Eisenman equation, while the activity coefficients (log a) were calculated according to the
Debye-Hiickel approach. Six electrodes of the same kind were used, but for clarity reasons, the
averaged responses and the standard deviations have been presented.

Table 5.2. Solution concentrations after each addition step, the initial sample volume was

200.00 mL, the stock solution concentration was 0.1 M.

The volume of stock Concentration, mol L-! Log ¢

solution added, pL

20 1.0x10° -5.00
100 6.0x107 -4.22
1000 5.6x10™ -3.25
10000 5.3x107 -2.28
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5.2.4 Data processing

All the calculations were performed using the Unscrambler 9.7 (CAMO, Norway) software.
To study the influence of the zeolite type on the electrochemical response characteristics of the
corresponding sensors we applied two different chemometric approaches. The first was based
on principal component analysis (PCA). PCA is a common tool for exploratory data analysis
that allows convenient visualization of the initial multivariate dataset in the form of 2D plots
yielding valuable information on the similarity and dissimilarity of the studied samples (in our
case sensors). A detailed description of PCA methodology can be found elsewhere.[*®! In the
case of PCA, the analysed data matrix was comprised of the zeolite properties data set obtained

for all the studied materials.

The second approach was based on partial least squares regression (PLS). To relate the values
of the sensor responses towards different ions with the physical and chemical properties of the

utilised zeolites, the following multivariate regression model was built:

Sensitivity = bo + bixProperty; + b2xProperty: + ... + bixPropertyi.

The values of b coefficients were calculated according to the PLS algorithm.1¥1 The zeolite
properties are listed in Table 5.3. The matrix of properties was mean-centred and normalized
column-wise with standard deviation values for each property prior to the calculations. The
obtained values of regression coefficients bi were used to judge the effect of different properties

on the sensitivity values.
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Table 5.3. Zeolite properties used as parameters in chemometric calculations, samples marked with (*) are of natural origin, Si/Al values were

determined by the manufacturers.

Si/Al  (Al/(Si+Al) Pore Largest Channel Extraframework Crystallite SEM-TEM, pm Silanol
size, A channel, MR network ion size, pm intensity

NaX 1.3 0.435 7.4 12 3D Na* 0.78 2 0.050
KX 1.3 0.435 7.4 12 3D 0.4 Na*, 0.6 K* 0.78 2 0.055
NaY 2.6 0.278 7.4 12 3D Na* 0.8 2 0.207
KY 2.6 0.278 7.4 12 3D 0.2 Na*, 0.8 K* 0.8 2 0.040
NaA 1.0 0.500 4.2 8 3D Na* 0.9 3 0.001
KA 1.0 0.500 4.2 8 3D 0.6 Na*, 0.4 K* 0.9 3 0.001
MOR 10.0 0.091 6.7 12 1D NH4* 0.74 0.3 0.669
FER 10.0 0.091 5.0 10 2D Na* 0.6 1 0.569
BEA 12 125 0.074 6.8 12 3D NH4* 0.04 0.05 2.944
BEA 19 19.0 0.050 6.8 12 3D NH4* 0.04 0.05 1.264
ZSM-5 40.0 0.024 55 10 2D NH4* 0.52 0.2 1.500
LTL 3.1 0.244 7.1 12 1D K* 0.73 0.5 0.832
MAP 1.0 0.500 3.3 8 3D Na* 0.02 0.02 0.076
HEU-A* 0.2 K*, 0.5 Na*,

4.5 0.182 5.0 10 2D 0.1 Mg?*, 0.2 Ca?* 0.7 5 0.927
HEU-B* 0.4 Na*, 0.2 Mg?*,

55 0.154 5.0 10 2D 0.2 Ca?*, 0.1 Fe>* 0.6 5 3.063
HEU-C* 0.3 K*, 0.1 Na,

5.2 0.161 5.0 10 2D 0.2 Ca?*, 0.1 Fe®* 0.4 0.4 0.85
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5.3 Results and discussion

5.3.1 Zeolite characterisation

The range of zeolites utilised in this work includes sixteen materials, most of which are
commercially available, with a significant variation of compositions and structural properties.
This is important for the fabrication of inexpensive sensors as well as for generating a better

prediction model for the selection of zeolites with superior performance for sensor applications.

Figure 5.1 presents a typical example of characterisation data for the NaY zeolite. The XRD
pattern is indicative of a highly crystalline material with the FAU structure type and the size of
crystalline domain of 0.8 um, which is in accord with the electron microscopy data. This is also
confirmed by the nitrogen adsorption results: NaY possesses a 3D channel network with the
pore size of just over 7A. The low intensity of the SiOH peak in the FTIR spectra is

characteristic of a zeolite with a relatively large particle size and very few structural defects.
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Figure 5.1. Characterisation data obtained for NaY zeolite: (a) XRD pattern, (b) FTIR

spectrum., (c) nitrogen adsorption-desorption isotherm, and (d) SEM micrograph.

