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ABSTRACT 

 Technetium-99, a pure β-emitter with Emax =294 keV, is relatively long-lived radio 

isotope (t1/2 =2.1×105 y) found in nuclear waste, produced by the fission of U with a yield 

of 6%. Under normal environmental conditions, it is mostly encountered as the 

pertechnetate ion, TcO4
-, which is highly soluble in water and consequently mobile in 

natural environment. For this reason, and because it often is the first radioisotope that 

can be detected in contamination scenarios, its monitoring into groundwater is a 

statutory requirement for every nuclear license site. Current determination methods of 

99Tc involve several steps, such as chemical separation from the matrix, purification and 

source preparation, prior to radiometric (e.g. liquid scintillation counting) or mass 

spectroscopic (e.g. inductively coupled plasma mass spectroscopy) determination, due to 

its relatively low concentration in environmental samples, even in contamination 

scenarios.  The detection of 99Tc may take up to several days, thus making these 

techniques inappropriate for an emergency situation, where real-time monitoring is 

ideally required. Hence, in this work the development of a sensor for the real time 

monitoring of 99Tc in groundwater based on the Quartz Crystal Microbalance (QCM) is 

presented. The QCM is a piezoelectric resonator, which oscillates in a resonant frequency 

fs when an electric potential is applied across its body. It is capable of measuring very 

small changes in mass at its surface, through the change of the resonant frequency.  The 

QCM is modified to respond exclusively to the presence of TcO4
-, by application of 

materials reported in the literature for the effective take-up of Tc, such as TREN ligand, 

TEVA resin and a Ag-4,4bipyridine metal-organic framework. These materials are 

chemically modified in order to create effective coatings on the surface of the QCM, thus 

developing novel ligands and films. The structures of these novel materials are 

characterised by several techniques such as and NMR, IR, MS, XRD and SEM and their 

response and selectivity is evaluated by monitoring the changes in the resonant frequency 

of the QCM as a function of the concentration of ReO4
-, which is a non-radioactive 

chemical surrogate for TcO4
-. Finally, the adsorption of ReO4

- and other interferences is 

modelled with adsorption isotherms such as Langmuir, Freundlich and Sips. Adsorption 
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experiments were conducted with NaReO4, NaCl, Na2SO4 and Na2CO3 and it was found 

that self-assembled monolayers of the TREN ligand and the active component of TEVA 

resin, Aliquat-336, did not yield any adsorption results, possibly because ReO4
- is too light 

to be detected by a single monolayer. On the other hand, a multi-layered thin film of the 

Ag-4,4bipyridine metal-organic framework yielded adequate adsorption results; 

however, through the analysis with adsorption isotherms, it was found that Na+ cations 

where adsorbed in the thin film, rather than ReO4
- anions, possibly through cation-π 

interactions. 
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1 Introduction 
 

   Radioactive contamination of the environment is of critical concern to civil nuclear 

sites around the world. Monitoring programs are implemented in order to characterize 

and understand the contamination, especially that of groundwater, which is a major 

pathway to the spread of contamination. Existing monitoring programs involve time 

consuming methods which are disadvantageous in a field that requires fast responses. 

There is therefore a need for simple and low-cost detection methods that can be deployed 

in situ and aid rapid response in the event of contamination being found. 

 This work focuses on the detection of the radionuclide 99Tc, which forms 

extremely water mobile pertechnetate (TcO4
-) anion. The occurrence, physicochemical 

properties and mobility of 99Tc, as well as the current methods for its separation and 

measurement are reviewed. Novel ligands and materials, based on existing literature, will 

be assessed as a new means for the immobilization of 99Tc by a Quartz Crystal 

Microbalance, which can lead to the development of a real time detector. 

 

1.1 Contamination in civil nuclear sites 

 

In recent years, it has become widely known that there is a large number of sites 

around the world which have become radioactively contaminated as a result accidents, 

leaks, spills, deliberate disposals and weapons testing. In this section, the Thermal Oxide 

Reprocessing Plant (THORP) at Sellafield Ltd (Cumbria), which is one of the biggest nuclear 

reprocessing plants in the UK, will be used as a real-life example to highlight the 

significance of the contamination in such sites and the importance of monitor ing the 

levels of several different radionuclides. 

Until it was shut down in 2018, the THORP at Sellafield Ltd operated a slightly 

modified Plutonium Uranium Redox Extraction (PUREX) process for the treatment of 

spent nuclear fuel. For decades, the resultant radionuclides was being discharged into the 

Irish Sea, leading to total annual releases of up to 190 TBq by 1997 (see Figure 1-1) [1], 
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[2]. The discharges stopped in 2004 and since then there are serious efforts to remediate 

99Tc from any liquid waste and store it in a safe solid state. Also, monitoring of the 

groundwater of the site has become a mandatory requirement, in order to prevent any 

accidental releases [3].  

 

                                     

Figure 1-1. Annual discharges of 99Tc from Sellafield in the Irish sea [2]. In 1980 the site 

seized its operations, as the construction of the THORP started, which was finished set to 

operate in 1997, when the discharge started again. 

 

 Contamination of the groundwater due to leaks consists a major issue and for this 

reason an annual monitoring of groundwater takes place. Table 1.1 shows the maximum 

measured activities of the main radioisotopes detected in the groundwater of the 

Sellafield site between 2012 and 2016 [4], as part of the routine monitoring programme, 

together with the drinking water guidelines recommended by the World Health 

Organisation’s, to provide context.  

 From the data of Table 1.1, the isotopes of major concern are mainly tritium and 

90Sr as they exceed by far the drinking water guidelines set by the World Health 

Organization (WHO) [5]. Technetium monitoring is a statutory requirement on nuclear 

license sites but also offers additional advantages as an analyte of interest. The high 

environmental mobility and very long half-life of technetium coupled with the fact that it 
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does not occur in nature, mean that an effective technetium sensor could lead to an early 

leak detection system and enable rapid decision making. 

 Analytical determination of 99Tc is  more complex than that of tritium, for example, 

and routine monitoring for this isotope did not begin until 2000 [6]. Figure 1-2  shows a 

map of the Sellafield sites and highlights the direction of travel for technetium-99 and 

other isotopes from their source. Monitoring of the groundwater requires sampling 

boreholes and monitoring wells located across the site. These samples are then 

transferred to laboratories for analysis. Most commonly, samples at Sellafield are 

collected by low flow sampling, which requires flushing large amounts of stagnant water 

out of the borehole for the sample to be assumed representative, as described in 

Sellafield’s official manual [7]. Then the samples are transferred in the lab for analysis and 

are assayed by several methods, e.g. direct evaporation for alpha activity, Cerenkov 

counting [8] for beta activity and gamma spectroscopy for gamma activity, as detailed in 

Cavendish Nuclear’s official manual [9]. 
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Figure 1-2. Radioactive Contamination and Monitor Wells Screened in the 0m to 10m 

AOD groundwater layer in Sellafield [6] The red points correspond to boreholes, through 

which sampling is conducted. The thick black arrow and the grey areas represent the 

flow of 99Tc in the groundwater. 
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Table 1.1. Maximum measured activities in Sellafield for the years 2021-2016. Adapted 

from  [4]. 
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 Thus, being able to detect Tc in real time in the groundwater would offer Sellafield 

Ltd and other similar nuclear sites the opportunity to reduce contamination in early 

stages. The following section discusses the nature and properties of Technetium and 

highlights some of the techniques used to detect it in ground water, which are time 

consuming and costly. 

 

 

1.2  Physicochemical properties of Technetium-99 

 

 Technetium (Z=43) is the lightest element with no stable isotopes. This was 

predicted by the German physicist Mattauch who formulated the “prohibition rule” 

stating that the isobars of two adjacent elements in the Periodic Table cannot be stable 

[10]. It was synthesised a few years later by Perrier and Segre by irradiating a 

molybdenum target with deuterons[11].  

  Technetium may occur naturally from the spontaneous fission of 238U, neutron-

induced fission of 235U or cosmic ray reactions with Mo, Ru and Nb within the earth’s crust 

[12], and several millenia ago, the Oklo natural nuclear reactors in Gabon were a natural 

source of Tc [13]. However, the natural production of Tc is insignificant compared to its 

anthropogenic sources which include nuclear power plants, nuclear weapons and medical 

applications [12]. 

 Fourty-five isotopes of Tc have been synthesised, ranging from 85Tc to 117Tc, the 

most long lived of which are 97Tc (t1/2 = 2.6× 106 y), 98Tc (t1/2 =  4.2 × 106 y) and 99Tc (t1/2 

= 2.1 × 105 y). Technetium-99, which is a weak β-emitter (Emax = 294 keV), can be 

produced by thermal neutron induced fission of 235U with a relatively high yield of 6%, 

leading to the production of about 1 kg of 99Tc from 1 ton of uranium (with uranium 

enriched at 3%) and thus making it quite abundant among fission products [14]. 

Meanwhile, 99Tc can also be produced by the β-decay of 99Mo, as shown in Figure 1-3. 
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Figure 1-3. Decay scheme of 99Mo [13]. 

 

99mTc, produced from 99Mo, as shown in Figure 1-3, is the metastable isotope of 99Tc and 

is widely used in nuclear medicine because of its short half-life and low radiation dose (Eγ 

= 142 keV) [14]. 

 

 

1.2.1 Redox chemistry 

 

 Tc is a redox-sensitive element and its solubility and mobility in water depends 

strongly on its oxidation state. Its electronic structure ([Kr]3d54s2) gives rise to a wide 

range of oxidation states from -1 to +7, with the lower oxidation states being rarer than 

the higher states [12]. In the environment, Tc is mostly found as Tc(VII) and Tc(IV), 

because these oxidation states are thermodynamically stable and can exist in aqueous 

solution [15]. Tc(VII) acts as a hard acid and, in aerobic environments, forms the 

pertechnetate ion TcO4
-, which has a water solubility of approximately 11 mol/L, and 

remains stable in typical oxidizing conditions under a wide pH range [16], as shown in the 

Pourbaix diagram depicted in Figure 1-4. As a result, the pertechnetate ion is very mobile 

in groundwater. 
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Figure 1-4. Eh-pH diagram for technetium [16]. 

 

Nevertheless, under strongly reducing conditions Tc(VII) can be reduced to Tc(IV) 

according to the  reaction below [17] : 

 

𝑇𝑐𝑂4
− + 4𝐻+ + 3𝑒−  →   𝑇𝑐𝑂2 + 2𝐻2      1 

 

The presence of reductants, such as Fe(II), can also contribute to the reduction of Tc(VII) 

to Tc (IV) [12]. However, since TcO2 is only sparingly soluble in water, the mobility and 

redox chemistry of TcO4
- is very important, because it determines the environmental 

mobility of Tc. 

 

1.2.2 Occurrence in the nuclear fuel cycle 

 

 Spent nuclear fuel is nuclear fuel that has been irradiated in a nuclear reactor but 

cannot sustain a nuclear reaction anymore. It mostly consists of uranium, the original 238U 

and a little unreacted 235U, as well as fission products. Spent nuclear fuel is reprocessed 

using the PUREX process (Plutonium Uranium Redox Extraction) [18]. During this process, 
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irradiated fuel (which contains technetium as a by-product of 235U fission) is dissolved in 

concentrated nitric acid (HNO3) and a 30% solution of tributylphosphate (TBP) in n-

dodecane is used to extract U and Pu, as uranyl nitrate UO2(NO3) and plutonium dioxide 

PuO2, respectively.    

 Upon dissolution of the fuel, technetium solubilizes as TcO4
- into the aqueous 

phase and is subsequently extracted into the organic phase in the first step of U and Pu 

extraction, as a result of the equilibrium below [14]: 

 

𝑈𝑂2 (𝑁𝑂3)2(𝑇𝐵𝑃)2 + 𝑇𝑐𝑂4
−  ⇌   𝑈𝑂2(𝑁𝑂3)(𝑇𝑐𝑂4)(𝑇𝐵𝑃)2 + 𝑁𝑂3

−   2 

 

 In the second step of the extraction process, Pu and U are separated from each 

other by reductive re-extraction of Pu, generally, with U(IV) or Fe(II) in the presence of 

hydrazine. This process affords Pu(III), which is extracted into the aqueous phase, while 

U(VI) remains in the organic phase. The conditions used for this process may have a 

substantial impact on the fate of Tc. If an aqueous solution of U(IV) is used as the reducing 

agent, then Tc is partially re-extracted into the aqueous phase along with Pu while the 

complement remains in the organic phase. This is problematic as the TcO 4
- anions are 

capable of oxidizing both U(IV) and Pu(III). If Fe(II) is used as the reducing agent, then Tc 

is virtually completely extracted into the aqueous phase together with Pu and is not 

retained in the uranium-containing organic phase. Then, in the following step of Pu 

purification, Tc passes into aqueous intermediate level radioactive waste, from which it 

can be quantitatively extracted [19]. Although U and Pu are the main components in 

PUREX, it should be noted that the extraction of technetium can be significantly enhanced 

in the presence of zirconium [20].  

 The presence of measurable amounts of Tc in recycled Uranium is problematic 

because the production of UF6 (for isotope separation during the process of enrichment 

with 235U) may lead to the formation of TcF6 which is highly volatile and is therefore easily 
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discharged into the air. For this reason, quantitative transfer of Tc into only one waste 

stream is of great importance [14]. 

 

 

 

 

1.3  9 9Tc measurement methods 

 

 There are two broad groups of measurement methods for β-emitters such as 99Tc. 

The first is the radiometric methods, which quantify the radionuclides in terms of their β-

decay, and the second is the mass spectroscopic (MS) methods, which quantify the 

nuclides in terms of their mass/charge ratio. Usually, radiometric methods have lower 

cost and are easier to operate than the MS techniques. However, MS methods normally 

have lower detection limits and shorter counting time. 

 

1.3.1 Radiometric methods 

 

  The radiometric methods that are normally used for the measurement of 99Tc are 

liquid scintillation counting (LSC), gas ionization detectors and neutron activation analysis 

(NAA). 

 LSC is one of the most common radiometric methods used for the detection of 

99Tc [21]–[23]. In LSC, a purified sample is mixed with a liquid scintillation cocktail (LS 

cocktail), which consists of an aromatic solvent, a scintillator and a surfactant. The 

delocalized π-electrons of the aromatic rings are capable of absorbing the energy of the 

β-particle, which is then transferred to the scintillator and is re-emitted as a photon of a 

specific wavelength. The photon is then detected by a photomultiplier tube, which 

converts it into an electric current to quantify the β-emission. The role of surfactant is to 

keep the sample, which is usually dissolved in aqueous solution, in contact with the 

organic phase of the LS cocktail [23]. The main characteristics of LSC are that it has 
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negligible self-absorption, no air absorption and no radiation scattering prior to incidence 

upon the detector, counting over the full solid angle of 4π, and short counting times. High-

energy beta emitters can also be counted using an aqueous solution without any 

scintillators. This method, which is known as Cherenkov counting, relies on the detection 

of Cherenkov radiation directly by the photomultiplier tubes [24]. However, due to the 

relatively high background/blank counts, the detection limit is relatively high, thus 

restricting the determination of low levels of 99Tc. It is also prone to colour and chemical 

quenching due to undesired chemicals in the final sample, meaning that any 

electronegative species will capture π electrons, reducing the efficiency of energy transfer 

[25]. A detection limit of 1.7 mBq g-1 with a count time of 2 hours has been reported [26]. 

 Gas ionization detectors measure all the types of ionizing radiation. They consist 

of a tube containing an inert gas, usually argon. The ionizing radiation creates ion pairs; 

cations and electrons, in the volume of the gas. When an electric field is applied, the 

cations are attracted to a cathode and the electrons to an anode. The detectors are 

commonly constructed in such a way that the outer wall serves as the cathode and a grid 

in the middle of the gas volume serves as the anode. The count rate of the radionuclide 

is then determined by the collection of the electric charge [27]. The most common type 

of detector is the Geiger-Muller, which has been widely used for the detection of 99Tc. In 

this technique, the sample must be in solid form, usually electrodeposited on metal disks, 

and as small as possible to minimize self-absorption [28]. A detection limit of 1.5 mBq 

with a count time of 4 hours has been reported [29]. However, since quantification is not 

possible and this is not a β-emitter selective method, and also because of its poor 

detection limit and long counting time it is seldom used for 99Tc detection. 

 Neutron Activation Analysis (NAA) is based on the two nuclear reactions 

 

   99Tc (n,γ)100Tc  and   99Tc (n, n’)99mTc  

 

and the counting of 100Tc (β-emitter, t1/2 = 15.8 s). Because of the short half-life of 100Tc, 

99Tc has to be separated from the sample prior to the irradiation. With this technique, a 
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detection limit of 25 mBq has been reported [30]. Although this technique is theoretically 

more sensitive to 99Tc, the low neutron activation cross section limits its analytical 

sensitivity, and as a result it is mostly used for high concentration sample of 99Tc, such as 

nuclear waste [23]. 

 

 

1.3.2 Mass spectroscopic methods 

 

 As explained above, radiometric methods are limited by their long analysis times. 

MS methods normally offer faster analysis and lower detection limits. The most common 

techniques are inductively- coupled plasma mass spectroscopy (ICP-MS), accelerator 

mass spectroscopy (AMS), thermal ionization mass spectrometry (TIMS) and resonance 

ionization mass spectrometry (RIMS). 

  ICP-MS is one of the most frequently used techniques for the detection of 99Tc in 

environmental samples [23], [25], [31], [32]. In ICP-MS, chemical compounds contained 

in the sample solution are decomposed into their atomic constituents in an inductively 

coupled argon plasma at a plasma temperature of approximately 6000–8000 K. The 

positively charged ions are extracted from the inductively coupled plasma (at atmospheric 

pressure) into the high vacuum of the mass spectrometer via an interface. The extracted 

ions are then separated by mass filters of either quadrupole type time-of-flight or 

combination of magnetic and electrostatic sector, and finally measured by an ion 

detector. ICP-MS is a rapid and sensitive method, suitable for the determination of low 

level 99Tc. However, the main challenge of this analytical technique is the interferences of 

isobaric nuclei and molecular ions, most importantly of Mo and Ru, which also determines 

the detection limit. Shi et al.have reported  a detection limit of 7.5 mBq m-3, the 

equivalent of 11.5 pg m-3, in sea water samples, after the complete separation of 99Tc 

from the interferences with chromatographic extraction [33]. 

 AMS is one of the most accurate and sensitive methods for the determination of 

low-level radionuclides in environmental samples, such as 99Tc [23], [25], [34]. In AMS 
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measurements, the isotope of interest must first be prepared in the form of a solid target. 

Then, negative ions are generated from the target by ion sputtering, usually by using a  

Cs+ ion source, and pass through a magnetic sector where they are accelerated by a 

potential difference of several MV to a positive terminal. At the terminal, the negative 

ions pass through a thin foil or low-pressure gas and generate positive ions of high charge. 

They then accelerated back to ground potential where they pass through further 

electromagnetic selection and are finally measured by an ion detector (normally an 

ionisation chamber). In this method, the most important interference is the isobaric 99Ru. 

At the stage of the ion sputtering, interferences that do not form negative ions can be 

eliminated. For this reason, the conversion of atomic 99Tc to TcO- anion is preferred to the 

Tc- anion, since the yield of the equivalent RuO - anion is low [35]. With this method, a 

detection limit of 0.8 pg L-1 in seawater samples has been reported [34]. However, due to 

the high cost of the equipment, there are less than 100 AMS facilities worldwide which 

mostly operate routine radiometric dating analysis of 14C [23]. 

 In TIMS, the target nuclide must be in the form of an aqueous solution, usually 

dissolved in 0.5-1 M HNO3. About 0.5-1 μL of the solution, containing only a few hundreds 

of ng of the element of interest, are transferred onto a sample filament, usually made of 

high purity rhenium, and dried by a current of 1 A. The evaporated atoms are then ionized 

by another filament arranged opposite of the first one, and finally the generated ions are 

accelerated and focused into a mass analyzer [36]. TIMS has probably achieved one of the 

lowest detection limits in 99Tc measurement, containing as low as 5 μBq, the equivalent 

of 7 x 10-15 g, as reported by Rokop et al.[37]. 

 Finally, in RIMS, instead of the filament method, a laser ion source is used. The 

laser ion source contains many cavities with a small hole to inject the laser beam and to 

extract the ions. In that way, the 99Tc atoms are confined inside the cavity and can interact 

for a longer time with the laser light. The wavelength of the laser plays a major role in the 

ionization efficiency [38]. A detection limit of about 10-14 g has been reported with the 

implementation of RIMS [39]. However, there are currently no commercially available 
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with RIMS equipment, making this method quite rare compared to other MS methods, 

like ICP-MS.   