A complete set of characterisation results for all 16 zeolites utilised in this study is presented
in the Supplementary Information section. The XRD patterns of the studied zeolites (Figures
7.10-7.16)) correspond to those available in the literature (5%, with all materials demonstrating
a high degree of crystallinity. The XRD data have been also used to determine the size of the
crystalline domain (Table 5.3) which varied from 0.9 to 0.02 um. The chemical composition
data (SEM-EDX) show a wide range of Si/Al ratios (1-40) and the content of extraframework
cations. Synthetic materials contain varying concentrations of NH4*, Na™ and K* ions, while in

the natural zeolites Ca?*, Mg?* and Fe3* are present as well (Table 5.3).

Large-, medium- and small-pore zeolites have been utilised with the pore sizes from 3.3to 7.5
A. These materials possess 1D, 2D or 3D networks of channels and cages.®Y In addition, the
studied zeolites demonstrate a diverse range of particle sizes (SEM or TEM measurements)

and concentration of the terminal silanol groups (Si-OH) (Figures 7.17 -7.32 ). The latter is
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expected to increase with decreasing crystal size (Table 5.3). All these properties can influence
the interactions between the zeolite and cations in solution, leading to different selectivity and

sensitivity of various zeolite-modified sensors.

In chapter 4,147] as a proof of concept, the response of NaX-containing ISP-drawn electrodes to
a number of cations was demonstrated (Figure 5.2). The obtained response for Na* was 55.1
mV/decade, which is close to a Nernstian response of 59.2 mV/decade. Examples of the sensor
data obtained for five cations using ISP-drawn electrodes based on the slopes of calibration
curves in the concentration range from 10 to 1072 M are presented in Table 5.4. Most zeolites
followed the Hoffmeister series of cations (e.g. NHs* >Cs* >Rb* >K* >Na* > Li* >Mg**
>Ca?*), which has also been observed as a general trend for the literature values (Table 5.1 and
references therein). In contrast, the sensitivity towards K* is higher than that for NH4™; also, K-
containing zeolites have shown a high response to Ca®* ions. Although many reports 131542
“4I have shown that the highest responses are observed for Cs*, this cation has not been included
in this study since the target application of our work is monitoring plant nutrients. The results
presented demonstrate that the potentiometrically determined sensitivities deviate from the
ideal Nernstian response, at the same time providing variability that can be related to the
physical and chemical properties of the studied zeolites. PLS modelling has been used to relate
these properties to potentiometric responses of the ISP-drawn electrodes, while PCA models

have been employed to evaluate the zeolite properties data set.

171



250 - n

2004 |59.2 mV o
£ 150 It
“é“ 1 = e =
©100{ o,
50 A 4 PO
0 | * | | o | | |
-8 7 -6 5 4 -3 -2
log[X]

Figure 5.2. Sensitivity data obtained with NaX-containing ISP-drawn electrodes for Na*
cations (black), K* (red), NH4" (blue), Ca?* (green), Mg?* (purple), potentiometric responses
were offset for clarity.
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Table 5.4. Slopes of potentiometric responses of ISP-drawn electrodes (the slopes are

measured in mV/dec, in the range of log[c] from -5 to -3.25 using chlorides of mono- and

divalent cations and are presented as a mean of 6 measurements * the standard deviation).

Zeolite Na* K* NH4* Ca* Mg?*
NaX 554 375 374 19+10 357
KX 315 30+4 34+8 72+5 22+6
NaY 42 +5 70+£3 39+3 13+3 17+ 3
KY 283 48+ 3 42+7 537 18+2
NaA 292 34+3 14+2 15+2 5+3
KA 235 312 6+1 45+8 -6+3
MOR 47 £ 4 575 344 285 12+5
FER 175 41+ 12 27 £6 14+£2 10+£2
BEA 12 215 12+5 23x4 30+10 15+8
BEA 19 30+4 353 27 £ 4 2916 8+3
ZSM-5 18+3 42+4 205 11+3 6+5
LTL 33+3 587 3H+3 53+10 20+ 9
MAP 14+5 285 28+3 3H+3 15+3
HEU-A 19+2 46+ 6 402 43+2 11+2
HEU-B 15+4 8+8 12+2 8+6 10+£2
HEU-C 223 34 +£13 157 2517 12+2
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5.3.2 PCA modelling

PCA modelling has been performed to visualize the variability of zeolite properties (Figure
5.3). The following parameters have been used for the studied zeolites: Si/Al; Al/(Si+Al); Pore
Size (A); Largest Channel, MR; Channel Network; Extraframework Cations (Na*, K*, NH4*,
Ca?*, Mg?* or Fe*"); Crystallite Size (XRD); Particle Size (SEM-TEM); SiOH Intensity (Table
5.3). PCA score plots are the so-called maps of samples, where each point represents one
zeolite. The location of the points in the PC space indicates their similarity or dissimilarity in
terms of the variables employed for the calculation of PCs (here, these are the characteristics
of zeolites). The points located close to each other are similar, and vice versa. A PCA loadings
plot is a “map of variables”. It shows the importance of a particular variable for the direction
of PC. Each point represents one zeolite parameter. If the variables are close to each other in
the loadings plot, they are positively correlated. If they are located opposite to each other
relative to the graph origin, they are negatively correlated. The percentage variance is the
amount of variability in the data taken into account by each PC. Thus, for PC1-PC2 space,
where the explained variance is 56%, the Pore Size and Largest Channel variables are
positively correlated, whereas the presence of Na* and NH4* as extraframework cations are
negatively correlated. It can also be observed that zeolites with the lower Al content (MOR,
BEA-12, BEA-19, ZSM-5) are grouped opposite to zeolites with the higher Al content, such
as NaX, NaY, NaA, KX, KY, KA. For example, it can be deduced from the PC1-PC2 plot that
NaA is different from ZSM-5 largely due to the Pore Size, Al/(Si+Al), Na*, NH4* and Si/Al
parameters (this conclusion is made considering both scores and loadings together), which
agrees with their structural characterisation data, catalytic performance and spectroscopic

analyses.
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Figure 5.3. PCA score plot based on the properties of the zeolites PC1-PC2 (a), PCA loadings
plot for PC1-PC2 (b), PCA score plot based on the properties of the zeolites PC3-PC4 (c),

and PCA loadings plot for PC3-PC4 (d).
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For the PC3-PC4 space, the explained variance is 24%, the parameters Pore Size and
Largest Channel variables are positively correlated, similar to the PC1-PC2 plot. On the other
hand, Crystallite Size and Silanol Intensity are negatively correlated, as are the presence of Na*
and K* extraframework cations. It can also be observed that zeolites with larger pore size, i.e.
NaX, NaY, KX, KY, are grouped opposite of zeolites with a smaller pore size such as NaA,
KA or MAP. For example, it can be concluded from the PC3-PC4 plot that zeolite MAP is
different from LTL mainly due to the Channel Network, Silanol Intensity, SEM-TEM, Na*, K*
and Si/Al parameters (this conclusion is made considering both scores and loadings together).

Once again, this is in accordance with the characterisation data available for these materials.

Overall, these data confirm that the zeolites utilised in this work for the fabrication of ISPs
demonstrate a significant variation of compositions and structural properties, which is

important for a more reliable PLS modelling.

5.3.3 PLS modelling

Multivariate regression models were constructed to identify the most important properties of
zeolites that impact the sensitivity of the potentiometric sensors. The set of parameters for all
zeolites was related to the potentiometric sensitivity towards a particular ion. Since all
parameters are in different units, their values have been autoscaled prior to modelling. The
figures below are presented as “measured vs predicted” plots indicating real sensitivity values
towards an ion (in mV/dec) and those predicted by the PLS model during calibration and cross-
validation. The absolute values of the regression coefficients in the corresponding charts

indicate the importance of particular zeolite parameters in the development of sensor response.

Figure 5.4a presents a PLS model predicting the sensor sensitivity towards NH4* based on a
number of zeolite characteristics. The model demonstrates that all the natural zeolites (HEU-

A, HEU-B, HEU-C) and zeolite MAP are outliers. This can be explained by the less uniform
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structure and composition of natural zeolites as compared to the synthetic counterparts, which
could cause the potentiometric responses to vary from the rest of the zeolites. On the other
hand, zeolite MAP is known for its flexible structure, indeed, the unit cell volume can change
by up to 30% upon hydration-dehydration, 2 which may have an impact on the ability of ions
to be exchanged into the zeolite channels. For zeolites as electroactive components to have an
electrochemical response, a prerequisite requirement is that a cation can enter the zeolite
channel network. If the zeolite pores are too small for solvated cations to enter, no or almost
no electrochemical response is observed.[*6:3334 Therefore, HEU-A, HEU-B, HEU-C and MAP
have been excluded from the initial model, leading to a significantly better regression model
(Figure 5.4b, Table 5.5). This limits the predictions to the commercially available samples only,
which is associated with their better defined characteristics. We believe that the exclusion of