 

1.4  9 9Tc separation methods 
 

 The precision of an analytical measurement method for 99Tc depends on its 

separation level from interferents and other matrix components.  Because of the very low 

concentration of 99Tc in the environmental samples, usually large sample volumes are 

required in order to obtain adequate signal. This means that the technique for the 

chemical separation of 99Tc should not only provide sufficient removal of interferences, 

but also a high chemical yield of 99Tc.  However, the difference between the methods of 

detection, requires separation from different interferences. Radiometric methods require 

that all other β-emitting radionuclides to be removed, while for the measurement with 

mass spectrometry, the isobaric and molecular ions of mass 99 ± 1 pose the main 

challenge [40], the most important of which being 99Mo and 99Ru [35]. The main 

interferent for both radiometric and mass spectroscopic methods are presented in Table 

1.2. The most common methods of chemical separation and purification of 99Tc are co-

precipitation, liquid-liquid extraction and extraction chromatography [25],[39],[40]. 

These techniques are summarized below. 

  

Radiometric methods [43]  Mass spectrometric methods [23] 

Nuclides Β-max energy (keV)  Isobaric/molecular 

ions 

Natural 

abundance 

(%) 

60Co 318.1  98Mo 24.1 

63Ni 66.9  100Mo 9.6 

90Sr 546.0  99Ru 12.7 

103Ru 226.6  100Ru 12.6 
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106Ru 39.6  98Mo1H 24.6 

110mAg 529.8  83Kr16O 11.5 

125Sb 303.3  51V16O3 99.8 

137Cs 514.0  59Co40Ar 100 

Table 1.2. The most common interferences in the measurement of 99Tc using radiometric 

and mass spectroscopic methods. 

  

 

 

 

1.4.1 Co-precipitation 

 

 

 As mentioned earlier, under reductive conditions, 99Tc mainly exists in the +IV 

oxidation state, which easily forms insoluble species of TcO2
.H2O. As a result the reduction 

of the soluble Tc(VII) to the insoluble Tc(IV) has commonly been used to separate it from 

the sample matrix. This can be achieved usually by co-precipitation with a carrier such as 

Fe(OH)2 or FeS [44]. The sample is first acidified in HCl and reductive agents such as FeSO4 

are then introduced which lead to the reduction and co-precipitation of Tc(IV) with 

Fe(OH)2 [45]. However, 99Tc must then be transferred back into aqueous solution for 

further separation, this is achieved by oxidation back to Tc(VII by a range of oxidizing 

agents such as H2O2 or K2S2O8, which lead to the precipitation of other transition metals 

and lanthanides, while keeping TcO4
- in solution [41]. Although co-precipitation is a very 

simple method, low recovery of 99Tc might be expected in the analysis of large volumes 

in addition to low decontamination factor, and in practice, it is mostly used to separate 

99Tc from major interferences and pre-concentrate the sample before further 

purification. 
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1.4.2 Solvent extraction 

 

 Several solvents have been studied for the separation of 99Tc from other 

radionuclides, but the most commonly used are tributylphosphate (TBp), triisooctylamine 

(TIOA) and cyclohexane. 

 As was detailed in section 1.2.2, TBP has been widely used in plutonium-uranium 

extraction in PUREX process during the spent fuel reprocessing, but it is also used for the 

separation of 99Tc  [46]. The mechanism behind the separation is the following. In acidic 

conditions, TcO4
-
 is protonated forming the neutral molecular species HTcO4 which forms 

a complex with TBP. Relatively low concentrations of aqueous solutions of HNO3 or H2SO4 

can be used for this process, however it has been shown that H2SO4 offers higher yield of 

HTcO4 and better distribution coefficient of the species in TBP [47]. Also, TBP has been 

reported for the extraction of medical 99mTc, which decays to 99Tc, from urine [48]. After 

extraction, the organic phase is usually washed with an aqueous solution of NaOH in order 

to retrieve 99Tc back into the aqueous phase. Although 99Tc can be extracted by TBP in 

high yield, its separation from Ru is not sufficiently efficient [40]. 

 The use of TIOA for the extraction and separation of 99Tc was first reported by 

Golchert and Sedlet [49]. The authors reported the formation of a neutral complex of 

TcO4
- with TIOA at low acid concentrations which was extracted in the organic phase by a 

5% volume ratio TIOA/xylene mixture from 0.5 mol L-1 H2SO4, and was then easily retained 

in the aqueous phase with a low NaOH concentration [49]. Later reports suggested that 

Ru, which is the main interferent, can be effectively removed in this way. When a mild 

oxidizing reagent, such as H2O2, is used at low concentration of H2SO4, Tc is oxidized to 

TcO4
-, while keeping Ru in a lower oxidation state, which cannot be extracted into the 

organic phase. In this way, the distribution coefficients obtained between the 5% 

TIOA/xylene mix and the 0.5 mol L-1 H2SO4 solution for 99Tc and Ru are 2.5 x 103 and 3.8 x 

10-3 respectively. The overall chemical recovery of 99Tc in this process was found to be 

around 70% [50]. 

 Effective recovery of 99Tc and decontamination from Ru in soil samples has also 

been reported with the application of cyclohexane. The authors demonstrated that, when 
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the sample solution is treated with 30% H2O2 in 1 mol L-1 K2CO3, extraction of 99Tc by 

cyclohexane can lead to a decontamination factor of 7.0 x 104 for Ru, with a chemical 

recovery of about 80% for 99Tc [51]. However, later studies showed that removal of Mo 

with cyclohexane is not adequate [52].  

 Although solvent extraction offers relatively good selectivity in the separation of 

99Tc, it is very time-consuming and requires large volumes of hazardous organic solvents, 

thus producing large amounts of waste. So, in recent years, it is gradually being replaced 

by chromatographic techniques. 

 

 

 

1.4.3 Extraction chromatography 

 

 Extraction chromatography is among the most common methods for the 

extraction of 99Tc from environmental samples. In this method, the solution containing 

dissolved TcO4
- is eluted through a column containing a material that can selectively retain 

technetium. The technique works either via adsorption of 99Tc to porous materials or via 

anion exchange with anion exchange resins. Activated carbon has been used as an 

adsorbent in several previous works [53]–[56], with a reported  adsorption  of up to 99% 

[53]. However, activated carbon is mostly used for remediation purposes because it is not 

a selective material, so it cannot be used for accurate detection. 

 For this reason, several anion exchange resins have been developed which 

demonstrate high selectivity towards 99Tc. An example is AnaLig Tc-02 gel, by IBC 

Advanced Technologies. Previous works have reported a chemical recovery of 95.7% for 

99Tc. To achieve this, the authors first eluted the resin columns with a NaCl solution in 

order to adjust ion strength, before eluting 99Tc with hot deionized water ~90 oC [57],[58]. 

Another example of a strong basic anion exchange resin is Bio-Rad AG1, which has been 

reported for very high selectivity for TcO4
- under a wide range of pH, due to its higher 

affinity compared to other common anions in environmental samples, such as Cl -, NO3
-
 

and CO3
2- [43]. Macro-pore anion exchange resins have also been applied, such as 
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Amberlite IRA-400, which has been reported for the effective decontamination from Mo 

prior to ICP-MS measurement [59]. 

 However, the most widely used anion exchange resin for the separation of 99Tc is 

TEVA, by Eichrom Technologies Inc [31], [57], [60]–[63]. The active group of TEVA resin is 

a trialkyl methyl ammonium salt, also called Aliquat 336, shown in Figure 1-5, which is 

incorporated into an inert polymeric support substrate. It was developed by Horwitz et 

al., who also investigated systematically its characteristics, kinetics and elution behaviour 

and demonstrated a high Tc(VII) retention at low acid concentrations [60]. 

 

 

                                                     

Figure 1-5. The active trialkyl methyl ammonium salt of TEVA resin, also called Aliquat 
336. 

 

 

 The capacity factor k’ for Tc(VII) and several tri-, tetra-, peta-, and hexavalent 

actinides versus HNO3 and HCl concentrations is shown in Figure 1-6. At low HNO3 

concentrations the retention of Tc(VII) is much greater than that of any actinide, while 

this difference is even more significant at low HCl concentrations [60]. Later studies also 

reported significant separation from Mo and Ru, due to the difference in the affinity of 

TEVA resin towards TcO4
- compared to that of MoO4

-
 and RuO4

- [64].  

 For the effective separation of 99Tc with TEVA resin the sample must be prepared 

in low concentration of HNO3, typically 0.1 mol L-1. It is then eluted through a 

chromatographic column loaded with TEVA resin, where TcO4
- is retained while all other 
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interferences are removed. To retrieve and measure the captured TcO4
-, the column is 

then eluted with high concentration HNO3, usually 8 mol L-1.  

 More recent research has reported that the use of TEVA resin in the form of 

coated dip-sticks, which offers more rapid separation and determination, can also lead to 

quantitative uptake of 99Tc [63]. This report suggests that TEVA resin can also be used for 

the effective detection of 99Tc in techniques that do not rely on extraction 

chromatography. 

 

 

                                 

Figure 1-6. The capacity factor k’ for Tc(VII) and for various actinides plotted against acid 
concentration, taken form Horwitz et al.[60]. 

 

 

1.5  Molecular receptors and ligands for TcO4
- 
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 The previous section summarized the most common methods for the separation 

of 99Tc from interferences. Other molecular receptors such ligands, as well as porous 

materials exist. These have been applied to the capture of TcO4
-, mostly by adsorption 

through anion exchange or the use of other intramolecular interactions, such as hydrogen 

bonding. These materials are reviewed in this section.  

  

1.5.1 Inorganic materials 

 

 Inorganic materials, such as zeolites and layered double hydroxides (LDHs), have 

also been used in ion exchange processes. Zeolites comprise framework-based porous 

structures that can accumulate a wide variety of cations, while LDHs are a group of anionic 

clay formed by positively charged layers of metal hydroxides, with weakly bound anions 

between the layers [65].  The adsorption of TcO4
- on these materials depends on their 

composition, structure and crystallinity. It has been reported that a highly crystalline Ni -

Al-LDH system showed much higher TcO4
- sorption when the interlayer anion in presence 

was NO3
- than with CO3

2-, because of the thermodynamic stability due to the strong 

interlayer binding of CO3
2- [66].  

 In a similar fashion, a thorium based material, NDTB-1 (NDTB = Notre Dame 

Thorium Borate-1) of formula [ThB5O6(OH)6][BO(OH)2]·2.5H2O, has been reported [67], 

[68] which shows excellent TcO4
- removal efficiency from water, NDTB-1 is a porous 

supertetrahedral 3D framework built from twelve coordinate Th4+ ions surrounded by 

BO3
3- and BO4

5- anions. The BO4
5- anions chelate the thorium centers, and the BO3

3- groups 

occupy single vertices. The borate anions further polymerize to form B10O24 clusters. The 

bridging of thorium centers with borate clusters creates a supertetrahedral framework, 

with a system of channels and cages, as shown in Figure 1-7. The charge balancing H2BO3
- 

anions are present within these channels. The extra-framework, weakly bound H2BO3
- 

anions can readily hydrolyze back to H3BO3 at a wide range of pH levels owing to the weak 

acidity of boric acid. As a result, other anions can readily get inside the channel of NDTB-

1 for charge balancing [68].  
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 NDTB-1 shows a high selectivity towards the capture of TcO4
-, even in the presence 

of significant excess of other common anions such as Cl - and NO3
-, by trapping it within 

the cavities, while the other anions remain mobile. Its anion exchange capacity was 

reported to be 162.2 mg g-1. Furthermore, TcO4
- can be exchanged reversibly out of the 

framework with anions of higher charge/radius ratios, such as PO4
3- and SeO4

2-, thus 

making NDTB-1 reusable [67]. 

 

                                                   

Figure 1-7. A view of the supertetrahedral framework structure of NDTB-1 with channels 
along cubic [110] directions [67]. 

 

 

1.5.2 Organic materials 

 

 

 Several organic molecular receptors have been developed and applied for the 

separation of TcO4
-. In most cases, the removal works though weak electrostatic 

interactions with an active group of the molecule or by hydrogen bonding. Its low 

hydration energy, and charge/radius ratio, make TcO4
- easy to be removed from aqueous 

phases by a relatively hydrophobic receptor, unlike other oxyanions such as SO4
2-

 and 

PO4
3- [65]. These organic hosts can be either cation or anion selective, depending on their 

chemical nature. An alternative approach to the anion recognition is the selective 
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entrapment of counter cations. Because cations possess lower solvation energies than 

anions, they are easier to trap, as the related energy penalty is comparatively lower. 

 An example of TcO4
- capture through counter cation interaction is given by a 

crown ether, bis-4,40(50)[(tert-butyl)-cyclohexano]-18-crown-6 [65], [69], the structure 

of which is shown in Figure 1-8. The crown ether was used in TBP solvent and the 

mechanism of extraction was reported to be that of the crown formed a complex metal 

cations such as Na+, K+ or Sr2+ and TcO4
- was co-extracted in order to preserve charge 

neutrality. Its great advantage is that this process works under alkaline conditions, so it 

can be applied directly into the waste stream, without the need for acidification. 

However, this method is not selective, as other anions, such as NO3
-, could be co-

extracted [65], [69]. 

 

  

Figure 1-8. The structure of crown ether bis-4,40(50)[(tert-butyl)-cyclohexano]-18-crown-

6 [67]. 

 

 More selective behaviour can be achieved by receptors that can bind both to the 

anion and cation. Beer et al. have reported on a tris(2-aminoethyl)amine (TREN) 

derivative with crown ethers, called tris(amido benzo-15-crown-5) and shown in Figure 

1-9, that can selectively bind Na+ and TcO4
-, even in the presence of an excess of chloride 

[70]. The crown ethers formed a complex with Na+, while TREN acted as the binding site 

for TcO4
-, through H-bonds with the amine hydrogens. The authors reported that the 

metal cation could also affect the spatial arrangement of the ligand, which could enhance 

its relative acidity, leading to stronger H-bonds with TcO4
-. In fact, in the absence of Na+, 
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the ligand binds strongly with Cl-, while addition of Na+ led to significantly higher 

selectivity towards ReO4
-, which was used as a surrogate to TcO4

- [70]. 

 

 

                                            

Figure 1-9. The tripodal tris(amido benzo-15-crown-5) ligand [70]. 

  

 Another derivative of TREN, the azacryptand ligand LH6
6+ [71] shown in Figure 

1-10, has been reported for the selective binding of TcO4
-. With this ligand, the binding 

occurs in acidic environments (pH = 2) when the 6 amine groups are protonated, leading 

to an overall positive charge of +6. It was found that the large TcO4
- selectivity over other 

anions such as NO3
- and Cl- originates from the formation of a 1:1 adduct under 

experimental conditions. Therefore, one TcO4
- ion within the cavity interacts with the host 

molecule through intramolecular H-bonding [71]. 
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Figure 1-10. The azacryptand ligand LH6
6+ [71]. 

 

 

 The above examples demonstrate that TREN can form ligands that exhibit great 

affinity towards TcO4
-. This concept will be explored in later chapters. 

 

 

1.5.3 Metal-organic frameworks (MOFs) 

 

 

 Metal organic frameworks (MOFs) also known as porous coordination polymers 

(PCPs) are highly porous and crystalline complexes comprised of metal centers and 

organic linkers and are usually synthesized by hydrothermal methods. Originally 

fabricated for applications in gas storage, gas separation and catalysis, in recent years 

these materials have been used in separation applications [72][73]. In contrast to 

amorphous materials, MOFs provide a periodic and strictly defined structural network 

that can host guest molecules, thus permitting systematic investigation [74].  

 MOFs have been applied in numerous previous works for the effective adsorption 

and removal of CO2 and other harmful gasses such as CO, SO2, H2S and NH3 [73], [75]. The 

structure and composition of a MOF plays a vital role in the capacity and selectivity of the 

gas adsorption. For example, Dietzel et al. have reported that the metal center can affect 

the capacity and selectivity towards CO2. The authors reported that from a series of 
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isostructural MOFs M-CPO-27s (where M = Ni, Co, Zn, Mn, Mg), the total uptake of CO2 

for Mg-CPO-27 was 63% while for Ni-CPO-27, it decreased to 51% [76].  

 The adsorption of heavy metal ions in MOFs has also been studied. Ke et al. have 

reported the adsorption of Hg2+ from water into a thiol-functionalized Cu-BTC, with a very 

high adsorption capacity of 714 mg g-1 [77]. Effective removal of As5+ under a wide range 

of pH was also reported by a Fe-BTC MOF, where the adsorption took place through the 

formation of Fe-O-As bonds [78]. 

 However, more recent studies have suggested the adsorption of anions in 

aqueous solutions, through anion exchange of the anion of interest with the counter 

anion of the metal center of the MOF. In this concept, Oliver et al. reported on the 

effective adsorption and removal of ClO4
- from aqueous solutions with a Ag(4,4’-

bipyridine)NO3 MOF [79]. The experiments were carried out by immersing and stirring the 

bulk MOF crystal into aqueous solution NaClO4. The authors then reported that ClO4
- 

anions were adsorbed into the framework by exchanging the weakly bound NO3
- between 

the cationic Ag(I)-4,4-bipyridine chains. They also demonstrated that this process was 

reversible by exchanging the NO3
- anion back into the framework through immersion of 

the bulk crystals in high concentration NaNO3 solution [79]. 

 In a later study, Zhu et al.used the same Ag(4,4’-bipyridine)NO3 MOF to test the 

adsorption of ReO4
- anions, which is the non-radioactive chemical surrogate of TcO4

- [80]. 

The structure of the MOF was characterized by XRD and it was found that each Ag+ cation 

is coordinated by two neutral 4,4-bipyridine ligands, while each 4,4-bipyridine connects 

two Ag+ cations within the framework, leaving weakly coordinated NO3
-
 in the open space 

as the counter anion. The authors reported that ReO4
– was adsorbed into the MOF by 

replacing NO3
- as the counter anion in the framework, just by soaking bulk crystals in 

aqueous solutions containing certain amounts of ReO4
-. The adsorption capacity was 

found to be around 714 mg g-1, which was stable under a pH range of 5-9, while the 

selectivity towards ReO4
- was tested with significant excess of NO3

-, which is a very 

common anion in nuclear waste. It was shown that even in the presence of 100-fold NO3
-

, the removal of ReO4
- was still as high as 90%.  However, this anion exchange was shown 
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to be irreversible since it led to a more thermodynamically stable structure in which the 

crystals have significantly rearranged from an octahedral morphology to needle-like 

structures, as shown in Figure 1-11. The irreversibility of the process was shown by 

immersing the exposed bulk crystals to high concentrations of NO3
-. Unlike in the case of 

ClO4
-, the reverse anion exchange was not observed [80]. 

 

 

                           

Figure 1-11. SEM images of Ag(4,4-bipyridine)NO3 (A,B) and Ag(4,4-bipyridine)ReO4 

(C,D), taken from Zhu et al.[80]. 

 

 Although this MOF shows great anion exchange selectivity towards ReO4
-/TcO4

-, it 

could only serve as a sequestering agent, rather than for detection purposes, since the 

process of adsorption is irreversible. For this reason, other ways which could exploit this 

MOF’s exceptional selectivity for faster detection of ReO4
-/TcO4

- will be explored in later 

chapters. One of these is to employ the MOF in the form of a thin film on a substrate, as 

we will return to later. 
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 In summary, molecular receptors that have exhibited strong anion exchange 

selectivity towards TcO4
- were reviewed in this section. These included both inorganic and 

organic materials, as well as MOFs. However, in most cases they served either as 

separating or immobilizing agents, rather than as detectors. In order to transform their 

selectivity towards TcO4
- to real time detection, the real time monitoring of the anion 

exchanging adsorption is essential. This could be achieved through the Quartz Crystal 

Microbalance (QCM), which will be described in the next section. 

 

1.6   Quartz Crystal Microbalance (QCM) 

 

 

As detailed in the previous sections, the currently used methods for the 

measurement of 99Tc are very time consuming and costly. The low concentration of TcO4
- 

in environmental samples require several separation steps, typically taking up to a week, 

to be carried out prior to analysis. Since the continuous and rapid monitoring of 99Tc in 

groundwater would allow the identification of and immediate response to any potential 

contamination events, novel, faster and more cost-effective methods are needed. The 

Quartz Crystal Microbalance (QCM) can combine the separation and measurement into a 

single step since it can detect small changes of mass on its surface through adsorption or 

desorption, while functionalization with selective materials can help it target specific 

analytes in the adsorption process. The theory and method of operation of the QCM, as 

well as its applications are described below. 

 

 

1.6.1 Principles of QCM 

 

 The mode of operation of the QCM is based on the piezoelectric effect, discovered 

by Pierre and Jacques Curie in 1880. This phenomenon is observed when a mechanical 

stress is applied to certain crystals (such as quartz) which produces a change in the 

electrical potential with a magnitude proportional to the applied stress [81]. This is a 
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reversible effect, which means that if an electric potential is applied to the same crystal, 

then a mechanical deformation is observed. According to this effect, Walter Guyton Cady 

later found that applying an alternating electric field across a quartz crystal resulted in an 

alternating strain being applied on the quartz, thus leading to the development of a stable 

oscillator [81].  

 In this sense, the QCM comprises of a quartz crystal (typically about 300 μm thick), 

coated with one gold electrode on each side, as shown in Figure 1-12. The gold electrodes 

provide the AC field that causes the quartz to oscillate at a certain resonant frequency fo. 

 

                                    

Figure 1-12. The front side of the QCM, on the left-hand side, and the back side of the 

QCM, on the right-hand side. The diameter of the QCM is 14 mm. 

 

From the electrical point of view, the QCM can be modelled by the generic Butterworth-

Van-Dyke circuit model, which consists of a series RLC motional arm, where Cm represents 

the energy stored per oscillation, Lm represents the inertia of the vibrating mass of the 

crystal and Rm represents the energy loss per oscillation, as shown in Figure 1-13. The 

additional Co in parallel accounts for the crystal acting as a dielectric material, forming a 

capacitor [82]. 
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Figure 1-13. The Butterworth-Van-Dyke circuit model [82]. 

 

The series resonant frequency fs of the above circuit, is calculated according to equation 

3:  

 

 

𝑓𝑠 =  
1

2𝜋√𝐿 𝑚𝐶𝑚

 
         3 

 

This serves as the resonant frequency fo of the QCM. By monitoring the changes in the 

resonant frequency, changes of mass on the surface of the QCM can be detected. When 

the mass on the surface increases, the frequency decreases and vice versa. The 

quantitative relationship between the change of frequency and the change of mass is 

given by Sauerbrey’s equation [83]: 

 

𝛥𝑓 =  −
2𝑓𝑜

2

𝐴√𝜌𝑞𝜇𝑞
 𝛥𝑚 =  −𝐶𝑓  𝛥𝑚        

           4 

 

 

Where A is the piezoelectric area sandwiched between overlapping area of the two 

electrodes, ρq is the density of the quartz, μq is its shear modulus and fo is the resonant 

frequency of the QCM. The whole fraction can be substituted by the calibration factor Cf, 

which can be acquired by calibration experiments.  

 As previously discussed, the surface of the QCM can be coated with materials, 

usually in the form of a film, that can selectively adsorb or bind specific analytes. In this 
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way, the QCM is modified to an efficient sensor by monitoring the change in the mass of 

the coating due to the adsorption, through the changes in the resonant frequency.  

 

1.6.2 QCM coatings 

 

   Several types of coating materials have been applied on the surface of QCMs over 

the past two decades, including self-assembled monolayers (SAM), MOF thin films, 

molecular imprinted polymers, calixarenes, graphene, hydrogels, ionic liquids and metal 

oxides. A summary of these coating is presented below. 

 

1.6.2.1 Self-assembled monolayers 

 

 Self-assembled monolayers (SAM) consist of a single layer of molecules on a 

substrate, the gold electrode in the case of the QCM. Those are usually long chain organic 

molecules, typically alkanethiols with at least ten carbon atoms. On the QCM, SAMs 

generally rely on the formation of Au-S bonds, which form spontaneously when the gold 

substrate is immersed in a solution of the thiol compound [84]. The ordered arrangement 

of the layer is thought to begin with the alkanethiols binding almost parallel to the gold 

surface, until there are enough molecules to interact with each other so that the carbon 

chains lift from the surface while remaining tethered to the gold through the thiol group. 

In the end, the gold electrode is covered by a monolayer in which the alkanethiols extend 

at an angle of 30o from the surface [85]. On the distal end of the SAM there is an active 

group, such as amine, hydroxyl, carboxyl or amide groups that can immobilize selectively 

specific analytes, or even provide the basis of further functionalization. 

 

1.6.2.2 Metal organic frameworks thin films 

 

 Recently, Metal Organic Frameworks (MOF) have been deployed as thin films in a 

number of applications in the fields of nanotechnology, energy storage and sensors. While 

the structure and size of the bulk crystals is not directly controlled in the traditional 
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synthetic methods employed for MOFs, they can be adjusted in the preparation of thin 

films whose thickness can also be controlled [86]. Several processes have been developed 

for the preparation of MOF thin films, such as electrochemical deposition, chemical 

vapour deposition and powder deposition [87], although the most widely used is liquid 

phase epitaxy or layer-by-layer (LbL) assembly [86]–[90].  

 In LbL assembly, the substrate onto which the film is developed must first be 

functionalized with a SAM, terminated by a functional group, such as a carboxylic acid, 

hydroxyl or pyridine group. These functional groups can then anchor either the metal or 

the organic linker, thus nucleating the growth of the MOF thin film on the substrate and 

controlling its orientation [86]. The film is then built layer-by-layer by alternately 

immersing the functionalized substrate in solutions of low concentration containing the 

metal precursor and the organic linker, while the unreacted or any physically absorbed 

elements are removed by rinsing between the steps, as shown in Figure 1-14. With this 

method, the thickness of the film is controlled by the number of cycles, while the film is 

chemically attached on the substrate. 

 

                         

Figure 1-14. Schematic representation of the LbL assembly. The SAM functionalized 
substrate is alternately immersed in the metal precursor solution and then in the organic 

linker solution, after rinsing in between. The cycle is repeated several times until the 

thickness of interest is achieved. Taken from Shekhah et al. [89]. 

 

 

 It is worth noting that the exposed functional group can interfere in the 

orientation of the film. Biemni et al. demonstrated that the growth of the MOF thin film 

Cu3(btc)2 (btc = 1,3,5 benzyntricarboxylate), also called HKUST-1, varied according to the 
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different SAM on the substrates, which were gold slides modified with HS(CH2)X (where 

X = -COOH and -OH). The authors showed that the film was induced in the [100] direction 

on the -COOH terminated SAM and in the [111] direction on the -OH terminated SAM 

[91]. 

 There are numerous reports on the fabrication of highly crystalline MOF thin films 

using the LbL assembly method, which have been used in many different applications 

[87], [88]. Generally the authors report variation in the behaviour of the thin film 

compared to that of the bulk. For example, a Ru-btc MOF thin film has been reported as 

sensitizer to harvest solar radiation in photovoltaic devices. The film was prepared on an 

amine functionalized glass slide by alternately dipping it in 10 mM RuCl3 in CH3COOH 

aqueous solution and in 10 mM H3btc in CH3COOH aqueous solution, while XRD analysis 

showed similar patterns for the bulk crystals and the thin film [92]. In a similar manner, 

Otsubo et al. reported on the fabrication of a Fe(py)[Pt(CN)4] (where py = pyridine) thin 

film, built on a gold substrate functionalized with a  4-mercaptopyridine SAM by 

successively immersing it in ethanolic solutions of Fe(BF4)2·6H2O, [(C4H9)4N]2Pt(CN)4, and 

pyridine , with perfectly controlled orientation and high crystallinity [93]. Later studies on 

the same Fe(py)[Pt(CN)4] thin film revealed different sorption properties than the bulk 

crystals of the same MOF. The authors of the study reported that the film exhibited 

selective guest uptake in contrast to the bulk crystals [94]. Other MOF thin films have 

been also reported for the selective adsorption of volatile organic compounds, such as 

the [Cu2(ndc)2(dabco)] thin film. Liu et al. reported two different films, one fabricated on 

a pyridine SAM and the other on a carboxylate-terminated SAM, which led to different 

orientation of the film. The adsorption of benzene, toluene and xylene into the film was 

tested and it was found that the orientation played a significant role to the selectivity and 

kinetics [95]. 

 The above examples suggest that MOF thin films can be used for adsorption 

purposes, while their selectivity can be directly controlled. While many studies have 

considered the ion exchange properties of bulk MOFs, no work has focused on this aspect 

for thin film MOFs. This project aims to address that gap by focusing on the interaction of 
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the pertechnetate ion and a thin film of the previously mentioned Ag(4,4-

bipyridine)NO3 MOF, coated on the gold surface of the QCM. 

 

1.6.2.3 Hydrogels 

 

 Hydrogels are crosslinked polymers, usually made of acrylamide monomers, which 

consist of a 3D insoluble network. They are highly hydrophilic and have high density 

capacity due to their flexible matrix structure. Hydrogel thin films on QCM have been 

reported in previous works. Sadman et al. reported that a copolymer consisting of 

Nisopropylacrylamide and 2-(N-ethylperfluorooctanesulfonamido)ethyl acrylate was 

coated on a QCM via spin coating, where the thickness of the film was controlled by the 

angular speed and time of the spin coating [96]. 

 

  

1.6.2.4 Molecularly imprinted polymers 

 

 Molecularly imprinted polymers (MIPs) are synthetic receptors that have built-in 

selective recognition cavities that mimic the properties of natural antibodies. MIPs are 

synthesized via a polymerization reaction which takes place in the presence of the target 

analyte, which serves as a template. The monomers surround the target analyte though 

weak interactions with its functional groups and polymerize around it, thus producing a 

3D structure around the template analyte. After the analyte is eluted from the matrix, 

recognition cavities are left within the structure that reflect the shape and the positions 

of the functional groups of the analyte. Consequently, the MIP can selectively immobilize 

the target molecule though weak interactions in the recognition cavities [97]. 

 QCM crystals can be functionalized with MIPs either by synthesizing them 

separately as nanoparticles and immobilizing on the electrode, or by directly forming the 

polymer on the sensor via electropolymerisation. The second approach is usually 

preferred because it creates homogeneous thin films on the QCM surface which 

minimizes the swelling effect of the layer [98]. 
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1.6.2.5 Graphene 

 

 Graphene is a 2D material which consists of sp2-hybridized carbon atoms arranged 

in a planar hexagonal lattice and has a thickness less than 1 nm [99]. It is commonly 

synthesized though chemical vapor deposition, a technique used to deposit solid material 

on a substrate via a heating and a cooling process. During the heating process, the 

substrate, which is usually a transition metal, such as Cu, is exposed to a hydrocarbon 

precursor. The carbon radicals produced by the hydrocarbon decomposition diffuse on 

the metal surface and then form graphene during the cooling process [100]. QCM crystals 

can be coated with graphene through a transfer process by using polymethyl 

methacrylate (PMMA) as a supporting membrane. Typically, graphene grown on a Cu 

substrate is coated with PMMA and immersed in FeCl3 aqueous solution in order to etch 

the Cu substrate away. Once removed from the substrate, the PMMA-supported 

graphene is then transferred onto the QCM and the PMMA is removed with acetone 

washes [101]. 

 The oxidized form of graphene, graphene oxide (GO), is not uniformly planar and 

contains functional groups such as carboxyl, epoxy and hydroxyl on the edge of the carbon 

sheets. It is commonly synthesized by oxidizing graphite powder and exfoliating GO in the 

liquid phase. QCM crystals are then functionalized with GO via spray coating, spin coating 

or drop casting  [102]. 

 

1.6.2.6 Calixarenes 

 

  Calixarenes are macrocyclic compounds bearing multiple aromatic rings. Their 

structure forms a cavity that can host guest molecules, such as different organic 

compounds and metal ions. The selectivity can be tuned by the number of aryl fragments 

and the presence of different functional groups in the rings, since they affect the shape 

and size of the cavity. In Figure 1-15, the general structure of calixarenes is shown. They 
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are usually coated on the QCM via dip coating or thermal evaporation in vacuum [103], 

[104].  

                                                                      

Figure 1-15. Typical structure of calix(n)arenes, where n is usually 4 and higher [103]. 

 

 

 

1.6.2.7 Metal oxides 

 

 Metal oxides are robust materials, resistant to physical and chemical deformation 

effects, but very sensitive to any physicochemical changes in the environment, and thus 

have been used in many applications such as gas sensing, solar cells, thin film transistors 

and anti-corrosion coating [105]. Several transition metal oxide films have been coated 

on QCM surfaces, such as TiO2, MoO3, ZnO, WO3 or CeO2, either through wet chemistry, 

electrodeposition or pulsed layer deposition [105], [106]. 

 

1.6.3 QCM based sensors 

 

 The QCM can be transformed into one of the most efficient sensing devices thanks 

to its real time rapid response and low cost. All aforementioned coating materials have 

been reported on the development of QCM-based sensors for the detection of numerous 

analytes, such as volatile organic compound, gases, heavy metals, anions, or even 

biological molecules. Thus, the capabilities of the QCM based sensors will be reviewed in 

this section. 
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1.6.3.1  Detection of volatile organic compounds (VOCs) 

 

 Volatile organic compounds (VOCs) are organic compounds that evaporate under 

normal conditions, and include light hydrocarbons, alcohols, ethers, esters, halocarbons 

etc. They are of great concern due to their high toxicity and links to global warming. 

Traditionally, gas chromatography and mass spectrometry are the most commonly 

employed techniques for the detection and quantification of VOCs. However, those 

techniques require expensive equipment and are time consuming. For this reason, the 

detection of VOCs is a significant focus of QCM-based sensors [103], [107]. A selected 

number of examples are reviewed below. 

  A QCM sensor coated with a MIP consisting of styrene, methacrylic acid and 

ethylene glycol has been reported for the detection of formaldehyde, with a detection 

limit as low as 500 ppb [108]. The authors recorded frequency drops that were 

proportional to the concentration of the formaldehyde exposed to the coated QCM, as it 

is shown in Figure 1-16. 

 

                             

Figure 1-16. Response of a QCM coated with a MIP in the presence of different vapor 

concentrations of formaldehyde, taken from [108].  
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 In another study, a calix[4]arene modified QCM sensor was reported for the 

detection of benzene, chloroform, ethyl acetate, hexane, methyl chloride and toluene in 

aqueous media. The authors used modeling with Langmuir and Freundlich isotherms to 

show that this sensor had higher affinity towards toluene, with a detection limit of as low 

as 5 ppm [109]. 

 MOF thin films have also been applied for the detection of VOCs. For example, 

Huang et al. developed a QCM sensor coated with a MIL-101(Cr) (C24O15FCr3.O) thin film 

for the effective adsorption of methanol, n-hexane, butanone, toluene, n-butylamine and 

dichloromethane. In this study, it was found that the MIL-101 has high affinity for VOCs 

containing heteroatoms or aromatic rings and that the metal sites are important for the 

adsorption ability of the MOF [110].  

 Quang et al. designed a graphene-coated QCM sensor which showed good 

reproducibility and reversibility with fast recovery time for the detection of butanol, 

acetone, isopropanol and ethanol. The authors found that the sensor had the highest 

affinity towards ethanol, with a sensitivity of about 4.5 ppm per 1 Hz [111]. 

 

1.6.3.2 Detection of gases 

 

 Several QCM based sensors have been developed for the detection of hazardous 

gases. Qi et al. modified a GO coated-QCM with nanoparticles of SnO2 and silver to 

develop a sensor for the detection of low concentration of NO2. The authors reported the 

detection of 2.05 mg/m3 of NO2, indicating that surface modifications of GO can lead to 

an enhanced sensitivity[112]. 

 A highly selective and reproducible QCM sensor based on metal oxide ZnO 

nanorods has been reported for the detection of NH3. The ZnO nanorods were vertically 

aligned and grown directly on the QCM with a diameter of 100 nm and height of 3 μm, 

while the sensor was proved to be selective towards NH3 over CO, NO2 and CO2 [113], as 

shown in Figure 1-17, with a sensitivity of about 9 Hz per 50 ppm. 
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Figure 1-17. Comparison of the frequency change for the ZnO coated QCM sensor when 

exposed to different gases, taken from [113] 

 

    Monitoring the concentration of CO2 is also very important for air quality and early 

fire detection and QCM sensors targeting CO2 have been developed. For example, 

Muraoka et al. fabricated a CO2 sensor by coating acrylonitrite-styrene copolymer 

membrane onto a QCM, which was selective to CO2 over O2 and Ar [114].   In a later study, 

Devkota et al. coated a ZIF-8 thin film, which is a MOF composed of zinc ions and 2-

methylimidazole organic linkers, on the surface of a QCM by LbL assembly and were able 

to reversibly detect CO2. It was found that the response was linearly proportional to the 

concentration of CO2, with a maximum frequency shift of approximately 217 Hz in 100 

vol-% CO2 [115]. 

 

1.6.3.3 Detection of heavy metals 

 

 Excessive concentration of heavy metal ions such as Cr2+, Cu2+, Hg2+ or Pb2+ in 

aquatic ecosystems can be extremely harmful to human health and the environment due 

to their accumulation overtime in living organisms. Hence, QCM sensors have been 

developed for their rapid detection. A few examples are reviewed below. 

 Cao et al. reported on a N-vinylimidazole and 2-mercaptobenzothiazole 

copolymer film with was coated on a QCM electrode by spin-coating. The copolymer 
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contains many nitrogen and sulfur sites which act as electron donors and can form 

complexes with heavy metal ions. This QCM sensor was able to detect many ions in 

aqueous solutions such as Co2+, Cd2+, Ni2+, Zn2+ and Pb2+, however it exhibited higher 

selectivity and stability towards Cu2+. The detection limit was reported as low as 10 ppm, 

which resulted in a frequency shift of 3 Hz [116]. 

 In another study, Sartore et al. reported on a 2,2-Bis(acrylamido)acetic acid polymer 

coated QCM sensor, where the monomers were polymerized in-situ on a QCM modified 

with a cystamine SAM. In this way, the film was chemically attached to the surface of the 

QCM, thus increasing the reliability of the sensor. The authors evaluated the performance 

of the QCM sensor by monitoring the frequency changes induced by the presence of Cu2+, 

Pb2+, Cr3+ and Cd2+ in aqueous media [117]. They also showed that the film could be 

regenerated after it was eluted with HCl solution, as showed in Figure 1-18, where a 

gradual frequency decrease was observed due to adsorption of Pb2+ in the polymer film 

and then a steep frequency increase due to desorption of Pb2+ from the film as a result of 

the elution with HCl solution [117]. 

 

                           

Figure 1-18. Response of the coated QCM over time (1) QCM in equilibrium with natural 
water flow (0.4 ml/min); (2) Frequency decreases due to flowing Pb2+ solution 0.363 

mg/L for 20 h; (3) Regeneration by 100 μl HCl solution 0.1 M, taken from [117]. 
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 A QCM sensor coated with a thiol functionalized SBA-15 mesoporous silica for the 

selective detection of Hg2+ in water has also been reported. The sensor showed a linear 

relationship between the concentration of Hg2+ and the frequency shift, while the 

frequency response was found to be about 175 Hz per 1 ppm and the response time as 

short as 1 minute [118]. 

 

1.6.3.4 Detection of anions 

 

 Although QCM sensors have not been commonly applied for anion sensing, a few 

examples of this have been reported. Eun et al. have reported on the development of a 

QCM sensor for the detection of sulfate anions. The sensor was based on barium sulfate 

crystals, which were grown on a SAM of phosphorylated 11-mercapto-1-undecanol. The 

response of the modified QCM increased with increasing sulfate ion concentrations in the 

sample solutions ranging from 6.8 x 10-5 to 4.5 x 10-3
 mol L-1 due to the adsorption of the 

ions in the solution/solid interface. The authors found that the sensor was selective to 

SO4
2- over other anions such as NO3

-, I-, Br- and SCN- [119]. 

 In a later study, Erbahar et al. coated a QCM with a cobalt corrinoid complex via 

spray coating on a 1-dodecanthiol SAM and were able to selectively detect cyanide 

anions. The experiments were conducted with aqueous NaCN samples in increasing 

concentration between the range 4-80 μM. The detection limit was reported as low as 1 

μM while the sensitivity to other anions like chloride was at least one order of magnitude 

lower [120].  