HEU and MAP zeolites should not hinder the applicability of the proposed model.
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Figure 5.4 PLS regression model for the potentiometric sensitivity towards NH4", (a)
including all zeolites, (b) without MAP and HEU zeolites (RMSEC 2.1 mV/dec, RMSECV
4.1 mV/dec, R?cal 0.96, R?val 0.88), and (c) regression coefficients for the PLS regression

model with 4 LVs for the potentiometric sensitivity towards NH4*, which excludes HEU and
MAP zeolites.
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The regression coefficients of this model (Figure 5.4c) indicate that in addition to Pore Size
and Largest Channel, previously recognized as important parameters,?53334 relevant
parameters contributing to this model are Al/(Si+Al) and Silanol Intensity. The former is linked
to the Si/Al ratio but is a better measure of the Al concentration, which affects the total ion-
exchange capacity of a zeolite, while the latter is related to the particle size as smaller particles
have a higher external surface area covered by silanols. These results may be linked to a better
dispersion of the smaller zeolite particles in the graphite matrix. In addition, as the ion-
exchange process is also limited by the diffusion of cations into zeolite channels, the
potentiometric calibration experiments may not be carried out under equilibrium conditions.
Therefore, cation diffusion in small and large zeolite crystals may have a significant effect on

the sensitivity of ISP-drawn electrodes towards species of interest.

A PLS regression model “measured vs predicted” for the potentiometric sensitivity for Ca* is
shown in Figure 5.5a alongside the bar chart with the regression coefficients presented in

Figure 5.5b (with three natural zeolites and zeolite MAP excluded from the model).
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Figure 5.5. PLS regression model for the potentiometric sensitivity towards Ca?* without
MAP and HEU zeolites, (RMSEC 7.4 mV/dec, RMSECV 12.3 mV/dec, R?cal 0.84, R?val
0.64), b) PLS regression coefficients for the model with 3 LVs (b).
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Parameters affecting the Ca* regression plot (Figure 5.5b) the most are the presence of sodium
and potassium as extraframework cations and the aluminium content in zeolites, which is
described by the Si/Al ratio and the Al fraction. In contrast to the NH4" sensitivity model, the
presence of K* and Na* are the most significant contributors. This feature has not been observed
previously for other electrochemical techniques (cyclic voltammetry and indirect
amperometry) as a relevant parameter. Indirectly, the potentiometric sensitivity can be
enhanced by preconcentration of solutions containing the same kind of cations,*?#4l but the
effect of extraframework cations present in a zeolite on the PLS regression model for the
potentiometric response has not been reported. Si/Al ratio has been recognized as an important
parameter in agreement with the general ion-exchange observations that the zeolites with a
higher Al content have a greater affinity to multivalent cations, while the more siliceous

zeolites have a greater affinity towards monovalent cations. !

The PLS regression model parameters for the rest of the studied cations are compiled in Table
5.5. In general, these data (in particular, RMSECV values, which are given in mV/dec) imply
that semi-quantitative models for the prediction of zeolite sensor sensitivity can be constructed
using PLS regression. The parameters of the models assume that the best correlation is

observed for ammonium and calcium.

Table 5.5. PLS regression data for all the calculated systems.

Model cation RMSEC RMSECV R?-cal R2-val
NH4* ) 2.1 4.1 0.96 0.88
Caz* (™ 7.41 12.3 0.84 0.64
Mg?* ) 4.2 7.8 0.81 0.46
K* 4.2 9.0 0.90 0.59
Na* (@ 2.1 6.0 0.94 0.52

) without HEUs and MAP
@ without ZSM-5
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During the initial characterisation of the ISP-drawn electrodes, the sensitivities towards several
transition metal cations have been recorded.[*”l However, the responses towards these cations
have been very low and inconsistent, and therefore no viable models have been established.
These findings can be linked to the complex nature of the ion-exchange processes involving
transition metal ions, which are frequently accompanied by the precipitation on the external

surface of zeolites.!!

Using the data obtained so far, good quality models for the commercially available synthetic
zeolites have been generated. However, they can be further improved by including a greater
number of samples used for calibration. To have clearer trends, a certain property (Si/Al ratio,
Extraframework cation, Particle size) should be compared with more than two zeolites. For
example, using a number of zeolites with the same framework type (e.g. BEA) but different
Si/Al ratios (e.g. 5, 12, 19, 150, ...). Also, the effect of the particle size, which is believed to
have a significant impact on cation diffusivity, needs to be further studied with a series of
laboratory-synthesised zeolites because the used commercial samples have a standardised

particle size.

Since the observed variance in PCA for PC1-PC2 space is 56% and for PC3-PC4 space is 24%,
additional parameters should be considered to further explain the sample response. For
example, channel shape (e.g. straight in ZSM-11; sinusoidal and straight in ZSM-5) and
conduction activation energies should affect the cation diffusivity and therefore the sensor
performance.®3%4 Additionally, potentiometric responses for a variety of natural zeolites are
required, either to enhance the performance of the existing models containing both synthetic

and natural zeolites or to establish a new model specifically for natural zeolites.
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5.4 Conclusions

The potentiometric response of ISP-drawn zeolite-modified electrodes, prepared using thirteen
synthetic and three natural zeolites, to Na*, K*, NH4*, Ca** and Mg?* in aqueous solutions is
related to a range of zeolite characteristics using PCA and PLS modelling. In addition to the
previously stated steric factors, such as pore size, the important features, which by and large
determine the sensor performance, are the Si/Al ratio and the presence of specific

extraframework cations.