 

1.6.3.5 Detection of biomolecules 

 

 A QCM sensor coated with a MIP has been reported for the determination of 

albumin concentration in human serum, in which albumin was imprinted in a 3-

dimethylaminopropyl methacrylamideacrylate film. The developed sensor had a linear 

response in a range from 60 to 150 ppm of albumin, while the values obtained by MIP-
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QCM and clinical assay were 4.80 g/dL and 4.60 g/dL, respectively, which showed good 

correlation [121]. 

 Another MIP-coated QCM sensor has been reported for the real-time detection of 

insulin in aqueous solutions and artificial plasma. Insulin was imprinted in a 

poly(hydroxyethyl methacrylate)-N-methacryloyl-(L)-histidine methyl ester based film, 

which was synthesized by UV polymerization and characterized with ellipsometry, FT-IR 

and AFM. The detection limit was found to be as low as 0.00158 ng/mL, while the results 

were well fitted with the Langmuir adsorption isotherm [122]. 

 Luo et al. reported on a QCM biosensor that was designed to detect the 

recombinant human interferon-β protein. The surface of the QCM was coated with an 

ethane-dithiol SAM, upon which an antisense peptide AS-1 was immobilized, which 

possessed a sequence corresponding to the N-terminal fragment of the interferon-β 

protein. The coated QCM was mounted in a flow-through system and 100 μL of solutions 

containing the protein in various concentrations were injected into the fluid system, while 

the sensor was regenerated by glycine-HCl injections [123]. 

 

1.7  Viability of a real-time QCM sensor 

 

As it was discussed in the previous sections, QCM sensors have been applied in 

many ways for the detection of various analytes. However, the sensors were applied in a 

controlled laboratory environment in all the cases found in literature, due to nature of 

the QCM, which is very sensitive in changes in temperature and to external forces, such 

as minor changes in liquid flow or vibrations, limiting its use in an open environment and 

especially in the field. Thus, the candidate QCM sensors proposed in this work are not 

meant to completely replace the existing detection methods, but to be applied as an 

assisting means for faster detection. A possible way is the following. A QCM sensor can 

be used in a laboratory on site for the fast monitoring of samples collected on site. If TcO4
- 

is detected, then the corresponding samples can be sent out of site for proper 

determination with the traditional methods, hence reducing the number of samples to 
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be tested. Thus, the use of QCM as preliminary monitoring technique would be 

advantageous, as it is a small device that does not take up a lot of bench space and the 

development a QCM sensor would not cost more than a few hundred dollars. 

 

1.8   ReO4
- as a surrogate for TcO4

- 

 

 The radiotoxicity of technetium means that direct study of TcO4
- has been limited 

and is generally approached though the study of its chemical analogue, Rhenium. [124]. 

Tc and Re exhibit [Kr]4d55s2 and [Xe]4f145d56s2 electronic configurations, respectively, 

with the seven outer electrons making possible valence states between 0 and +7 for both 

elements. As with Tc, the solubility of Re is also dependent on its oxidation state and the 

chemical environment, with most stable states being +4 and +7. The Eh-pH diagrams for 

both Tc and Re are presented in Figure 1-19, and show that, under oxidizing conditions 

Re(VII) is stable, with the dominant species being ReO4
-, the isostructural form of the 

Tc(VII) species [125]. 

 

          

Figure 1-19. Eh-pH diagrams for A) Tc and B) Re. It should be noted that the stability region 

of TcO2 is much larger than that of ReO2, while there is no stability field for Tc(III). However, 

the stability fields for TcO4
- and ReO4

- are almost identical. The shaded areas represent the 

conditions in waste environment [125]. 
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 Perrhenate ion, having similar size, geometry and chemical properties with 

pertechnetate, has been used as its chemical surrogate [126], [127]. A comparison 

between the properties of the two anions can be seen in Table 1.3. Both have tetrahedral 

geometry and similar M-O bond lengths (1.71 A for Tc-O and 1.72-1.73 for Re-O). Also, 

their charge/volume ratio is identical and they both have low hydration energy (-330 kJ 

mol-1 for ReO4
- and -251 kJ mmol-1 for TcO4

-). Consequently, it should be expected that 

the binding behavior with receptors containing positively charged binding sites will be 

similar for ReO4
- and TcO4

- [126]. 

 

 

               

Table 1.3.Characteristic properties of ReO4
- and TcO4

- [126]. 

 

  

 The perrhenate ion has extensively been used as a surrogate for the pertechnetate 

ion or studies alongside it in detection or separation experiments that have showed 

similar selectivity trends of pertechnetate and perrhenate over other anions [80], [124], 

[126]–[131]. For example, the removal of ReO4
- and TcO4

- from aqueous solution using a 

polyethylenimine-epichlorohydrin resin with similar sorption coefficients in a wide range 

of pH and in the presence of background electrolyte has been reported [127]. Moreover, 

the extraction of both anions with azacryptands, where 1:1 complexes were formed, with 

a maximum extractability of 82% for TcO4
- and 76% for ReO4

- has also been reported 
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[128]. Therefore, for the reasons explained above, the experiments that will be presented 

in the next chapters, will be targeting the detection of ReO4
-. 

 

 

 

1.9  Summary  

 

 In summary, nuclear reprocessing sites such as Sellafield Ltd have a statutory 

requirement to monitor the radionuclide concentration in the groundwater on their site. 

Technetium-99 is a contaminant of significant importance, since it forms the extremely 

water mobile TcO4
-. Its lack of natural occurrence means that early detection of Tc is 

crucial because it can help identify leaks of radioactive contaminants into the 

environment. However, the current methods of determination of Tc in environmental 

samples, both radiometric and mass spectroscopic, are time consuming and require 

expensive equipment. In addition, because of its low concentration in environmental 

samples, Tc must be first isolated form other matrix components that could interfere in 

the measurement, such as other β-emitters or isobaric nuclei like Ru. 

 The purpose of this work is to develop a novel, real-time sensor for Tc based on a 

Quartz Crystal Microbalance, which can detect small changes of mass on its surface. QCM 

sensors can be coated with a range of materials selective to specific analytes and detect 

them in many different environments and in very low concentrations. This suggests that 

a QCM sensor could decrease the number of steps of Tc determination in environmental 

samples. Thus, in the following chapters, the development of a QCM sensor modified with 

Tc-selective materials will be presented. More specifically, the synthesis of  TREN-

derivative ligand is described in Chapter 3, work with  TEVA resin and the synthesis of a 

ligand based on its active compound, Aliquat-336, is presented in Chapter 4 and the 

synthesis of Ag-4,4’-bipyridine MOF and its thin film is described in Chapter 5. These 

materials were coated on the QCM surface and their adsorptive behaviour and selectivity 

was evaluated by exposing the modified QCM to ReO4
-, the non-radioactive chemical 
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surrogate of TcO4
-, and other common interferences present in groundwater, while the 

adsorption data was modelled with adsorption isotherms, such as Langmuir, Freundlich 

and Sips in Chapter 6. Furthermore, part of the work described in Chapters 5 and 6 has 

been reported in the Journal of Electrochemical Society [132]. In the next chapter, the 

materials, methods and equipment used in the following experiments will be presented. 
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2 Materials and methods 
 

 

2.1  QCM crystals and equipment 

 

 The QCM crystals used in this study were supplied by Quartz Pro AB (Jarfalla, 

Sweden). The crystals had a resonant frequency of 5 MHz, 14 mm diameter and were AT 

cut. A titanium adhesion layer is used to bind the gold to the quartz. A diagram of both 

faces of the crystal is shown in Figure 2-1. The front big gold electrode wraps around the 

quartz and extends to an arch on the back side of the crystal, though which the crystal is 

connected to the QCM holder. 

 

                       
Figure 2-1. Diagram of the front electrode (left-hand side) and the back electrode (right-

hand side) of the gold plated QCM crystals used in this work. 

 

 

 The QSH-dip sensor holder was provided by Microvacuum Ltd (Budapest, 

Hungary) and is shown in Figure 2-2. Through this holder, the modified front electrode of 

the QCM is only exposed to the solution containing the analytes. The holder is then 

connected to a Maxtek RQCM system, provided by Testbourne Ltd (Basingstoke, 

England), connected to a Personal computer running Maxtek RQCM 2.0 software, though 

which the chronomassograms were recorded. 
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Figure 2-2. The Microvaccum Ltd QSH-dip sensor holder. 

 

 

2.1.1 QCM calibration 

 

 The QCM system must be calibrated in order to determine the mass sensitivity 

factor. This was done by carrying out concurrent cyclic voltammetry and voltamassogram 

experiments using a 3-electrode cell, where a calomel electrode served as the reference 

electrode, a platinum wire served as the counter electrode and the front face of the QCM 

served as the working electrode. The electrolyte was a 10 mmol L -1 Cu2SO4 in a 0.5 mol L-

1 H2SO4 aqueous solution. The cell configuration is shown in Figure 2-3. This experiment 

allowed to corelate the change in frequency with the change in mass on the QCM surface. 

This was achieved by reducing and depositing metallic Cu on the QCM and then removing 

it by oxidizing it back to Cu2+, while at the same time monitoring the change in frequency. 

In this way, the mass of Cu deposited and then removed from the QCM was calculated 

electrochemically by the current passed through the system and was then related to the 

change in frequency. 
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Figure 2-3. QCM calibration through a three electrode cyclic voltammetry configuration. 

QCM is the working electrode, a calomel electrode is the reference electrode and a 

platinum wire is the counter electrode, while the cell is filled with 10 mmol L -1 Cu2SO4 in a 

0.5 mol L-1 H2SO4 aqueous solution. 

 

 

 The voltage window was scanned from 0.5 V down to -0.5 V and then back up to 

0.5 V at a scan rate of 50 mV/s and a step size of 2 mV. The cyclic voltammogram produced 

is presented alongside the change in frequency of the QCM in Figure 2-4. The negative-

going portion of the scan shows a reduction peak at -0.4 V with a simultaneous frequency 

drop, indicating that Cu is being deposited on the QCM, through the half-reaction: 

 

Cu2+ + 2e- → Cu 

 

the positive-going portion of the scan shows a sharp oxidation peak at about 0.15 V with 

a simultaneous frequency increase, indicating Cu is removed from the QCM back to the 

solution through the half-reaction: 

 

Cu → Cu2+ + 2e- 
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Figure 2-4. Cyclic voltammogram (shown in black line) with the change in frequency of 

the QCM (shown in red line). The arrows indicate the direction of the cycle. Starting from 

0.5 V and scanning down to -0.5 V, there is a reduction peak at -0.4 V and a 

simultaneous frequency drop, indicating Cu is being deposited on the QCM. Then 

scanning back to 0.5 V, there is a sharp oxidation peak at about 0.15 V and a 

simultaneous frequency increase, indicating mass loss. 

 

 

 The current and the change in frequency can be plotted against time, as shown in 

Figure 2-5. In this way, the alignment of the current and the frequency is even more 

obvious. The yellow area in the diagram contains the oxidation peak and the frequency 

increase at the same time because of the removal of metallic Cu from the QCM. By 

integrating the grey area below the peak, the total charge passed though the electrode is 

obtained and thus the total mass of the metallic Cu that was oxidized can be obtain 

through Faraday’s law of electrolysis [133]: 
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Figure 2-5. The current of the cyclic voltammetry (black line) and the change in frequency 

(red line) plotted against time. The yellow area marks the oxidation peak through which 

the total charge can be obtained. 

 

 

Δ𝑚 =
𝑄𝑀

𝐹𝑛
=

0.01023 𝐶 ∗ 63.546
𝑔

𝑚𝑜𝑙

96485.33289
𝐶

𝑚𝑜𝑙
∗ 2

= 3.369 μg 

 

 

where Q is the total charge that passed through the electrode, M is the molar mass of Cu, 

F is the Faraday constant and n is the number of electrons in the semi-reaction. Hence, 

the mass sensitivity factor can now be obtained through Sauerbrey’s equation: 

 

𝐶𝑓 = −
Δf

Δm
∗ 𝐴𝑒 =

203 Hz

3.396 𝜇𝑔
 ∗ 0.950 𝑐𝑚2 = 56.81

𝐻𝑧 𝑐𝑚2

𝜇𝑔
 

 

 

Δf 

current 
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where Δf is the frequency change during the oxidation, marked by the yellow area in 

Figure 2-5, Δm is the mass obtained by Faraday’s law of electrolysis and Ae is the 

electroactive area of the QCM, which is the exposed part of the front electrode of the 

QCM, defined by the surface area of the O-ring. The value obtained through the 

calibration experiments is in very good agreement with that given by the manufacturer, 

which is 56.6 Hz cm2 μg-1. This indicates that our QCM system operates according to it 

designed specifications and is ready to progress with the experiments, with no need of 

further calibration. All analysis presented in the later chapters was conducted with the 

experimental mass sensitivity factor Cf = 56.81 Hz cm2 μg-1. 

 

2.2  Reagents 

 

 All the chemicals used in this work were of analytical grade or higher and 

purchased by different suppliers. All the reagents used in the organic synthesis processes 

described in sections 3.1.1 and 4.2.1 were supplied by TCI Chemicals (Tokyo, Japan). The 

chemicals used in the preparation of the hydrogel described in section 4.1.1 were 

supplied by Fisher Scientific (Hampton, New Hampshire, USA). The reagents used for the 

preparation of the MOF bulk crystals and thin film described in sections 5.1 and 5.3.1 were 

purchased by Sigma-Aldrich (St Louis, Missouri, USA). The chemicals used as analytes in 

the adsorption experiments described through sections 5.3.2 - 5.3.5 were supplied by Alfa 

Aesar (Haverhill, Massachusetts, USA). All solutions were freshly prepared, aqueous 

solutions were prepared in deionised water produced in a direct-Q UV water deionization 

system (Millipore, MA, USA) with a resistivity of 18MΩ cm−1. Nitrogen was generated in 

house from a nitrogen extraction plant (L60-10, AMSystems, Livingston, UK). 

 

2.3  Characterisation techniques 

 

2.3.1 X-ray diffraction (XRD) 
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 In X-Ray Diffraction, samples are irradiated with X-rays which are then 

diffracted/reflected back by planes of atoms within the crystalline lattice of the sample. 

The reflected/diffracted X-rays are then detected. The resultant diffraction pattern 

provides information relating to the arrangements of the atoms in the unit cell , including 

the distance between planes of atoms within the crystalline lattice. This is referred to as 

the d-spacing (d), and can be calculated from fixed and measured experimental 

parameters by employing Bragg’s law [134] 

 

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃     

 

Where λ is the wavelength of the irradiating X-ray (a constant value of 0.1542 nm for the 

experiments discussed here), Ɵ is the scattering angle in degrees or angle at which a 

diffracted reflection of X-rays is observed from the sample (Ɵ being measured relative to 

the direction of the incident X-ray beam) and n is an integer representing the order of the 

diffraction peak. 

 The X-ray diffraction patterns presented in section 5.3.1 were recorded using an 

Agilent SuperNova diffractometer (Agilent Technologies, Santa Clara, California, USA) at 

an irradiation wavelength of 0.154 nm and at room temperature. 

 

2.3.2 SEM/EDX 

 

 Scanning Electron Microscopy (SEM) is used to image the topology of a sample on 

micrometer scale by scanning the surface with a focused electron beam. In the most 

commonly used mode of operation, secondary electrons emitted by atoms excited by the 

primary electron beam are detected using a secondary electron detector [135].   

 The SEM technique usually offers the possibility of mapping the elemental 

composition of the studied surface using energy dispersive X-ray spectroscopy (EDX). 

Linked to SEM, this is a technique that identifies and quantifies elements present in the 

sample simultaneously with the acquisition of a SEM image of the sample surface. Its 

https://en.wikipedia.org/wiki/Secondary_electrons
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operation is based on the fundamental principle that each element has a unique 

electronic structure, which allows the emission of characteristic X-rays. To stimulate this 

emission, a beam of electrons is focused onto the sample exciting an electron in an inner 

shell, creating an electron hole. This hole is then filled with an electron from an outer 

shell, emitting an X-ray to cover the energy difference. EDX has a typical analysis depth of 

1-3 μm [135]. 

 Scanning Electron Microscopy of the samples, coupled with Energy Dispersive X-

ray spectroscopy (EDX) presented also in section 5.3.1 was carried out using a JEOL 6010-

LV (JEOL (UK) Ltd., Herts, UK) scanning electron microscope (SEM). The examinations 

were performed at 20 keV using compositional backscatter imaging (BEC) in low vacuum 

mode, with an instrument resolution ∼5 nm. 

 

2.3.3 Nuclear Magnetic Resonance (NMR) 

 

 Nuclear Magnetic Resonnance is most commonly used to charasterise the 

chemical structure of organic molecules. Its operation is based on the interaction of the 

nuclei of certain isotopes with a static magnetic field. This magnetic field makes the 

possible spin states of the nucleus differ in energy and can create observable transitions 

between the spin states. The utility of NMR relies on the fact that chemically distinct 

nuclei differ in resonance frequency in the same magnetic field. This phenomenon is 

known as the chemical shift. In addition, the resonance frequencies are affected by 

neighboring NMR active nuclei, depending on the bonding electrons that connect the 

nuclei. This is known as spin-spin coupling, which allows the identification of connections 

between atoms on a molecule, through the bonds that connect them. Combined with 

quantitative information acquired by integrating the peak intensities, the molecular 

structure of the sample can be identified. Most common NMR active nuclei in organic 

chemistry are 1H and 13C. In solution state NMR, which is the most common mode, the 

sample is dissolve is a deuterated organic solvent [136]. 
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 The 1H and 13C NMR experiments presented in sections 3.1.1 and 4.2.1 were 

carried out using a Bruker AVANCE III 400 (Bruker Corporation, Coventry, UK). 

 

2.3.4 Infrared spectroscopy (IR) 

  

 Infrared spectroscopy is used to identify functional groups of molecules through 

the interaction of infrared radiation with a sample, by measuring reflection, emission and 

absorption. IR spectroscopy works on the principle that molecules absorb specific 

frequencies that are characteristic of their structure. At temperatures above absolute 

zero, all the atoms in molecules are in continuous vibration with respect to each other. 

The IR spectra indicates what types of vibrational modes the molecule responds with after 

it absorbs that light, while the size and shape of every peak in the spectrum corresponds 

to a specific motion of a specific chemical bond. 

  IR analysis presented in sections 3.1.1 and 4.2.1 was carried out using a Cary 630 

FTIR Spectrometer (Agilent Technologies Ltd, Santa Clara, California, USA) 

 

2.3.5 Mass spectrometry (MS) 

 

 The basic principle of MS is to generate ions from either inorganic or organic 

compounds by any suitable method, to separate these ions by their mass-to-charge 

ratio (m/z) and to detect them qualitatively and quantitatively by their respective m/z, 

abundance and the time required to travel the length of the flight tube. In the Matrix 

Assisted Laser Desorption Ionization (MALDI) methodology used in this work, the sample 

is ionized in an automated mode with a laser beam. 

 MS analysis presented in sections 3.1.1 and 4.2.1 was caried out with a Shimadzu 

Axima iDplus Performance MALDI-TOF mass spectrometer (Shimadzu Scientific 

Instruments, Kyoto, Japan). 
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3 Preparation of tris(2-aminoethyl)amine (TREN) functionalised QCM 
 

 

 Ligands based on tri(2-aminoethyl)amine (TREN) that can effectively bind and 

extract from solution the pertechnetate and perrhenate anions have been reported in the 

literature. The tripodal tris(amido benzo-15-crown-5) ligand, shown in Figure 3-1a, 

contains a tripodal tetrahedral amide hydrogen bond donor anion recognition site in 

combination with crown ether cation binding moieties. The binding of alkali metal cations 

by the crown ethers allows for a favourable cation-anion electrostatic interaction to 

augment the neutral amide N-H hydrogen bond donating to the tetrahedral anion. The 

authors demonstrated binding and extraction of TcO4
- with Na+ in the presence of excess 

chloride under conditions which mimic aqueous nuclear waste streams. [70]. More 

recently, the azacryptand ligand LH6
6+  shown in Figure 3-1b, can provide a powerful tool 

for the selective capture of TcO4
-. In this ligand, the binding occurs in acidic environment 

(pH = 2) when the 6 amine groups are protonated, leading to an overall positive charge 

of +6. So, pertechnetate is selectively bound by electrostatically augmented hydrogen 

bonds in comparison to other potentially interfering anions such as nitrate and chloride. 

[137]. 

 

 

              

Figure 3-1. a) the tripodal tris(amido benzo-15-crown-5) ligand L1 [70] and b) the azacryptand ligand LH6
6+ 

[137]. 
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 Both aforementioned ligands have been synthesized from tris(2-

aminoethyl)amine or TREN, which constitutes the active group with which the perrhenate 

and pertechnetate anions interact. In a similar concept, the synthesis of a novel TREN 

ligand derivative, shown in Figure 3-2, that can be attached on the gold surface of the 

QCM, in the form of a self-assembled monolayer (SAM), will be presented in this chapter. 

The attachment of the ligand onto the QCM is designed to occur by reaction of the 

disulfide with the Au surface, while the detection of pertechnetate and perrhenate anions 

will occur by binding of the anions at the TREN functional group, which will be exposed in 

the solution. 

 

                                  

Figure 3-2. Structure of the novel TREN ligand 

 

 

With this structure, the three amines can be protonated in acidic environment, thus 

creating a higher positive charge in the active group that could lead to stronger 

electrostatic bonds with the pertechnetate anion. The synthesis of the ligand will be 

presented in detail in the next section. 

 

 

3.1  Synthesis and characterisation of the ligand 

 

 For the synthesis of the novel TREN ligand derivative, a synthetic route consisting 

of 6 steps was designed, as shown in Figure 3-3. The basic commercially available 
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materials of this synthetic route are TREN and thioctic acid. These were connected though 

the formation of amides. To achieve the necessary regioselectivity in Steps 2 and 5, the 

primary amines of TREN must be masked by use of the Boc protecting group. In this way, 

only the tertiary nitrogen of TREN is free to react in Step 2 to yield the quaternary 

ammonium. The Boc protection process of TREN, which yielded compound 1, was 

straightforward with relatively high yield (84%) and has been reported before [138].  

 The alkylation process, which yielded compound 2, was a quite slow reaction and 

an accurate calculation of the yield is impossible since the counter anion of the quaternary 

amine is not known, as it will be explained in the experimental section, however an 

estimation would fall between 40% - 55% yield. Then, the hydrolysis of compound 2, 

which yielded compound 3, was also a fast reaction with a relatively good yield (76 %). 

While similarly structured quaternary amines to compounds 2 and 3 have been reported 

[139], [140], these are entirely novel and were fully characterised with 1H NMR, 13C NMR, 

IR and MS.  

   

 

Figure 3-3. Synthetic route of the TREN based ligand. 
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 Thiotic acid had to be first reacted with ethylenediamine, and then the resulting 

free amine (compound 4) reacted with compound 3 to form the tri-Boc-protected ligand 

(compound 5). This reaction proved to be challenging to achieve and extremely time 

consuming. Carboxylic acids, such the one produced in step 3, require activation in order 

to react with an amine. Table 3.1 shows the activating agents and the solvents that were 

used for this reaction, alongside with the yields of compound 5.  

 

 

Activating agents Solvents Yield 

Carbonyldiimidazole (CDI) anhydrous 

CH2Cl2 

0% 

N,N′-Dicyclohexylcarbodiimide/N-Hydroxysuccinimide 

(DCC/NHS) 

anhydrous 

CH2Cl2 

0% 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/ 

Hydroxybenzotriazole  (EDC/HOBt) 

anhydrous 

CH2Cl2 

0% 

SOCl2 anhydrous 

CH2Cl2 

3% 

SOCl2 anhydrous THF 15% 

Table 3.1. Activating reagents and solvents used in the reaction of step 5 of the synthetic route, alongside 

with their yields. 

 

Carbonyldiimidazole, which is a most common activating agent for this type of reaction, 

as exemplified by its use in Step 4, did not yield any product at all. Other coupling 

reagents, such as DCC in coupling with NHS and EDC in coupling with HOBt also failed to 

yield the reaction. Finally, SOCl2, which when used carefully has been shown to activate 

similar molecules which contain acidic sensitive protecting groups [141], was trailed and 

found to successfully achieve formation of compound 5. However, the yield achieved was 
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quite low (~ 15%). This may be due to low reactivity of the carboxylic acid group of 

compound 3 due to the formation of intramolecular hydrogen bonds between the O atom 

and the N-H of the Boc carbamate groups. Nevertheless, it should be noted that this is a 

novel molecule, which was fully characterized with 1H NMR, 13C NMR, IR and MS.  

          Finally, removal of the Boc protecting groups was attempted using TFA, which is the 

typical reagent for this reaction [142]. However, the 1H NMR spectrum of the product was 

not clear, possibly because of excess TFA distorting the recorded spectral data. Given the 

low yield of the previous step, there was insufficient material to record a 13C NMR 

spectrum. However, it was decided to react the material with a QCM surface, and see if a 

response could be detected upon addition of anions. The exact procedure of each 

synthetic step is presented in detail below. 

 

 

3.1.1 Experimental section 

 

 

     

 Compound 1 

    

 

 

 Tris(2-aminoethyl)amine (TREN) (4.88 g, 33,4 mmol) was dissolved in 150 mL of 

CH2Cl2. Di-tert-butyl dicarbonate (Boc2O) (3 eq, 21.8 g, 100.1 mmol), also dissolved in 150 

mL of CH2Cl2, was added dropwise into the TREN solution, resulting in the formation of a 

white precipitate. The reaction was stirred  for 2 days and cooled in 0 oC. Then, the solvent 

was removed and the  remaining white sticky solid was dissolved in 50 mL of ethyl acetate 

(EtOAc). The solution was washed 2 x 100 mL of 0.5 M NaOH (aq) and then the aqueous 

layer was diluted with brine and the product was extracted with 100 mL of  EtOAc. Finally, 

the EtOAc solution was dried with solid MgSO4 and then the solvent was removed. The 
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crude material was purified with silica gel column chromatography (96/4 CH2Cl2/CH3OH) 

to yield compound 1 (12.5 g, 84%) as a crumbly white solid. Since this is not a novel 

compound, the product was sufficiently characterized by 1H NMR, with data consistent 

with previous reports [138]. 

 

δH (400 MHz; CDCl3) 5.13 (3H, s, NH), 3.16 (2H, q, C1H), 2.53 (2H, t, C2H), 1.46 (27H, s, 

BocH)  

 

 

     

       Compound 2 

 

 

 

Compound 1 (6.0 g, 13.4 mmol) was dissolved in  40 mL of dry acetonitrile (MeCN) 

under argon atmosphere and  was cooled down to 0 oC in an ice bath. Ethyl bromoacetate 

(1.5 eq, 3.36 g, 20.1 mmol) was added dropwise in the above solution and the reaction 

was stirred overnight. Analytical TLC revealed that the reaction had not reached 

completion, so it was heated up to 80 oC and was stirred overnight again. The next day, 

quick TLC tests showed that yet again the reaction had not occurred,  NaI (2 eq, 4.02 g, 

26.8 mmol) was added in order for I- to replace Br- as a better leaving group. Finally, the 

next day TLC tests showed that the reaction had occurred and the solvent was removed. 

The crude material was purified with silica gel column chromatography (96/4 

CH2Cl2/CH3OH) which yielded two fractions, the first one 2.76 g containing a mix of the 

starting material (compound 1) and ethyl bromoacetate, and the second one 4.14 g 

containing a mix of the starting material and the product (compound 2).  The second 

fraction was purified one more time by silica gel column chromatography (98/2 
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CH2Cl2/CH3OH) which finally yielded 2.71 g of pure product, confirmed by 1H NMR, 13C 

NMR, IR and mass spectroscopy. 

 The first fraction of the first column containing the mix of compound 1 and ethyl 

bromoacetate was put to react again in MeCN solvent, under Ar atmosphere, in NaI 

presence and with an excess of ethyl bromoacetate on 70 oC for 2 days. Solvent was 

removed and the crude material was purified again two times with silica gel 

chromatography first with 96/4 CH2Cl2/CH3OH and then with 98/2 CH2Cl2/CH3OH, yielding 

a further 1.44 g of pure compound 2. 

 

δH (400 MHz; CDCl3) 5.75 (2H, s, NH), 4.69 (2H, s, C3H), 4.30 (2H, q, EtCH2), 4.05 (2H, t, 

C2H), 3.73 (2H, q, C1H), 1.45 (27H, s, BocH), 1.36 (3H, t, EtCH3) 

 

δC (100 MHz; CDCl3) 164.05, 80.60, 28.29 ( 3 Boc C environments), 156.26 (C4), 62.84 

(EtCH2), 59.80 (C2), 57.60 (C3), 35.12 (C1), 14.02 (EtCH3) 

 

vmax / cm-1 (neat)  3287 (N-H), 2976, 2935 (C-H), 1748, 1690 (C=O), 1248 (C-N), 1159 (C-O) 

 

m/z (ES)  [M]+  533.3539, C25H49N4O8 predicted 533.3545 

  

 

 

 

 Compound 3 

 

 

 

 Compound 2 (1.38g, 2.25 mmol) was dissolved in a 1/1 mix of 40 mL THF/CH3OH. 

An aqueous solution (5mL) of KOH (2 eq, 0.252 g, 4.502 mmol) was added to the above 
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solution and the reaction was stirred overnight. Then, the solution was concentrated on 

the rotary evaporator in about 7-10 mL and 50 mL of CH2Cl2 were added. The solution was 

washed 3 times with 50 mL of deionised water, in order to remove the ethanol produced 

by the hydrolysis of the ester and any inorganic salt that may had been formed. The 

aqueous layer was collected and washed 2 times with CH2Cl2. Finally, all the organic layers 

of CH2Cl2 were collected in one solution which was concentrated and dried to yield 

compound 3 (0.868 g, 76%) as an ochre crumbly solid, confirmed by 1H NMR, 13C NMR, IR 

and mass spectroscopy. 

 

δH (400 MHz; CDCl3) 6.10 (3H, s, NH), 3.92 (2H, t, C3H), 3.84 (2H, q, C2H), 1.46 (27H, s, 

BocH) 

 

 δC (100 MHz; CDCl3) 166.10, 79.95, 28.36 (3 Boc C environments), 156.29 (C4), 60.56 (C3),  

58.77 (C2), 34.68 (C1) 

 

vmax / cm-1 (neat) 3360, 3257 (N-H), 2974, 2933 (C-H), 1701, 1630 (C=O), 1246 (C-N), 1159 

(C-O) 

 

m/z (ES)  [M+H]+ 505.3236, C23H44N4O8 predicted 505.3232 

 

 

 

        

Compound 4 

 

 

 Thioctic acid (81 mg, 0.396 mmol) was dissolved in 5 mL of dry CH2Cl2 under Ar 

atmosphere and the solution was cooled to O oC using an ice bath. Then 
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carbonyldiimidazole (96 mg, 0.594 mmol) was added and the solution was stirred for 5 

min, until it was dissolved. Finally the ethylenediamine (0.26 mL, 3.96 mmol) was added 

dropwise, stirring the solution for 2 hours in room temperature. The product was washed 

with brine (20 mL) three times. The combined organic phase was dried with anhydrous 

Na2SO4 and then the solvent was removed in the rotary evaporator, yielding the final 

product as yellow oil. Due to the nature of the product, which would form a very sticky 

gel, insoluble in solvents of various polarities, such as CH2Cl2, THF, MeCN, acetone and 

hexane, the solvent could not be completely removed, so an accurate yield cannot be 

calculated for this reaction. The product was only characterized with 1H NMR, with data 

consistent with previous reports [143]. 

 

δH (400 MHz; CDCl3) 5.94 (1H, s), 3.56 (1H, q), 3.30 (2H, q), 3.15 (2H, m), 2.81 (2H, t), 2.45 

(1H, m), 2.18 (3H, q), 1.92 (1H, m), 1.68 (4H, m), 1.47 (2H, m) 

 

 

 

  

 

 Compound 5 

 

 

  

 Compound 3 (100mg, 0.198 mmol) was dissolved in 5mL dry THF under Ar inert 

atmosphere. Then triethhylamine (83 μL, 0.594 mmol) and compound 4 (80 mg, 0.321 

mmol) were added and the solution was cooled down to 0 0C. Then SOCl2 (58 μL, 0.792 

mmol) was added and the reaction was stirred overnight at room temperature. The 

solvent was removed and the crude material was purified with silica gel column 
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chromatography (90/10 DCM/MeOH) yielding compound 5 (20 mg, 15%) as a thin film in 

the walls of the flask.  

   

 

Figure 3-4. 1H NMR spectrum of compound 5, in d6-acetone. 

 

δH (400 MHz; d6-acetone) 9.58 (1H, s, CONaH), 7.95 (1H, s, CONbH), 6.78 (3H, s, NH), 4.69 

(2H, s, C10H), 3.89 (6H, t, C11H), 3.73 (6H, q, C12H), 3.65 (1H,m),  3.38 (2H, q, C9H), 3.30 (2H, 

q, C8H), 3.15 (2H, m), 2.51 (1H, m), 2.26 (2H, t), 1.94 (2H, c), 1.64 (4H, q), 1.50, 1.44 (27H, 

s, BocH) 

 

Figure 3-5. 13C NMR spectrum of compound 5, in CDCl3. 

0246810
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δC (100 MHz; CDCl3) 153.80, 80.5, 58.99 , 56.51,  58.77, 40.27 36.20, 34.78, 34.50, 28.41, 

25.28 

 

 

Figure 3-6. IR spectrum of compound 5. 

 

vmax / cm-1 (neat) 3272, (N-H), 2976, 2931 (C-H),  1686, 1507 (C=O), 1246, 1366 (C-N), 1159 

(C-O) 

 

 

 

Figure 3-7. Mass spectrometry of compound 5. 
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m/z (ES)  [M]+ 735.4159, C33H63N6O8S2 predicted 735.4143 

 

 

           Compound 6 / final product 

 

 

 

  Compound 5 (20 mg) was dissolved in 2 mL of CH2Cl2 and 0.5 mL of trifluoroacetic 

acid were added in the solution, which was stirred for 2 hours in room temperature. Then 

the solvent was removed in the rotary evaporator leaving in the flask 15 mg of material 

in the form of a very thin film. The 1H NMR was not clear, but this could be due to possible 

presence of TFA as impurity within the final product, which might form a salt with the free 

amines.  

 

 

3.2  Deployment of the ligand on the QCM 

 

 

 With the small amount of material in hand (15 mg), the deployment of the final 

product on a QCM was tested. 

 Modification of the QCM crystal was achieved by self-assembled monolayer (SAM) 

of compound 6 by exploiting the strong affinity of sulfur for gold, as previously state. The 

QCM crystal was treated with piranha solution, which is a 3:1 mixture of H2SO4 and H2O2, 

in order to remove any organic residues and impurities off its gold surface. Then, a 10 mM 

ethanolic solution of the ligand was prepared and the front side of the QCM was exposed 

to it for 24 h. This is a standard procedure for the preparation of thiol or disulfide SAMs 

on gold surfaces [144], [145]. An attempt to measure the mass of the SAM deposited on 
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the QCM failed, because the procedure is very slow and the QCM is very sensitive to minor 

changes in the environment, leading to a very noisy signal (changes include lights and air-

conditioning of the lab going on and off). 

 After the SAM was prepared, the QCM was immediately tested for the detection 

of ReO4
-. The coated QCM crystal was placed in the QCM holder and was left in a beaker 

with 50 mL of DI water to equilibrate in room temperature for a few minutes. Then 

aliquots of 0.9 mM of NaReO4 were added in the beaker, but no change in the frequency 

was observed, as shown in Figure 3-8. This means that either ReO4
- did not interacted 

with the ligand, or that any interaction was on too small a scale to be detected by the 

QCM. To understand some of the possible reasons for that, we have to go back to 

synthesis of the ligand. 

 

 

                     

Figure 3-8. Behaviour of the TREN derivative coated QCM in the presence of ReO4
-. 

Aliquots of 0.9 mM of NaReO4
- are being introduced in the solution at minute 31 and 

every 1 minute afterwards, but only an instant perturbations of ± 4 Hz due to the stirring 

are observed. 

 

 

 In the last step of the synthetic route, the fully characterised Boc-protected ligand 

was treated with excess of TFA. So, a possible explanation could be that the free amines 
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were protonated in the acidic environment and trifluoroacetate anions were present as 

counter anions, constraining the electrostatic interaction of the ligand with other anions.  

 

3.3  Conclusion 

 

 By multi-step chemical synthesis, a novel tri-Boc protected ligand was prepared 

and characterized by NMR, IR and mass spectrometry. However, the synthesis was 

difficult, and in the limited time available, only a small amount of material was prepared. 

The subsequent Boc deprotection was attempted using well-established reaction 

conditions but 1H NMR spectroscopic data did not conclusively show that deprotection 

was successful without degradation of the rest of the molecular structure. However, the 

amount was enough to produce a few SAMs and test its anion exchange capacity. Hence, 

a SAM preparation was attempted, but no detection of ReO4
- was observed. This could be 

due to issues with the quality of the final product, very small frequency deviations 

resulting from only a small number of anions being accepted within the TREN derivative 

structure caused by the presence of only a single monolayer onto the crystal, or a 

decreased affinity for the target anion as a result of the modifications made to the base 

TREN ligand.  

 For the reasons explained above, it is safe to assume that effective detection of 

ReO4
-, and consequently of TcO4

-, cannot be achieved using a SAM of the TREN ligand 

derivative. Thus, it was decided to abandon this line of enquiry and refocus the project to 

make use of other segregating materials such as Teva resin and its active group, as 

presented in the next chapter. 
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4 Preparation of TEVA resin and Aliquat-336 functionalized QCM 
 

 

 TEVA resin is probably one of the most widely used resins for TcO4
- separation 

through extraction chromatography [31], [57], [60]–[63]. As previously discussed in 

Chapter 1, the active component of the TEVA resin is an aliphatic quaternary amine called 

Aliquat 336, shown in Figure 4-1. The most commonly used procedure to determine the 

levels of TcO4
- in water is the following. First, a TEVA resin column is prepared and TcO4

- 

is separated from other interfering species through anion exchange chromatography. 

Then, technetium is desorbed by washing the column with high concentrated HNO3 

solution, the eluent is collected  and measured by using liquid scintillation spectrometry 

or ICP-MS [33], [146]. 

 

 

                                                     

Figure 4-1. The structure of the active component of TEVA resin, trialkyl 

methylammonium nitrate (or chloride) or Aliquat 336. 

 

 

  In this chapter, investigations towards a TEVA- functionalized QCM that could 

immediately detect TcO4
- in real time by the changes in mass occurring  as a result of the 

exchange of with the lighter NO3
- or Cl- as the counter anion of Aliquat 336 is reported. 
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4.1    Immobilization of TEVA resin particles on QCM within a hydrogel matrix 

  

 TEVA resin is commercially available from Eichrom Technologies LLC as a granular 

product with a particle size in the range of 20-50 μm. An effective way to tether the TEVA 

grains onto the QCM surface may be by incorporating them into a hydrogel coated onto 

the sensing area of the QCM as a film, an approach that has been attempted in the 

literature. Water can permeate through the hydrogel and facilitate contact with the TEVA 

grains, where the selective capture of TcO4
- will take place by the TEVA resin particles. 

   The hydrogel was prepared, as reported in the literature [147], [148] by the free-

radical crosslinking copolymerization of an acrylamide (AAm) monomer with N,N’-

methylenebisacrylamide (MBAAm) acting as a crosslinker, while ammonium persulfate 

(APS) and tetramethylethylenediamine (TEMED) aqueous solutions were used as redox 

initiators. However, the procedure was optimized to achieve the viscosity needed to coat 

the film on the QCM via spin coating and TEVA particles were also added in the reaction 

mixture.  

 The first step in the polymerization process is a reaction between TEMED and APS 

which generates free radicals from persulfate. The persulfate free radicals covert AAm 

monomers to free radicals which then react with other inactivated monomers to begin 

the polymerization reaction. The TEMED molecule is also left with an unpaired valence 

electrone, which is transferred to monomeric MBAAm units. The reactive MBAAm units 

are then able to create cross-links between polyacrylamide chains, thus creating a 

network rather than unconnected linear chains. More monomers or comonomers can 

therefore be activated and attached in the network in this way. A reaction scheme of the 

polymerization process is shown in Figure 4-2. 
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Figure 4-2. The polymerization process of the AAm-MBAAm hydrogel. 