For the first time, the structure-performance relationship was established for zeolite-modified
electrodes in a potentiometric setup. It was concluded that physical and chemical properties
impact the zeolite-modified potentiometric sensor performance. Chemometrical techniques
enabled us to elucidate that K* and Na* affect the potentiometric sensitivity towards Ca?*,
which has not been reported so far. The level of precision attained by the models implies that
semi-quantitative predictions are possible. To improve the computational models further, a
larger dataset with a wider range of zeolite-modified sensors is needed. The constituent
materials of such sensors should have a set of well-defined properties, which can be designed
and tuned for a particular application. It can be expected that synthetic rather than natural
zeolites would satisfy such requirements. Indeed, although the latter are less expensive and are
available in large quantities, it is challenging to control their properties. It should be noted that
the selectivities of single zeolite-modified potentiometric sensors are limited, especially as
compared to the traditional ion-selective electrodes. Therefore, incorporating them into multi-
sensor arrays is required to optimise the operation of such sensors. This should ultimately lead
to the improvement of multi-sensor array performance, both in terms of sensitivity and
selectivity, in a range of analytical applications, including among many others agriculture,

environmental monitoring and food science.
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6.1 Conclusions

The main objective of this study has been preparation, characterisation and performance
evaluation of zeolite-based sensors. Zeolites have been utilised for the detection of gaseous
environmental pollutants using FTIR spectroscopy and for the potentiometric detection of

cations in water solutions.

Environmental monitoring of pollutants, such as NOx and COx, which can be facilitated by a
range of gas sensors, is of considerable fundamental and practical importance. Sensors
containing NaX, NaY, MOR, FER, BEA-12, BEA-19, ZSM-5, Sn-BEA and dealuminated
BEA zeolites have been prepared and extensively characterised by IR, DR UV-VIS and NMR
spectroscopy, XRD, TGA and N2 adsorption-desorption. To obtain an environmental CO
sensor, copper was introduced into zeolites by ion exchange and impregnation methods. The
latter method allowed much higher Cu-loadings and was therefore utilised for screening
potential sensors. Even though the Cu* yields were lower than the ion-exchanged counterpart,
the total number of available Cu* species was higher. Sensors were then exposed to CO (1 mbar
in vacuo). All the samples showed response to CO in the 2200-2100 cm™! region. Zeolites
MOR and BEA-19 demonstrated the highest sensitivities and Cu*/Cu ratios due to their channel
network and intermediate Si/Al ratio. Therefore, these samples were chosen for further
applicability experiments, but since the water adsorption presented a significant problem to
sensor performance of Cu-containing MOR sample, more a hydrophobic zeolite Sn-BEA was

impregnated by Cu(NOz3)2 solution and chosen in an attempt to optimise the CO sensor.

Furthermore, the non-Cu-impregnated Sn-BEA was also utilised as a gas sensor. The Sn-BEA
material has demonstrated a nearly defect-free structure with high hydrophobicity and sub-
micron particle size. Sn-BEA and DeAl-BEA have been utilised as IR-based gas sensors at

room temperature, and their performance has been evaluated for the response to CO, CO2, NO
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and NO; in the presence of water vapours. Sn-BEA displayed a selective response to NOo,
while DeAl-BEA to both CO2 and NO». The collected data demonstrate the potential of zeolite
BEA based sensors to determine the current concentration of the analyte gas and the maximum

concentration during a certain period.

Apart from the gas sensors, for the first time, the concept of ion sensing pencil (ISP) was
demonstrated. The pencil’s lead carries chemical sensing functionality and it is constructed by
compression of graphite and zeolite, while the clutch was prepared by 3D printing. The ISP
was used to draw a chemical sensor by simple abrasion onto a hydrophobic surface. The ISP
can be stored at home, used immediately off-the-shelf without any conditioning prior to
measurements. Its simple preparation, handling, and measuring protocols enabled the
possibility of integration into large scale sensor networks or to be offered to the general public
using readout devices already present at many homes. The chemical functionality of ISP was
demonstrated by producing 14 ISPs prepared by compression of graphite and one of 14
different zeolites individually in 60:40 wt.%. These ISPs were then used to draw electrodes
which were characterized in analogy to ion-selective electrodes. The ISP-drawn electrodes
were utilised as a multi-sensor array for the determination of water quality in a model sample,
which is the first reported case of using zeolite-based electrodes in multisystem arrays,

followed by the demonstration of their potential to be used by non-trained personnel.