  

4.1.1 Preparation of the hydrogel coating 

 

 Specifically, 400 mg of AAm/MBAAm 37.5:1 mix, 1.0 mL (NH4)2S2O4 0.06 M 

aqueous solution, 1.0 mL TEMED 0.06 M aqueous solution and 20 mg TEVA resin were 

added in 2.0 mL of DI water. Then, 20 μL of the above solution were added on the QCM, 

which was spin coated for 3 min at 6000 rpm. Finally, after the film was homogeneously 

dispersed on the surface of the QCM, the crystal was left to dry overnight at 60 oC.  As it 

can be seen in  

Figure 4-3 shows an optical microscope image of the hydrogel coating where it 

may be seen that the hydrogel is clean, free of air bubbles that could constrain the even 

absorption of water, and the TEVA grains are evenly dispersed on the surface of the QCM. 
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Figure 4-3. Optical microscope picture of the coated QCM. The hydrogel is clean of air 

bubbles and the TEVA grains are evenly distributed on the surface. The average size of 

the beads is 50-80 μm. 

 

4.1.2 QCM response 

 

 After the coating was prepared, the hydrogel-coated QCM was immediately 

tested for the detection of the non-radioactive surrogate, ReO4
-. So, the coated QCM was 

mounted on the QSH-dip sensor holder and connected to the MAXTEK RQCM system. The 

holder was immersed in 50 mL of DI water and allowed to equilibrate for 6 min prior to 

titrating and then aqueous solution of NaReO4 was titrated, increasing the concentration 

by 0.9 mM with every titrant addition at 1 min intervals. The resulting chronomassogram 

is presented in Figure 4-4. From this, it may be seen that, the behaviour of the QCM was 

rather unexpected. Immediately after it was immersed in the water, there was a very 

steep increase in the resonant frequency, which was stabilized just after just 2 min at f 

= 913 Hz. At the 6 min mark and every minute thereafter, 0.9 mM of NaReO4 were titrated 

in the solution, but no meaningful change in the frequency was observed, apart from ±  3 

Hz caused by the mixing of the solution, as may be seen in Figure 4-5. 
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Figure 4-4. Behaviour of the QCM coated with TEVA-loaded hydrogel in the water and in 

presence of NaReO4. At 6 min and every minute after, 0.9 mM of NaReO4 were titrated in 

the solution. 

 

 

                 
Figure 4-5. Zoomed-in version of Figure 4-4, between 900-920 Hz. Behaviour of the QCM 
coated with TEVA-loaded hydrogel in the water and in presence of NaReO4. At 6 min and 

every minute after, 0.9 mM of NaReO4 were titrated in the solution. 

 

 A number of competing factors must be considered when analyzing the above 

data. First, the dry hydrogel is expected to swell rapidly as a result of hydration when 
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exposed to water [149], which would lead to an increase in the mass of the layer and 

therefore a decrease in the frequency. At the same time, the layer transforms from a rigid 

film into a larger more flexible structure, leading to damping of the signal which should 

also lead to an apparent mass increase and therefore frequency decrease. This change 

will also resolve some of the stresses induced at the QCM-hydrogel interface created as 

the film was allowed to dry these are likely to be very significant as the hydrogel was 

deposited in its hydrated form and can contain up to 5.7 g water per g of dry polymer. 

This would be equivalent to a mass loss (frequency increase). The introduction of water 

into the film matrix may also lead to a kind of induced buoyancy between the hydrogel 

and the water, leading to an apparent mass decrease (frequency increase) on the QCM 

and the swelling of the film may move some of the expanded layer outside the reach of 

the sensing element resulting in an apparent mass loss.   

 It appears that the swollen hydrogel restricts anion detection in an aqueous 

solution, so it was decided not to investigate tethering of TEVA resin to a QCM any further. 

In fact, the size of the TEVA resin grains appear to be too large, having a diameter of 20-

50 μm, to sit comfortably within the sensing layer of the QCM, since any coating would 

exceed by far the maximum distance of detection from the QCM surface, which ranges 

between the upper hundreds of nm to a few μm, depending on the viscosity and density 

of the liquid media and the coating [150]. For this reason, it was decided to investigate 

the direct tethering of its active molecule, Aliquat 336, by synthesizing a derivative that 

can form a self-assembled monolayer on the gold electrode of the QCM. 

 

4.2  Synthesis of Aliquat 336 derivative 

 

 Aliquat 336 comprises of a quaternarized amine consisting of a methyl group and 

three alkyl chains of 8-10 carbons in length, as shown in Figure 4-6. In order to facilitate 

the tethering of this derivative onto the QCM in the form of a SAM, a disulfide should be 

present on the molecule, similarly to the TREN ligand described in the previous chapter 

3. The structure of the novel Aliquat 336 derivative is shown in Figure 4-6. So, in the same 
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way as in Chapter 3, attachment of the ligand onto the QCM will occur by reaction of the 

disulfide with the Au surface, while the detection of pertechnetate and perrhenate anions 

will occur by binding at the Aliquat 336 active group, which will be exposed in the solution. 

 

                                          

Figure 4-6. Structure of the novel Aliquat 336 derivative. 

 

 

 For the synthesis of the Aliquat 336 derivative, a synthetic route consisting of 4 

steps was designed, as shown in Figure 4-7. Since the methyl group of Aliquat 336 is not 

labile, direct modification of the actual the Aliquat 336 molecule is not possible. Instead,  

since the methyl group is not a removable agent, trioctylamine was used as the basic 

starting material since it replicates the three long carbon chains  of the target molecule 

and is commercially available material. As in Chapter 3 for the TREN derivative, thioctic 

acid was used as the carrier of the disulfide, and was connected to the trioctylamine 

through the formation of amides. 

 The alkylation process, which yielded compound 1, was a quite slow reaction and 

an accurate calculation of the yield is impossible since the counter anion of the quaternary 

amine is not known, as it will be explained in the experimental section, however an 

estimation would be 60% - 70% yield. The synthesis of this molecule has been reported 

before [151]. Then, the hydrolysis of compound 1, which yielded compound 2, was a fast 

reaction with a yield estimate of 80% - 90%. This molecule has also been reported [152]. 
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Figure 4-7. Synthetic route of the novel Aliquat-336 derivative. 

 

  

 Step 3 of the above synthetic route is exactly the same as step 4 of the TREN 

synthetic route discussed in Chapter 3, concerning the handling of thioctic acid. Finally, 

compound 4 was synthesized by using the same activating agents and solvents that were 

proved effective in the amide formation of the TREN derivative. This time the yield was 

slightly better (~ 25%), and compound 4, which is a novel molecule, was fully 

characterized with 1H NMR, 13C NMR, IR and MS. 
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4.2.1 Experimental section 

 

 

 

     

 

 Compound 1 

 

 

 Trioctylamine (800 mg, 2.27 mmol) was dissolved in 10 mL of MeCN under Ar 

atmosphere. Ethyl bromoacetate (1.13 g, 6.81 mmol) was added dropwise and then the 

reaction was heated to 70 oC and stirred overnight. Inspection with TLC the next day  

showed that the reaction had not occurred yet, so KI (753 mg, 4.54 mmol) was added in 

order for I- to replace Br- as a better removing agent and the solution was stirred for 

another 48 hours.  Analytical TLC showed that the reaction had occurred but also that the 

product needed to be purified. So, the solvent was removed and the crude material was 

purified with silica gel column chromatography (96/4 CH2Cl2/CH3CN) which yielded 804 

mg of compound 1 as yellow oil. It is not known if the counter anion is Br -, I- or a mix of 

both, so the actual yield cannot be calculated. The product was characterised with 1H 

NMR , IR and mass spectroscopy. 

 

δH (400 MHz; CDCl3) 4.69 (2H, s, C3H), 4.27 (2H, q, C2H), 3.63 (6H, t, C4H), 1.75 (6H, quint, 

C5H), 1.34 (3H, t, C1H), 1.26 (30H, s, C6-10H), 0.87 (9H, s, C11H) 

 

vmax / cm-1 (neat)  2924, 2856 (C-H), 1742 (C=O), 1209 (C-N), 1032 (C-O) 

 

m/z (ES)  [M]+  440.4453, C28H58NO2 predicted 440.4462 
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    Compound 2 

 

 

 Compound 1 (300 mg) was dissolved in a 1/1 mix of 30 mL THF/CH3OH. An 

aqueous solution (2 mL) of KOH (76 mg, 1.36 mmol) was added to the above solution and 

the reaction was stirred overnight. Then, the solution was concentrated in the rotary 

evaporator in about 7-10 mL and 50 mL of CH2Cl2 were added. The solution was washed 

with deionised water (3 x 50 mL), in order to remove the ethanol produced by the 

hydrolysis of the ester and any inorganic salt that may had been formed. The aqueous 

layer was collected and washed 2 times with CH2Cl2, as some of the product could have 

remained there. Finally, all the organic layers of CH2Cl2 were collected in one solution 

which was concentrated and dried to yield compound 2 (200 mg) as an amber resin, 

confirmed by 1H NMR, IR and mass spectroscopy. 

 

δH (400 MHz; CDCl3) 3.65 (2H, s, C1H), 3.50 (6H, t, C2H), 1.64 (6H, quint, C3H), 1.28 (30H, 

s, C480H), 0.90 (9H, s, C9H) 

 

vmax / cm-1 (neat)  2924, 2853 (C-H), 1638 (C=O), 1354 (C-N)  

 

m/z (ES)  [M]+  412.4142, C26H53NO2 predicted 412.4149 

 

 

 

 

 Compound 3 
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 Thioctic acid (120 mg, 0.584 mmol) and carbonyldiimidazole (190 mg, 1.16 mmol) 

were dissolved in 5 mL of dry CH2Cl2 under Ar atmosphere and cooled down to 0 oC. 

Ethylene diamine (0.39 mL, 5.84 mmol) was added dropwise into the above solution and 

the reaction was stirred at room temperature for 2 hours. Then, the solution was washed 

with brine (2 x 20 mL), in order to remove the excess of ethylene diamine, and the organic 

phase was dried with Na2SO4. Finally, the solvent was removed to yield compound 3 as a 

yellow oil. The product was only characterized with 1H NMR, with data consistent with 

previous reports [143]. 

 

 

δH (400 MHz; CDCl3) 5.93 (1H,s), 3.59 (1H, m),  3.33 (2H, q), 3.15 (2H, m), 2.86 (2H, t),  

2.48 (1H, m), 2.22 (2H, t), 1.93 (1H, m), 1.71 (4H, m), 1.51 (2H, m) 

 

 

 

 Compound 4 / final product 

 

 

 

 

 Compound 3 (115 mg, 0.467 mmol), compound 2 (120 mg, 0.292 mmol) and 

trimethylamine (0.12 mL, 0.876 mmol) were dissolved in 5 mL anhydrous tetrahydrofuran 

under Ar atmosphere and cooled down to 0 oC. Then, SOCl2 (104 mg, 0.876 mmol) was 

added dropwise and the reaction was stirred for 3 hours at room temperature. After that, 

20 mL of CH2Cl2 was then added and the solution was washed with brine ( 3 x 30 mL). The 

combined organic phases were dried with Na2SO4 and the solvent was removed in 

vacuum. The crude material was purified with silica column chromatography 98/2 
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CH2Cl2/CH3OH to yield compound 4 as amber sticky resin (45 mg, 25%). Compound 4 was 

characterized with 1H NMR, 13C NMR, IR and mass spectroscopy. 

 

 

         

Figure 4-8. 1H NMR spectrum of compound 4, in CDCl3. 

 

 

δH (400 MHz; CDCl3) 10.35 (1H,s)  8.48 (1H,s), 4.41 (4H,s), 3.65 (2H, s),   3.59 (1H, m), 3.32 

(6H, t),   3.26 (2H, q), 3.16 (2H, m), 2.50 (2H, m),  2.13 (1H, m), 1.95 (2H, t), 1.83 (1H, m), 

1.71 (3H, m), 1.64 (6H, quint), 1.28 (27H,), 0.90 (9H, s) ppm. 

012345678910

Chemical shift (ppm)
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Figure 4-9. 13C NMR spectrum of compound 4, in d6-acetone. 

 

δC (100 MHz; d6-acetone) 171.90, 163.02, 60.13, 58.03, 56.48, 40.12, 39.64, 39.52, 38.15, 

37.90, 37.78, 35.57, 34.46, 31.74, 31.60, 26.21, 25.27, 22.39, 21.88, 13.50 

 

 

   

Figure 4-10. IR spectrum of compound 4. 

 

vmax / cm-1 (neat) 3201 (N-H), 2924, 2853 (C-H), 1671, 1539 (C=O), 1230 (C-N) 
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Figure 4-11. Mass spectrum of compound 4. 

 

m/z (ES)  [M]+ 642.5041, C36H72N3O2S2 predicted 642.5060 

 

 

4.3  Deployment of the Aliquat-336 derivative on the QCM  

 

 

 Modification of the QCM crystal was achieved by the formation of a SAM 

of compound 4 by exploiting the strong affinity of sulfur for gold, as it was explained in 

Chapter 3. The QCM crystal was treated with piranha solution, which is a 3:1 mixture of 

H2SO4 and H2O2, in order to remove any organic residues and impurities off from its gold 

surface, and its front side treated by exposure to. Then the front side of the QCM was 

exposed to a 10 mM ethanolic solution of ligand for 24 h. 

 After the SAM was prepared, the coated QCM was immediately tested for the 

detection of ReO4
-. The coated QCM crystal was placed in the QCM holder and was 

suspended in a beaker with 50 mL of DI water to equilibrate at room temperature for a 

few minutes. Then 0.9 mM solution of NaReO4 was added in the beaker from minute 20 

and every 2 minutes, as shown in Figure 4-12. However, no change in the frequency was 
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observed, apart from some ± 4 Hz due to the perturbation induced by stirring the solution. 

This was repeated several times, but no detection was monitored. 

 

                           

Figure 4-12. Behaviour of the Aliquat-336 coated QCM in the presence of ReO4
-. Aliquots 

of 0.9 mM of NaReO4 were introduced in the solution at minute 20 and every 2 minutes 
afterwards, but only an instant perturbations of ± 4 Hz due to the stirring were observed. 

 

 Since the ligand was fully characterised, a possible explanation for this is that a 

single monolayer is not enough to provide traceable frequency deviation of a light 

molecule such as ReO4
-. As it was previously explained, Aliquat-336 has been reported for 

the selective capture of ReO4
-, but it had been always used in the form of column 

chromatography, which provides a huge active surface area. So, when it is reduced to just 

a single monolayer, its effectiveness may also be reduced. 

 In order to make more sense of this, it would be helpful to estimate the number 

of molecules of the Aliquat-336 derivative in a single SAM. Figure 4-13 shows the 

structure of the Aliquat-336 ligand and its dimensions, calculated in Å via the “Avogadro” 

software [147]. Assuming a 30 o angle between the disulfide of the ligand and the QCM 

gold surface [85]leads to an estimated molecular footprint of 432 Å2, indicating that a 

SAM of the Aliquat-336 ligand on the 19.63 mm2 piezoelectric area, defined by the 5 mm 

back electrode, contains 4.545 x 1012 molecules. 
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Figure 4-13. Footprint of the Aliquat-336 derivative. 

 

 A few more assumptions have to be made at this point, including that the counter 

anion in presence before the exposure is Cl-, since the final product was treated with 

brine, and that every molecule in the SAM interacted with ReO4
-. So, taking into account 

the 233 g/mol mass difference between ReO4
- and Cl- and the number of molecules 

present in the SAM, a mass change of 1.76 ng should be expected after the anion 

exchange. This corresponds to a 0.5 Hz shift in the frequency, which actually lies on the 

error margin of the QCM response. Of course, the above is only a crude estimation, but it 

helps us understand why a single monolayer of the Aliquat-336 ligand may not be enough 

to detect ReO4
-. 

 

4.4  Conclusion 

 

 An attempt to tether TEVA resin grains directly on the QCM through a 

Aam/MBAAm hydrogel coating was undertaken However, the swelling of the hydrogel 
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because of the water absorption constrained its use a means of coating. For this reason, 

a novel derivative of the active component of TEVA resin, Aliquat 336, that can be 

tethered on the QCM through a SAM was prepared by multi-step chemical synthesis. The 

novel compound was fully characterized by 1H NMR, 13C NMR, IR and MS. However, no 

detection of ReO4
- was observed when the compound was added to the QCM surface. 

This could be due to very small frequency changes resulting from only a small number of 

anions being accepted within the Aliquat-336 derivative caused by the presence of only a 

single monolayer on the crystal. 

 Considering the potential issues in using SAM modified QCMs for the detection of 

ReO4
- identified in Chapters 3 and 4, it was decided to explore multi-layered 

functionalized QCMs. Thus, in the next chapter, the work towards a multilayer metal-

organic framework thin film is reported. 
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5 Ag-4,4’-bipyridine metal organic framework 
 

 Metal organic frameworks (MOFs) also known as porous coordination polymers 

(PCPs) are highly porous and crystalline complexes comprised of metal centers and 

organic linkers. Originally fabricated for applications in gas storage, gas separation and 

catalysis, in recent years these materials have been used in separation applications 

[72][73]. In contrast to amorphous materials, MOFs provide a periodic and strictly defined 

structural network that can host guest molecules, thus permitting systematic 

investigation [74]. 

 The particular MOF under investigation,  Ag-4,4'-bipyridine, was  first reported by 

Robinson et al. [154], and forms a network where each silver ion is linked to two nitrogens 

of different but symmetrical 4-4,bipyridine units, which are aligned in a nearly linear 

coordination, crosslinked through silver-silver bonds leading to a 3-D framework. Nitrate 

counter anions serve to neutralize the charge of the cationic metal centers [155][156]. 

Recently, this MOF was reported as an effective adsorbent for the removal of ClO 4
- from 

aqueous solution with remarkably high capacity through anion exchange. Thus, the ClO4
- 

anions were exchanged with the NO3
- in the network, stabilizing the structure of the 

crystal itself. This process was found to be reversible, meaning that the perchlorate ions 

could be removed from the crystal structure by exposure to a very highly concentrated 

solution of NO3
- [79]. This framework was later also reported by a different team as an 

exceptionally selective adsorbent for ReO4
-, the stable chemical surrogate for TcO4

-. 

Although the mechanism was again anion exchange, namely the ReO4
- anions replaced 

the NO3
- in the network, the process was found to be irreversible, as the [Ag-4,4’-

bipyridine]ReO4
- structure seemed to be significantly more stable than the initial [Ag-4,4’-

bipyridine]NO3
- [157]. 

 The selective adsorption of ReO4
- by the Ag-4,4-bipyridine MOF motivated us to 

synthesize and tether it to the QCM surface in order to monitor the adsorption of 
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perrhenate in real time and consequently determine the potential viability of a 

pertechnetate specific in-situ monitoring sensor. 

 

5.1  Synthesis of the bulk crystals 
 

Metal Organic Frameworks are usually synthesized by hydrothermal methods, 

where a mixture of AgNO3, 4,4’-bipyridine and deionized water is loaded in an sealed 

autoclave and heated up to 150 oC for several hours [79], [158]. However, since our 

approach relies on the production of a thin film tethered to the surface of a QCM crystal  

we adapted the methodology to enable the deposition of the MOF onto our preferred 

substrate, as follows.  

 An aqueous solution of silver nitrate (10 mg in 1mL of deionized water) and a 

solution of 4,4-bipyridine (10 mg in 1mL acetonitrile) were mixed at room temperature, 

forming a white precipitate. A 10 μL aliquot of the suspension was then spin-coated onto 

the surface of a QCM at 4000 rpm for 30 seconds. The coated QCM was subsequently 

heated in a furnace at 150 oC for 16 hours. Figure 5.1 shows an SEM image of the crystals 

obtained from this procedure (A) and the SEM found in the literature for the bulk 

production of the same MOF (B) [158]. 

 As may be seen from Figure 5.1A, the morphology of the crystals is clearly visible. 

In comparison to the crystals shown in Figure 5.1B, which is taken from the literature 

[158], we can see that while their structure looks quite similar, our crystals are 

significantly smaller (approximately 5-10 μm in comparison to 30-50 μm), probably as a 

result of the different synthetic processes used.  The structure of the crystals is of great 

significance, as will be seen in the following section, because it can provide evidence of 

ReO4
- adsorption. 
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Figure 5-1 A) SEM picture of our Ag-4,4-bipy crystals after the spin coating at 4000 rpm 

for 30 seconds and 16 hours in the furnace at 150 oC. B) SEM picture of the same MOF 

taken from Zhu et al 2017 [158] 

 

 

5.2  Exposure of the bulk crystals on NaReO4 
 

 Adsorption experiments were carried out by exposing the coated QCM to a 

solution containing NaReO4. In this procedure, the QCM was mounted on the QSH-dip 

sensor holder connected to a MAXTEK RQCM Quartz Crystal Microbalance Research 

System,  which monitors the changes of the resonant frequency of the crystal. The holder 

was suspended in a 100 mL beaker containing 50 mL of deionized water and was left to 

equilibrate before an aliquot of an aqueous solution of NaReO4 was titrated into the 

beaker. The experiment took place at room temperature and at pH 7. Figure 5-2 shows 

the response of the coated QCM to the addition of 2.76 mmol L -1 NaReO4 at 2.8 minutes. 
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Figure 5-2 The change in resonant frequency of the coated QCM in the presence of 2.76 

mmol L-1 NaReO4. 