The work presented in the last chapter was focused on a systematic analysis of the structure —
performance relationship using chemometric techniques, which can be applied to sensor arrays
with varying response patterns. A set of thirteen synthetic and three natural zeolites was
characterised by IR spectroscopy, SEM, TEM, EDX, XRD, TGA and N adsorption-
desorption. The obtained information on zeolite physical and chemical properties was related
to potentiometric sensitivity of zeolite-modified electrodes in aqueous solutions of Na*, K*,

NH,4*, Ca?* and Mg?* using PCA and PLS modelling. Thus, it was demonstrated how structural
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and physical properties impact the performance of zeolite-modified potentiometric sensors. In
addition to steric factors, e.g. zeolite pore size, the important characteristics governing the
sensor performance are the Si/Al ratio and the presence of specific extraframework cations. K*
and Na* showed a strong effect on the potentiometric sensitivity towards Ca?*. The level of

precision achieved by the PLS models indicates that semi-quantitative predictions are feasible.

Overall, this work demonstrates the potential applications of zeolites in different types of
sensors. Both gas and potentiometric sensors, as well as their precursors, have been extensively
characterised. For the first time, Cu-impregnated zeolites have been utilised as room
temperature CO sensors. Also, a common selective catalyst Sn-containing BEA was used as a
sensor, both as-made and Cu-impregnated. The new design of zeolite-modified electrodes has
been established and the biggest set of zeolites framework types utilised in potentiometric
measurements. The work has also elucidated a structure-performance relationship and
therefore the used chemometric techniques should become a standard method of data

evaluation in all types of zeolite-modified electrodes.

6.2 Future work recommendations

6.2.1 Environment pollutant gas sensors

e Following the work presented in chapters 2 and 3, the main goals in future work on
both the Cu-containing and Sn-BEA sensors should include identifying the limits of
detection to determine the working concentration range. Moreover, considering that
sensors would not be disposable, the maximum exposure time, reusability (number of
reactivation cycles) and response repeatability should be further studied. The sample

regeneration method should be established, either by using reducing gases (H2, N2Ha)
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or high-temperature activation in vacuo. Furthermore, sensor responses and application
as NDIR sensors should be evaluated.

For Cu-containing zeolite CO sensors specifically, the important goal would be the
optimisation of the copper introduction methods to maximise the Cu* content, which is
crucial for the sensing mechanism. Also, the introduction of other metal cations may
enable sensing of other gases of interest (e.g. Ag* for NOx and Zn%*, Pt?* for acetone
sensing ).

Preparation of nanosized Sn-BEA particles that would enable better coating and thus
film consistency. Additionally, the zeolites with other atoms incorporated in the
framework should be used (e.g. Zr, Ti, Hf, Mo) and their respective content in the BEA

framework could be further optimised to improve the overall sensitivity.

6.2.2 lon-sensitive pencil

Based on the work presented in chapter 4, the local community (e.g. Staffordshire)
should be engaged to conduct ISP-based Citizen Science projects. The CS projects
should be inspiring and entertaining for the public while collecting a substantial amount
of meaningful data for the scientists. For example, 1ISPs could be used as a science-
popularisation tool in secondary schools, where groups of students would be given a
task to draw a set of electrodes and use it to measure local water samples (e.g. wells,
streams, lakes). This would be beneficial for raising awareness of the importance of
natural sciences, pollution monitoring and environment preservation. At the same time,
the data collected using a range of different zeolite-containing electrodes should yield
a big data set that would further improve the robustness of the existing model.

ISP-drawn electrodes should be studied using other electrochemical techniques.
Bearing in mind the advances in the design of readout devices (miniaturisation,

smartphone compatibility), electrochemical characterisation of portable setups should
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no longer be limited to only potentiometry. Also, the multi-technique approach should
be used to help with the elucidation of the ISP-drawn electrode response mechanism.
For ISP-drawn electrodes to be used as long-term sensors, the water diffusion and ion
transfer through the graphite-zeolite matrix should be better understood. It was
observed that after the prolonged water exposure there is a signal drift and a decrease
in response slope. Two hypotheses should be tested, either there is a leak of cations
from the zeolite to the solution or both the cations and anions enter the zeolite-graphite
matrixX. To elucidate this phenomenon, electrochemical impedance spectroscopy (EIS)
could be used. EIS provides information on electrode resistivity, which should decrease

as both the cation and the anion enter the matrix.