  

 Typically, a QCM is left to equilibrate for a relatively long time (>10 min) in the 

solution of interest, in our case deionized water, before starting the experiment. This 

needs to be done because the QCM is very sensitive and even small change in 

temperature, for example, could have a significant effect on the measurements. 

However, in this case, a significant increase of 376 Hz in the resonant frequency is 

observed over the first 2.8 minutes. This is interpreted as a decrease in mass from the 

QCM surface, which could be due to a partial detachment (via solubilization or otherwise) 

of the MOF crystals from the QCM surface into the solution.  

 As a result, at 2.8 minutes, an aliquot of NaReO4 was titrated into the 50 mL 

deionized water, and the solution gently homogenized to produce a bulk concentration 

of 2.76 mM NaReO4 in the test solution. At this point, a very steep decrease in observed 

in the resonant frequency. This can be explained by the adsorption of ReO 4
- anions into 

the MOF crystal structure.  

 Since perrhenate adsorption appears to occur concurrently to the detachment of 

the MOF crystals from the QCM surface, it is instructive to attempt to separate these 

effects in order to estimate the take up of perrhenate into the MOF structure. The initial 

increase in frequency in the absence of perrhenate ion can be extrapolated to predict the 
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effect of the loss of MOF content up until the end of the experiment and used as the 

baseline to determine the frequency change due to the adsorption of perrhenate onto 

the crystal. This was carried out using a 2nd degree polynomial equation up to minute 

4.26, as shown in Figure 5-3, which marks the total frequency decrease due to the 

adsorption of ReO4
-. This extrapolation does not contain any physical meaning that may 

assist to understand the process, but it produces the theoretical total increase in 

frequency if the adsorption had not taken place, which would be 461 Hz. The total 

decrease in frequency can now be estimated as -694 Hz, corresponding to a mass increase 

of about 12 μg/cm2.  

 

               

Figure 5-3. Extrapolation of the increase in frequency observed until minute 2.5, shown 
with the dotted line. 

 

 Figure 5-4 shows the coating of the MOF crystals on the QCM surface after the 

experiment presented previously. It is clearly visible that some of the MOF crystals initially 

deposited on the QCM substrate have become detached and no longer cover the entire 

piezoelectric area. This means that the QCM data, recorded in mass per surface area, can 

only be partially analysed. It is also clear from Figure 5-4, that where crystals are present, 

the coating is not uniform, as crystals of different sizes can be observed. Although the 

thickness of the coating cannot be accurately measured, it can be estimated in the range 

y = -16.911x2 + 179.59x + 3.3285
R² = 0.9998
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of a few micrometers up to 10-20 μm, according to the scale of Figure 5-4. This means 

that some of the coating may exceed the maximum distance of detection from the QCM 

surface, which ranges from several hundreds of nm to a few μm, depending on the 

viscosity and density of the liquid media and the coating [150]. It is therefore possible that 

some of the ReO4
- adsorbed outside of this sensing layer and was not recorded. For those 

reasons, quantitative analysis of the adsorption data is restricted, but qualitative analysis 

remains possible. 

 

                                 

Figure 5-4. SEM pictures of the Ag-4,4-bipy MOF crystals on the QCM surface after the 

exposure to ReO4
-. 

 

 Figure 5-5 shows the Ag-4,4-bipy crystals after exposure to ReO4
- anions under the 

conditions described above (zoomed-in form Figure 5-4) (A) and from reports in the 

literature (B) [158] . As it can be seen by comparison with Figure 5-1, the structure of the 

crystals is critically affected by exposure to perrhenate. In their report, Zhu et al. [158], 

show that the exchange of NO3
- by ReO4

- favors the formation of a much denser hydrogen 

bond network, altering irreversibly the structure of the MOF from octahedral crystals to 

needle-like structures as shown in  Figure 5-5.B.  Figure 5-5A shows the morphology of 

the MOF crystals attached to the QCM after exposure to perrhenate and confirming the 

transformation into needle like structures.  
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Figure 5-5 SEM pictures of the Ag-4,4-bipy  MOF crystals after the exposure to ReO4
- A) 

on our QCM (scale bar 10 μm) and B) taken from Zhu et al 2017 (scale bar 10 μm) [158]. 

 

In addition, the EDX spectrum taken of the QCM surface post exposure, confirms the 

presence of Re, as shown in Figure 5-6. Other elements shown on the spectrum are Ag, C 

and O from the MOF, Au, Ti and Si from the QCM. The N peak, from the 4,4-biyridine is 

overlapped by the C peak.  

 

 

Figure 5-6 EDX spectrum on the coated QCM, after the exposure to ReO4
-
. 
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 The results presented in this section show that a real time sensor incorporating a 

thin layer of Ag-4,4-bipy MOF on a QCM transducer could be developed for the real time 

in-situ monitoring of pertechnetate ions. However, the initial loss of mass from the QCM 

surface suggests that the production methodology of the crystals must be refined to 

prevent a decrease of sensitivity over time and to produce a uniform and stable coating. 

Layer by layer methodologies have been employed for the production of thin film layer of 

MOFs onto QCM transducers and the following section explores the feasibility of 

deploying these for the tethering of Ag,4,4’-bipy onto QCM crystals. 

 

5.3  Thin film 
 

 The main problem of the coating with the bulk crystals is that it is not chemically 

anchored on the surface of the QCM, making it easy for the crystals to detach by small 

perturbations in the solution. On the contrary, a MOF thin film is chemically tethered to 

the surface of the QCM and thus much more stable. 

 There are several different approaches to the synthesis of MOF thin films, as it 

was explained in detail in section 1.6.2.2, such as electrochemical deposition, chemical 

vapour deposition and powder deposition [87], although the most widely applied is the 

liquid phase epitaxy or layer-by-layer (LbL) assembly [86]–[90]. The process that was used 

in our study was the layer-by-layer growth (LbL). In this approach, the substrate, usually 

a gold surface, is functionalized with a self-assembled monolayer (SAM), through a thiol-

gold bond with an exposed active group such a carboxylic acid, hydroxyl or pyridine group, 

on which the film is built [88]. This method allows the control of the orientation and 

thickness of the film and has been used by several teams for the growth of MOF thin films 

on QCM surfaces [159][90]. 
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5.3.1 Synthesis and characterization  

 

 The film was prepared in accordance with literature reports of layer-by-layer MOF 

thin film formation on QCM [93][159]. The QCM was initially soaked in an ethanol solution 

of 4-mercaptopyridine (10mM) for 24 h, establishing a thiol-based SAM. After this 

treatment, the QCM was thoroughly washed with ethanol and dried under nitrogen flow. 

Next, the functionalized QCM was alternately dipped in an aqueous solution of AgNO3 

(50mM) and an ethanolic solution of 4-4,bipyridine (50 mM). Between the immersions, 

the QCM was washed with the corresponding solvent, water or ethanol, respectively, and 

dried under nitrogen flow. Figure 5-7, shows a schematic illustration of the MOF thin film 

produced using this method.  

                                                             

Figure 5-7 Schematic illustration of the MOF thin film on the QCM 

 

The film is developed from a 4-mercaptopyridine SAM which provides chemical 

attachment to the QCM. The film is expected to grow perpendicularly to the QCM surface, 

as silver forms almost linear bonds, while adjacent chains are cross-linked, forming a 3-D 

network [155]. 

 X-ray diffraction analysis of the so-formed thin film revealed that it was too thin 

to provide a useful XRD pattern. Thicker films were prepared to address this issue. The 
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LbL process of building MOF thin films is extremely labour intensive, and an automated 

procedure was developed to produce thicker films. A Successive Ionic Layer Adsorption 

and Reaction (SILAR) coating system (HO-TH-03S, Holmarc) was used to program 

immersion cycles in aqueous solution of AgNO3, deionized water to wash away the excess 

of the metal analyte, ethanolic solution of 4-4,bipyridine and finally ethanol to wash away 

the excess of the organic analyte. Using this SILAR coating system, thin films of 50, 100 

and 150 cycles were produced. 

  Figure 5-8 presents the XRD patterns of those films, taken using X-rays of a 

wavelength of 0.154 nm. The 50 cycles film was again too thin to produce a pattern, but 

it is shown to exemplify the positions of the background gold peaks. The sharp peak at 38 

degrees is characteristic of the Au(111) plane and the small peak at 45 degrees 

corresponds to the Au(200) plane. It may be seen that the patterns produced using the 

100 and 150 cycles films are quite similar to each other, suggesting that the structure of 

the 35 and 50 cycles thin films must be similar to those, though their XRD patterns cannot 

be observed. 

 For comparison, an XRD pattern of the bulk crystals reported by Colinas et al. [160] 

is also shown in the top section of Figure 5-8. It can be observed that the patterns of our 

thin film and of the bulk crystals are quite similar. This suggests that the structure of the 

thin film is similar to that of the bulk crystals. 

 By using Bragg’s law (Equation 5.1), 

 

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃      5.1 

 

where n is an integer, d is the distance between planes in the crystal and θ is the angle of 

incidence of an x-ray of wavelength λ, the Miller indices h, k and l can be calculated by 

equation 5.2, 

 
1

𝑑2
=

ℎ2

𝑎2
+

𝑘2

𝑏2
+

𝑙2

𝑐2
     5.2 
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where a, b and c are the unit cell dimensions which for the Ag-4,4’-bipy MOF are given by 

Yaghi et al. as a=9.914 Å, b=34.488 Å and c=12.963 Å [155]. Thus, the peaks of the XRD 

spectra can be assigned to a corresponding plane, marked by a 3-digit number for hkl, as 

shown in Figure 5-8.  

 

 

Figure 5-8. XRD patterns for Ag-4,4’-bipyridine Metal organic framework (top: bulk 
crystal taken from Colinas et al. [160], middle top: 150 layers thin film, middle bottom: 

100 layers thin film, bottom: 50 layers thin film) 



102 
 

 Figure 5-9 shows the SEM images of the 35-, 50- ,100- and 150-layer MOF films. 

SEM analysis of the samples was carried out using a JEOL 6010-LV (JEOL (UK) Ltd., Herts, 

UK) scanning electron microscope (SEM). The examinations were performed at 20 keV 

using compositional backscatter imaging (BEC) in low vacuum mode, with an instrument 

resolution ~5 nm. Since the thickness of the films is in the range of a few tens to a few 

hundreds of nm, the 3-D structure is not quite definite, but it is clear that the surface of 

every sample is porous, which becomes more evident as the number of layers grows. 

Therefore, this suggests that, despite the molecular level similarities revealed by XRD, the 

microscale morphology of the film differs from the spheroidal shape of the bulk crystal. 

This is possibly due to the tethering of the film on the solid gold surface of the QCM and 

the layer-by-layer preparation, which restricts the growth of the film to a given 

orientation which might have implications for the behaviour of the Ag-4,4’-bipyridine 

MOF in this configuration. In the next section we will consider the adsorption of ReO4- in 

to the prepared thin films. 

 

                  

Figure 5-9. SEM images of the A) 35-, B) 50-, C) 100- and D) 150-layer MOF thin film 

 



103 
 

 

5.3.2 Experiments with NaReO4 

 

 Adsorption experiments were conducted as follows. The coated QCM was 

mounted on the QSH-dip sensor holder which was then immersed in a beaker containing 

50 mL of deionized water, where it was left for several minutes to equilibrate. Small 

aliquots of an aqueous NaReO4 solution were then titrated into the beaker, while the 

resonant frequency was monitored.   

 

5.3.2.1 35-layer film 

 

 Figure 5-10 shows the change in resonant frequency measured at the QCM coated 

with a 35-layer thin film exposed to increasing concentrations of NaReO4. The QCM was 

left to stabilize in pure deionized water (pH=7, room temperature) for over 40 min, before 

the titrations of NaReO4 started. Each drop in frequency (or step) corresponds to an 

increase in the concentration of NaReO4 of about 0.9 mmol L-1. It may be seen that as the 

concentration increases, the total frequency decreases as mass is being adsorbed in the 

surface of the QCM. However, the rate of the frequency drop, meaning the size of the 

steps, is decreasing as the concentration increases, due to the gradual saturation of the 

film.  
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Figure 5-10. Change in frequency in presence of NaReO4 for the 35 layers MOF thin film. 

Every drop in frequency correspond to an increase in concentration of NaReO4 of about 

0.9 mmol dm-3.  

 

 In contrast to the bulk crystals, adsorption into the thin film appears to be a 

reversible process. Figure 5.10 shows a chronomassogram for a repeat of the experiment 

shown in figure 5.9, where at t=71 minutes the QCM is removed from the test solution 

and placed in a beaker containing fresh deionized water. At this point, the frequency 

increases significantly which is indicative of a large mass loss, most likely due to the 

removal of perrhenate ions from the thin film. The reasons for this behaviour will be 

discussed later, but suggest that a sensor built on this template would be reusable. 
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Figure 5-11. Decrease in Δf in the presence of NaReO4 and then increase in Δf at min 71 

when removed from solution for the 35 layers MOF thin film coated QCM. The adsorbate 

was removed from the film when the QCM was placed in clean deionised water and the 

frequency went back to the starting value. 

 

 The reusability of the thin film enabled us to repeat the experiment of figures 5.9 

and 5.10 to ensure the reproducibility of these results. Figure 5-12 shows the change in 

frequency as a function of the perrhenate ion concentration obtained from 6 different 

adsorption experiments including those shown in figures 5.9 and 5.10. The QCM crystal 

was thoroughly rinsed and dried between experiments.  
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Figure 5-12. Change in resonant frequency plotted against the change in total 

concentration of NaReO4 for the 35 cycles MOF thin film coated QCM, for 6 different 

experiments with the same crystal. 

 

Figure 5-13 shows the data of figure 5.11 recast as mass of adsorbed perrhenate vs bulk 

concentration, this was computed using Saurbrey’s equation and a value of the mass 

sensitivity factor Cf = 56.81 Hz cm2  g-1, as it was calculated in Chapter 2. 
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Figure 5-13. Adsorbed mass per surface area plotted as a function of NaReO4 

concentration for the 35 layers MOF thin film coated QCM, for 6 different experiments 

with the same crystal. 

 As may be seen in Figure 5-13, the absorbed mass increases rapidly at low bulk 

concentrations, reaching a plateau of about 31 μg/cm2 for concentrations higher than 9 

mmol L-1. This suggests the gradual saturation of the thin film, as mentioned earlier. 

 

5.3.2.2 50-layer film 

 

 Figure 5-14, shows the change in frequency of a 50-layer MOF thin film-modified 

QCM when exposed to increasing concentrations of NaReO4. The experiments were 

conducted as for the 35-layer crystal, and each titration corresponds to an increase in the 

concentration of NaReO4 of about 0.9 mM.  

It may be seen from figure 5.13 that, in the first 5 minutes of the experiment, the 

frequency increases up to 230 Hz, which may be explained by the removal of impurities 

from the thin film. Between t=5mins and t=22mins the frequency signal has stabilized 

somewhat but is less consistent that what was observed with the 35-layer QCM (Figure 

5-10).  
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Figure 5-14. Change in frequency in presence of NaReO4 for the 50  layers MOF thin film. 

At first, the QCM was left to equilibrate in 50 mL of DI water at room temperature. The 

increase in frequency in the beginning probably corresponds to impurities being removed 

from the film in the solution. Every drop in frequency correspond to an addition of about 

0.9 mM NaReO4 in the solution. 

 

 The data of figure 5.13 and that of three additional repeats were treated using the 

same procedure as the data from the 35-layer crystal to show the frequency change as a 

function of the bulk concentration in NaReO4 for the 50 layers MOF thin film and is 

presented in Figure 5-15. As may be seen, there are significant deviations in the results at 

low and high concentrations, while in the intermediate range (4-6 mmol L-1) there is 

better agreement. 
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Figure 5-15. Change in resonant frequency plotted against the change in total 

concentration of NaReO4 for the 50 cycles MOF thin film coated QCM for 4 different 

adsorption experiments. 

 

 Finally, after converting the change in frequency to change of mass through 

Sauerbrey’s equation as demonstrated earlier, the relation between adsorbed mass per 

surface area and the concentration of NaReO4 is obtained, as shown in Figure 5-16 
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Figure 5-16 . Adsorbed mass per surface area plotted as a function of NaReO4 

concentration for the 50 layers MOF thin film coated QCM, for 4 different experiments 

with the same crystal. 

 

 

Again in this case, the rate at which mass is being adsorbed in the film starts to decrease 

at a concentration of 4 mM, finally reaching a slightly maximum plateau of 33 μg/cm2, as 

expected, since this is a thicker film hence having greater capacity. However, it is observed 

that the differences between the experimental data are quite bigger than the ones 

demonstrated in Figure 5-13 for the 35 layers film, suggesting that the thinner film could 

provide more accurate results. 

 Having demonstrated satisfying reproducibility for the adsorption of NaReO 4, let 

us now proceed with the presentation of the results of adsorption experiments conducted 

with interferences that are abundantly found in groundwater. The below experiments 

serve as a selectivity test for our Ag-4-4-bipyridine MOF thin film. 

   

5.3.3 Experiments with NaCl 

 

 The typical proximity of nuclear sites to large bodies of water including seas and 

oceans encourages us to consider the effect of commonly encountered ions on the 
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behaviour of the sensor. One of the most commonly encountered anions in sites’ ground 

water is Cl-. On the Sellafield site, its reported maximum concentration is 3190 mg/L and 

average concentration is 79.7 mg/L in 2016 [4]. Hence, it was of great interest to 

determine the response of the Ag-4-4-bipyridine MOF thin film in the presence of Cl-. The 

NaCl salt was used so that the cation in presence is the same and to avoid any additional 

interferences.  

 

5.3.3.1 35-layer film 

 

 The experiments were conducted as described previously. The QCM coated with 

the 35 layers MOF thin film was mounted in the holder, left to rest in 50 mL deionized 

water and then titrations of NaCl solution, increasing the concentration by 0.9 mM each 

time, took place. The raw data of this experiment is presented in Figure 5-17. As with 

NaReO4, this was identified to be a reversible process and the experiments were repeated 

for 4 times, rinsing the QCM thoroughly with Deionised water between each run. 

 

     

Figure 5-17. Change in frequency in presence of NaCl for the 35  layers MOF thin film. 

Every drop in frequency correspond to an addition of about 0.9 mM NaCl in the solution. 
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 Working like previously, the relation between the change in frequency and the 

concentration was acquired from the 4 different adsorption experiments, as shown in 

Figure 5-18. The really small difference between the sets of data provides proof of quite 

good reproducibility and accuracy. 

 

           

Figure 5-18. Change in resonant frequency plotted against the change in total 

concentration of NaCl for the 35 cycles MOF thin film coated QCM, for 3 different 

experiments with the same crystal. 

 

 

Finally, using Sauerbrey’s equation, the change in frequency is converted to change in 

mass per surface area. In  Figure 5-19, the relation between the latter and the NaCl 

concentration is shown. We can see that the shape of the curve and the maximum value 

of the plateau are quite similar to that of NaReO4 , but this will be discussed later. 
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Figure 5-19. Adsorbed mass per surface area plotted as a function of NaCl concentration 

for the 35 layers MOF thin film coated QCM, for 3 different experiments with the same 

crystal. 

 

5.3.3.2 50-layer film 

 

 Continuing with the results of the 50 layers MOF thin film with NaCl, the raw data 

of the QCM response is presented in  Figure 5-20. What can be observed from that graph 

is that the time it takes the QCM to stabilize its frequency is slightly longer than this of 

the 35 layers thin film. While in Figure 5-17, showing the response of the 35 layers film, 

the decrease of frequency in every addition of NaCl is steep, in Figure 5-20 the decrease 

is more gradual. This fact could be associated with the thickness of the film, meaning that 

the adsorption could be a slower process when the film is thicker. 

 

 

0

5

10

15

20

25

30

35

0 1 2 3 4 5 6 7 8 9

a
d

so
rb

ed
 m

a
ss

 (μ
g/

cm
2
)

[NaCl] (mmol L-1)

exp 1

exp 2

exp 3



114 
 

 

Figure 5-20. Change in frequency in presence of NaCl for the 50  layers MOF thin film. 