Following the work in chapter 5, the optimisation of the multi-sensor array performance
should be conducted by a collection of ISP calibration data for more zeolite framework
types and increasing the list of relevant physical and chemical parameters. This should
enable the improvement in the prediction models and potential array composition
specific for other viable applications (e.g. plant nutrients monitoring in precision
agriculture). For example, if the Ca?* ions are going to be monitored, the multisensor

array should consist of more K-containing zeolites.
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7.3 Reference samples XRD patterns
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Figure 7.1. XRD pattern of NaX.
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Figure 7.2. XRD pattern of KX.
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Figure 7.3. XRD pattern of NaY.
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Figure 7.4. XRD pattern of KY.
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Figure 7.6. XRD pattern of KA.
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Figure 7.7. XRD pattern of BEA 12.
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Figure 7.8. XRD pattern of BEA 19.
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Figure 7.9. XRD pattern of MOR.
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Figure 7.10. XRD pattern of FER.
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Figure 7.11. XRD pattern of ZSM-5.
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Figure 7.12. XRD pattern of K-LTL.
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Figure 7.14. XRD pattern of HEU-A.
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Figure 7.15. XRD pattern of HEU-B.
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Figure 7.16. XRD pattern of HEU-C.
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7.4 FTIR spectra

-
N
]

Absorbance
o
0

o
~
1

4000 3500 3000 2500 2000 1500
Wavenumber, cm’’

Figure 7.17. FTIR spectrum of NaX.
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Figure 7.18. FTIR spectrum of KX.
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Figure 7.19. FTIR spectrum of NaY.
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Figure 7.20. FTIR spectrum of KY.
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Figure 7.21. FTIR spectrum of NaA.
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Figure 7.22. FTIR spectrum of KA.
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Figure 7.23. FTIR spectrum of BEA-12.
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Figure 7.24. FTIR spectrum of BEA-109.
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Figure 7.25. FTIR spectrum of MOR.
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Figure 7.26. FTIR spectrum of FER.
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Figure 7.27. FTIR spectrum of ZSM-5.
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Figure 7.28. FTIR spectrum of K-LTL.
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Figure 7.29. FTIR spectrum of MAP.
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Figure 7.30. FTIR spectrum of HEU-A.
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Figure 7.31. FTIR spectrum of HEU-B.
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Figure 7.32. FTIR spectrum of HEU-C.
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7.5 TGA curves
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Figure 7.33. TGA curve of NaX.
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Figure 7.34. TGA curve of NaY.
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Figure 7.36. TGA curve of KY.
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Figure 7.37. TGA curve of NaA.
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Figure 7.38. TGA curve of KA.
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Figure 7.39. TGA curve of BEA-12.
100-
X
£ 90-
D
[0
=
80+
0 200 400 600 800

Temperature, °C

Figure 7.40. TGA curve of BEA-19.
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Figure 7.41. TGA curve of MOR.
100+
X 96-
Eﬂ
2
=
92
88 r . : ,
0 200 400 600 800

Temperature, °C

Figure 7.42. TGA curve of FER.

230



100

98-

Weight, %
&

94 -

92

100

Weight, %

90-

200 400

600 800
Temperature, °C
Figure 7.43. TGA curve of ZSM-5.
200 400 600 800

Temperature, °C

Figure 7.44. TGA curve of K-LTL.
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Figure 7.45. TGA curve of Na-MAP.
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Figure 7.46. TGA curve of HEU-A.
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Figure 7.48. TGA curve of HEU-C.
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Table 7.1. TGA weight loss data of reference samples at 200 °C and 400 °C.

Zeolite Weight loss at 200 °C, % Weight loss at 400 °C, %
NaX 21.74 26.45
KX 13.44 19.78
NaY 21.77 24.01
KY 18.72 21.31
NaA 16.14 20.5
KA 17.77 19.88
MOR 9.3 10.12
FER 7.76 9.14
BEA 12 14.13 16.4
BEA 19 16.2 17.79
ZSM-5 5.67 6.48
LTL 11.75 11.92
MAP 16.47 20.5
HEU-A 8.37 10.97
HEU-B 9.4 12.83
HEU-C 8.94 11.88
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7.6 N2 adsorption-desorption isotherms
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Figure 7.49. N, adsorption-desorption isotherm of NaX.
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Figure 7.50. N2 adsorption-desorption isotherm of KX.
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Figure 7.51. N2 adsorption-desorption isotherm of NaY.
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Figure 7.52. N2 adsorption-desorption isotherm of KY.
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Figure 7.53. N2 adsorption-desorption isotherm of BEA-12.
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Figure 7.54. N> adsorption-desorption isotherm of BEA-109.
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Figure 7.55. N adsorption-desorption isotherm of NHs-MOR.
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Figure 7.56. N2 adsorption-desorption isotherm of FER.
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Figure 7.57. N2 adsorption-desorption isotherm of K-LTL.
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Figure 7.58. N2 adsorption-desorption isotherm of ZSM-5.
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Figure 7.59. N> adsorption-desorption isotherm of HEU-A.
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Figure 7.60. N2 adsorption-desorption isotherm of HEU-B.
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Figure 7.61. N2 adsorption-desorption isotherm of HEU-C.

Table 7.2. N2 adsorption-desorption data of the reference samples, *calculated by DFT.

Zeolite BET area, m?/g  Voss, cm3g  Vmicro, cm3/g* Vi, cm3/g*  Vmeso, cm3/g*
NaX 732 0.313 0.286 0.328 0.042
KX 548 0.235 0.210 0.241 0.031
NaY 650 0.277 0.256 0.284 0.028
KY 655 0.260 0.249 0.260 0.011
MOR 494 0.249 0.176 0.245 0.069
FER 315 0.165 0.113 0.165 0.052
BEA 12 517 0.506 0.139 0.436 0.297
BEA 19 537 0.302 0.160 0.284 0.124
ZSM-5 399 0.249 0.125 0.238 0.113
LTL 346 0.184 0.123 0.180 0.057
HEU-A 77 0.095 0.006 0.080 0.074
HEU-B 41 0.059 0.007 0.046 0.039
HEU-C 74 0.097 0.007 0.083 0.076
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7.7 SEM-EDX data

Table 7.3. SEM-EDX data of the reference samples.

Zeolite Si/Al Na/Al K/AI Mg/Al Ca/Al Fe/Al

NaX 15 0.7 - -

KX 1.2 0.3 0.6 -

NaY 2.6 1.0 -

KY 2.5 0.2 0.7 -

NaA 1.0 1.0 }

KA 1.0 0.6 0.4 }

MOR 9.6 - }

FER 10.1 - -

BEA 12 12.7 . -

BEA 19 19.0 - i

ZSM-5 37.8 . -

LTL 3.4 - 1.0 -

MAP 1.0 1.0 }

HEU-A* 4.6 0.5 0.2 0.1 0.2

HEU-B* 55 - 0.3 0.2 0.2 0.1
HEU-C* 51 0.1 0.3 0.2 0.1
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7.8 Supplementary FTIR spectra for Chapter 3
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Figure 7.62. Difference FTIR spectra of Sn-BEA (1),
DeAl-BEA (2) and BEA-19 (3) following pyridine adsorption.
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Figure 7.63. FTIR spectra of the selected exhaust-fume gases, 5000 ppm of CO- (1), 1000
ppm of NO2 (2), 5000 ppm of CO (3), 5000 ppm of NO (4), water vapour (5).
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Figure 7.64. Difference FTIR spectra of CO adsorbed on Sn-BEA, 200 ppm (black), 400
ppm, 800 ppm, 1600 ppm, 3200 ppm, 4000 ppm, 4500 ppm, 5000 ppm.
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Figure 7.65. Difference FTIR spectra of CO. adsorbed on Sn-BEA, 200 ppm (black), 200-
1000 ppm increments of 200 ppm, 1000-5000 ppm increments of 500 ppm.
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Figure 7.66. Difference FTIR spectra of NO adsorbed on Sn-BEA, 200 ppm (black), 400
ppm, 800 ppm, 1600 ppm, 3200 ppm, 5000 ppm.
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Figure 7.67. Difference FTIR spectra of NO> adsorbed on Sn-BEA, 50 ppm (black), 100-900
ppm increments of 100 ppm.
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Figure 7.68. Difference FTIR spectra of CO adsorbed on DeAl-BEA, 50 ppm (black),
100 ppm, 200 ppm, 300 ppm, 400 ppm, 600 ppm.
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Figure 7.69. Difference FTIR spectra of CO2 adsorbed on DeAl-BEA, 1350 ppm (black),

increments of 150 ppm.
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Figure 7.70. Difference FTIR spectra of CO, adsorbed on DeAl-BEA, zoomed in the 2450-
2240 cmt region, 1350 ppm (black), increments of 150 ppm, CO2 gas phase spectrum

subtracted.
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Figure 7.71. Difference FTIR spectra of NO adsorbed on DeAl-BEA, 75 ppm (black), 100
ppm, 200 ppm, 400 ppm, 600 ppm.
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Figure 7.72. Difference FTIR spectra of NO> adsorbed on DeAl-BEA, 50 ppm (black),
75 ppm, 100 ppm, 200 ppm, 400 ppm, 600 ppm.
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Figure 7.73. Difference FTIR spectra of 5000 ppm of H>O (1), 5000 ppm of CO (2), 5000

ppm of NO (3), 5000 ppm of CO- (4) and 900 ppm of NO- (5) adsorbed on Sn-BEA, all the
spectra are offset and spectrum 1 is multiplied by a factor of 0.1 for clarity.
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Figure 7.74. Difference FTIR spectra of 5000 ppm of H>O (1), 600 ppm of CO (2), 600 ppm
of NO (3), 2050 ppm of CO2 (4) and 600 ppm of NO: (5) adsorbed on DeAl-BEA, all the

spectra are offset and spectrum 1 is multiplied by a factor of 0.1 for clarity.
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Figure 7.75. Difference FTIR spectra of 900 ppm of NO> adsorbed on Sn-BEA (1), followed
by desorption at room temperature for 30 min (2), 60 min (3) and 90 min (4).
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