Every drop in frequency correspond to an addition of about 0.9 mM NaCl  in the solution. 

 

 

 Working in the same fashion and after implementing Sauerbrey’s equation, the 

adsorbed mass per surface area against the concentration of NaCl for the 50 layers MOF 

thin film is plotted in Figure 5-21. This is a product of only one set of data because, for 

reasons not clear yet, more adsorption experiments did not yield any results. Although 

this does not produce the statistical significance of the previous experiments, it is clear 

that it follows the same trend, meaning that there is little adsorption in low 

concentrations, high adsorption at the range of 2-4 mM, while the rate of adsorption 

gradually decreases in concentrations higher than 4 mM, finally reaching a plateau of 37 

μg/cm2 in high concentrations, which is higher than that of  the 35 layers film, where the 

maximum adsorption seems to be around 32 μg/cm2.  The latter was expected, since the 

film is thicker it has higher adsorption capacity. 
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Figure 5-21. Adsorbed mass per surface area plotted as a function of NaCl concentration 

for the 50 layers MOF thin film coated QCM. 

 

 

5.3.4 Experiments with Na2SO4 

 

 Another important interference in groundwater is the SO4
2- anion, this is because 

as well as its relatively high concentration in groudwater, with a maximum of 384 mg/L 

and an average of 28.2 mg/L on the Sellafield site in 2016 [4], its tetrahedral structure 

mimics that of ReO4
-, which forms the main recognition pattern used by  the Ag-4,4’-

bipyridine MOF to selectively adsorb ions . Figure 5-22 shows the response of the 35 

layers thin film coated QCM in the presence of Na2SO4 .  The experiments we conducted 

as previously, meaning that the QC was mounted in the holder, dipped in 50 mL of 

deionized water and then solution of Na2SO4, in 0.9 mM titrations, was added. This took 

place in room temperature and pH 7. 

 

5.3.4.1 35-layer film 

 

 As can be seen, the sensor responds in a similar way as it did in the presence of 

NaReO4 and NaCl. Every step corresponds to a titration of 0.9 mM of Na2SO4 in the 

solution and as the concentration increases, the size of the step decreases. As explained 
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earlier, this is indicative of the progressive saturation of the film.  As previously 

highlighted, this process is reversible, and the experiment was repeated 3 times. 

 

Figure 5-22. Change in frequency in presence of Na2SO4  for the 35  layers MOF thin film. 

Every drop in frequency correspond to an addition of about 0.9 mM Na2SO4  in the 

solution. 

 

 In Figure 5-23, the relation between change in frequency and the Na2SO4 

concentration for 3 different experiments is shown. The data suggests good 

reproducibility and accuracy, as the results of the experiments are quite similar.  

 

-2200

-1700

-1200

-700

-200

10 20 30 40 50 60

Δ
f 

(H
z)

Time (min)



117 
 

            

Figure 5-23 Change in resonant frequency plotted against the change in total 

concentration of Na2SO4 for the 35 layers MOF thin film coated QCM for 3 different 

adsorption experiments with the same crystal. 

 

 After combining the 3 experiments and implementing Sauerbrey’s equation, we 

finally get the adsorbed mass pre surface area against the concentration of Na 2SO4, as 

shown in Figure 5-24. The data seems to follow the same trend with that of NaReO4 and 

NaCl, reaching a remarkably close plateau value of 33 μg/cm2.  

 

                    

Figure 5-24. Adsorbed mass per surface area plotted as a function of Na2SO4 

concentration for the 35 layers MOF thin film coated QCM, for 3 different adsorption 

experiments with the same thin film. 

-2200

-1700

-1200

-700

-200

0 2 4 6 8 10

Δ
f 

(H
z)

[Na2SO4] (mmol L-1)

exp 1

exp2

exp 3

0

5

10

15

20

25

30

35

0 2 4 6 8 10

a
d

so
rb

ed
 m

a
ss

 (μ
g/

cm
2
)

[Na2SO4] (mmol L-1)

exp 1

exp 2

exp 3



118 
 

5.3.4.2 50-layer film 

 

 Let us, now, proceed with the results with the 50 layers MOF thin film in the 

presence of Na2SO4, which are presented in Figure 5-25. We were able to repeat the 

experiment 3 times, all of them were conducted in the same way, as explained earlier for 

the 35 layers film, and in room temperature and pH 7.  

   

 

 

Figure 5-25. Change in frequency in presence of Na2SO4 for the 50 layers MOF thin film. 

Every drop in frequency correspond to an addition of about 0.9 mM Na2SO4  in the 

solution. 

 

 Figure 5-26 shows the change in frequency against the concentration of Na2SO4 

for 3 repeats of this experiment. It may be seen that while the general trend is identical 

to previous plots, the frequency measurements are much less reproducible than for the 

35-layer experiment. This was also observed for the NaReO4 experiments, where the 

results from the 35 layers film were more reproducible than the those of the 50 layers 

film. 
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Figure 5-26 Change in resonant frequency plotted against the change in total 

concentration of Na2SO4 for the 50 layers MOF thin film coated QCM for 3 different 

adsorption experiments with the same film. 

 

 After converting the change in frequency to change in mass, we get the adsorption 

diagram in Figure 5-27, which shows the adsorbed mass per surface area of the 50 layers 

film against the concentration of Na2SO4. Although the difference between the 

experiments is significantly bigger than those of the 35 layers thin film, the data points 

follow the same trend, meaning that in concentrations higher than 2 mM, the rate of 

adsorption decreases until it reaches a maximum plateau of an average 31 μg/cm2, in 

concentrations higher than 8 mM of NaaSO4.  
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Figure 5-27. Adsorbed mass per surface area plotted as a function of Na2SO4 

concentration for the 50 layers MOF thin film coated QCM, for 3 different adsorption 

experiments with the same thin film. 

 

5.3.5 Experiments with Na2CO3 

 

 The last interference that was studied was the CO3
-2 ion. Given the fact that the 

sensor is not selective, since in the presence of NaCl and Na2SO4 it responded in a very 

similar way as it did with NaReO4, it was decided to work towards understanding the 

mechanism of the adsorption, rather than keep testing the selectivity to anions found in 

groundwater. Although the carbonate anion is not abundant in groundwater (the 

bicarbonate HCO3
- is one of the most abundant anions in groundwater instead), it was 

used because it holds some parameters that needed to be tested, such as its very similar 

geometry to NO3
-, which is the counter anion of the Ag-4-4-bipyridine MOF, and its 

charge, which is the same as SO4
-2. The sodium salt was used once again, in order to avoid 

any different cation interaction.  

 

5.3.5.1 35-layer film 

 

 So, in Figure 5-28, the change in frequency for the 35 layers MOF thin film coated 

QCM in the presence of Na2CO3. As explained earlier, every step corresponds to an 
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addition of 0.9 mM of Na2CO3 in the solution in which the QCM was dipped. Similarly to 

the previous experiments, the steps, meaning the decrease in frequency with every 

addition, is getting smaller, eventually approaching zero. 

 

 

 

Figure 5-28. Change in frequency in presence of Na2CO3 for the 35  layers MOF thin film. 

Every drop in frequency correspond to an addition of about 0.9 mM Na2CO3 in the 

solution. 

 

 This experiment was repeated one more time and the results of both are 

presented in Figure 5-29, where the change of frequency is related with the concentration 

of Na2CO3, for the 35 layers film. As we can see, the two experiments have provided 

satisfyingly close results, which in fact, are also quite similar to those of the Na2SO4 

experiments. 
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Figure 5-29. Change in resonant frequency plotted against the total concentration of 

Na2CO3 for the35 layers MOF thin film coated QCM for 2 different adsorption 

experiments. 

 

 Implementation of Sauerbrey’s equation provides us with the final adsorption 

diagram, as presented in Figure 5-30. As it was explained earlier, high rate of adsorption 

is observed at low concentrations, while saturation of the film is reached quite soon, 

compared to the previous experiments with the other analytes, at concentrations above 

6 mM, reaching a maximum adsorption of 35 μg/cm2. 
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Figure 5-30. Adsorbed mass per surface area plotted as a function of Na2CO3 

concentration for the 35 layers MOF thin film coated QCM. The error bars are derived 

from the analysis of 2 different adsorption experiments with the same thin film. 

5.3.5.2 50-layer film  

 

 Finally, the last results to be presented are those of the 50 layers MOF thin film in 

the presence of Na2CO3, the raw QCM data of which is shown in Figure 5-31. 

 

 

         

Figure 5-31. Change in frequency in presence of Na2CO3  for the 50  layers MOF thin film. 

Every drop in frequency correspond to an addition of  about 0.9 mM Na2CO3 in the 

solution. 

0

5

10

15

20

25

30

35

0 2 4 6 8 10

a
d

so
rb

ed
 m

a
ss

 (μ
g/

cm
2
)

[Na2CO3] (mmol L-1)

exp 1

exp 2

-2000

-1800

-1600

-1400

-1200

-1000

-800

-600

-400

-200

0

0 5 10 15 20 25 30

A
xi

s 
Ti

tl
e

Axis Title



124 
 

 

 Like in the previous experiments, every drop in frequency in the above graph 

corresponds to an increase of 0.9 mM in the concentration of Na2CO3. So, working in a 

similar fashion, we get the adsorption diagram showing the connection between the 

adsorbed mass per surface area and the concentration of Na2CO3, in Figure 5-32. As it also 

happened with NaCl experiment with the 50 layers film, we were not able to reproduce 

this data. However, it seems that it follows the same trend, meaning that there is high 

adsorption in low concentrations, the rate of which decreases after 2 mM, finally reaching 

a plateau in concentrations higher than 6 mM. 

 

 

 

       

Figure 5-32. Adsorbed mass per surface area plotted as a function of Na2CO3 

concentration for the 50 layers MOF thin film coated QCM. 

 

 

5.4  Conclusion 

 

 The QCM surface was successfully coated with a thin film of the Ag-4,4-bipyridine 
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film was built layer-by-layer on a self-assembled monolayer of 4-mercaptopridine on the 

gold electrode of the QCM and was characterized with XRD and SEM. The XRD analysis 

showed that the molecular structure of the thin film is similar to that of the bulk crystals. 

However, the SEM analysis suggests that the morphology of the film in the microscale is 

different than that of the bulk crystals, probably because of the tethering of the film on 

the gold surface of the QCM. 

 The response of 35 layers and 50 layers films in the presence of NaReO4 as well as 

of interferents such as NaCl, Na2SO4 and Na2CO3 was tested. It was shown that the MOF 

responds in a different way in the form of a thin film than in the form of bulk crystals, 

since the adsorption was reversible in the case of the film. Also, it appears that the thin 

film is not very selective towards perrhenate, as both the 35 layers and 50 layers films 

respond similarly to all the analytes that they were tested with. However, there were 

some serious reproducibility issues with the 50 layers film, while the results of the 35 

layers film proved to be more reproducible and with much smaller deviations. The next 

chapter considers the modeling of the data produced with all the analytes used, to 

adsorption isotherms, such as Langmuir, Freundlich and Sips to understand the 

mechanism behind the adsorption in the Ag-4-4-bipyridine MOF. 
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6 Modeling of the adsorption of anions onto the Ag-4-4’-bipyridine thin film  
 

 

 After presenting the results of the adsorption experiments with the Ag-4-4’-

bipyridine thin film, let us now consider the modelling this experimental data by well -

understood adsorption isotherms, along with what this might reveal about the adsorption 

process.  

Adsorption isotherms are mathematical expressions describing the retention 

phenomena of a fluid phase adsorbate onto a solid-state medium, under a set of well-

defined conditions. The physicochemical parameters contained within the mathematical 

expressions of the models could provide an insight into the adsorption mechanism and 

other properties, such as the degree of affinity of the adsorbents [161]. The adsorption 

isotherms that will be used in this work are the Langmuir isotherm [162], the Freundlich 

isotherm [163] and the Sips isotherm [164]. While these models have been applied mostly 

in gas-solid interfaces, lately they have also been used in ionic environments for anion 

and cation adsorption [165], [166]. 

 

6.1  Adsorption isotherms 

 

6.1.1 Langmuir isotherm 

 

 In the Langmuir model, the solid is assumed to have limited adsorption capacity, 

as the concentration of the adsorbent increases. The adsorption is assumed to occur in a 

monolayer in definite localized sites on the surface of the adsorbate that are identical and 

equivalent. Thus, graphically it is characterized by a plateau and an equilibrium saturation 

point, where once a site is occupied, there is no further adsorption. The mathematical 

expression of the Langmuir isotherm is  

 

𝑚 = 𝑚∞

𝑘𝐶

1 + 𝑘𝐶
                                                                                                                         6.1 
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where m is the actual adsorbed mass, m∞ is the theoretical adsorbed mass in infinite 

concentration, k is the adsorption affinity and C is the concentration of the adsorbent in 

the solution. In order to calculate the parameters, its linear form can be used as  

 

𝑚

𝐶
=  𝑚∞𝑘 − 𝑘𝑚                                                                                                                     6.2 

 

where a plot showing m/C vs. m provides a straight line of slope equal to -k and intercept 

m∞k [167]. 

 

6.1.2 Freundlich isotherm 

 

 The Freundlich isotherm is an empirical model that is not restricted to the 

formation of a monolayer can be applied to multilayer adsorption. In this perspective, the 

amount adsorbed is the summation of adsorption on all sites and it does not lead to a 

plateau, which limits its physical meaning to low concentrations. The mathematical 

expression of the Freundlich isotherm is 

 

𝑚 = 𝑘𝐶𝑛                                                                                                                                    6.3 

 

where, as previously, m is the actual mass adsorbed, k is the adsorption affinity, C is the 

concentration of the adsorbent and n is a dimensionless constant. The linear form, by 

which the parameters can be calculated is 

 

𝑙𝑜𝑔 𝑚 = 𝑛 𝑙𝑜𝑔 𝐶 + 𝑙𝑜𝑔 𝑘                                                                                                      6.4 

 

A plot of  logm vs. logC provides a straight line of slope n that intercepts y-axis at logk 

[167]. 



129 
 

6.1.3 Sips isotherm 

 

  Finally, the Sips isotherm consists of a combination of the Langmuir and Freundlich 

isotherms, which predicts the adsorption in heterogeneous systems while avoiding the 

limitation of the low adsorbate concentration in the Freundlich model. At low adsorbate 

concentrations the Sips isotherm reduces to the Freundlich isotherm predicting 

multilayer adsorption, while at high concentrations it approaches the Langmuir isotherm, 

predicting monolayer adsorption in a similar manner. The mathematical form of the Sips 

isotherm is 

 

𝑚 =  𝑚∞

𝑘𝐶 𝑛

1 + 𝑘𝐶𝑛
                                                                                                                  6.5 

 

where  m is the adsorbed mass, m∞  is the theoretical maximum adsorbed mass in infinite 

concentration, k is the adsorption affinity, C is the adsorbate concentration in the solution 

and n is a dimensionless constant. In order to obtain these parameters from the 

experimental results, the Sips equation can be expressed in a linear form as 

 

𝑙𝑛
𝑚

𝑚∞ − 𝑚
= 𝑛 𝑙𝑛 𝐶  + 𝑙𝑛 𝑘                                                                                                 6.6 

 

m∞  is iteratively found to obtain a linear relation between lnC (as x-axis) and  ln
𝑚

𝑚∞ −𝑚
 (as 

y-axis), while n is determined by the slope and k by the  interception point [168]. 

 The above procedures for the Langmuir, Freundlich and Sips isotherms will be 

followed for all the experimental  data presented in Chapter 5, in the pursuit of the model 

that best describes the adsorption mechanism of ReO4
- onto the Ag-4-4’-bipyridine thin 

film. 
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6.2  Modeling of the NaReO4 adsorption data 

  

6.2.1 Langmuir fit  

  

 Experimental data of the adsorption of NaReO4 with the 35 layers film were 

presented in section 5.3.2. Figure 6-1 shows that data recast as the linear form of the 

Langmuir isotherm (equation 6.2). 

 

 

        

Figure 6-1. Linear form of the Langmuir isotherm for the adsorption of NaReO4 into the 

35 layer Ag-4-4-bipyridine MOF thin film, derived from the experimental data. 

 

 

Through the best fitted line, the Langmuir parameters are calculated as k = 0.074 mM-1 

and m∞ = 86.8 μg/cm2. It is clear from figure 6.1, with its regression coefficient of 0.457, 

that the Langmuir isotherm does not accurately describe the adsorption process between 

ReO4- and Ag-4,4’-bipyridine. However, for completeness of analysis, the experimental 

data and the Langmuir fit, calculated through Equation 6.1, are shown in Figure 6-2.  There 

seems to be a fairly big deviation of the model from the experimental data especially in 

concentrations higher than 8 mM, which can be explained by the big difference between 

y = -0.074x + 6.4284
R² = 0.457

2

3

4

5

6

7

0 5 10 15 20 25 30 35

m
/C

  
(μ

g 
cm

-2
m

M
-1

)

m (μg cm-2)



131 
 

the experimental (32 μg/cm2) and theoretical (86.8 μg/cm2) maximum adsorbed mass per 

surface area. This comparison leads us to the conclusion that the Langmuir model does 

not describe the NaReO4 adsorption data. 

 

 

                

Figure 6-2. Comparison between the experimental data of the NaReO4 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the black dots and the Langmuir model 

shown with the orange straight line. 

 

6.2.2 Freundlich fit 

 

 Continuing, the same data is presented according to the linear form of the 

Freundlich isotherm (Equation 6.4), as shown in  Figure 6-3. The fit is reasonably good 

(R2=0.931) with the parameters being calculated as n = 0.789 and k = 6.33 μg/mM. ), 

however it may be seen that there is a marked curvature in the experimental data that is 

not replicated in the model. 
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Figure 6-3. Linear form of the Freundlich isotherm for the adsorption of NaReO4 into the 

35 layer Ag-4-4-bipyridine MOF thin film, derived from the experimental data. 

 

 

Implementing those parameters into Equation 6.3 provide the Freundlich fit, presented 

alongside the experimental data in Figure 6-4. As with the Langmuir model, the Freundlich 

model seems to deviate significantly from the experimental data in the high 

concentration range, after 8 mM. While the experimental data are approaching a plateau 

at around 32 μg/cm2 at concentrations higher than 8 mM, the Freundlich model seems to 

continue increasing indefinitely.  
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Figure 6-4.  Comparison between the experimental data of the NaReO4 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the black dots and the Freundlich model 

shown with the grey straight line. 

 

6.2.3 Sips fit 

 

 Finally, the combination of the Langmuir and Freundlich isotherms, namely the 

Sips isotherm is fitted to the experimental data. The first step is again the calculation of 

the Sips parameters through the linear form of the Sips model from Equation 6.6, which 

is shown in Figure 6-5. This results in a very good linear fit (R2 = 0.997). The maximum 

adsorbed mass in infinite concentration was calculated iteratively as m∞ =34.8 μg/cm2, in 

order to obtain the linear fit which provided the other two parameters as k = 0.136 mM-1 

and n = 1.78.  

The isotherms analysis presented here were carried out for a single data set in 

order to identify the model that best describes the adsorption of ReO4
- onto Ag-4,4’-

bipyridine and has shown that the best fit is obtained with the Sips isotherm. 
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Figure 6-5.  Linear form of the Sips isotherm for the adsorption of NaReO4 into the 35 

layer Ag-4-4-bipyridine MOF thin film, derived from the experimental data. The 

parameter m∞ =34.8 μg/cm2 is calculated iteratively in order to produce a linear fit. 

 

 Figure 6.6 shows every repeat recorded of the experiment of figure 5.13. As can 

be seen, the data is reproducible across experiments. The values of the Sips parameters 

obtained through the linear form of the isotherm of each of the 6 experimental data sets 

were n = 1.73 (± 0.066), k = 0.153 (± 0.014) mM-1 and m∞ = 35.9 (± 0.88) μg cm-2. When 

those parameters are implemented into Equation 6.5, the Sips fit presented in figure 6.6 

is obtained. The model clearly shows good agreement with the experimental data. 
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Figure 6-6. Comparison between the experimental data of the NaReO4 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the different type of points and the Sips 

model shown with the black straight line. 

 

 

 Data obtained with the 50-layer films of Ag-4,4’-bipyridine were fit using 

exclusively the Sips isotherm model.  Following the same methodology, the linear form of 

one set of data is shown in Figure 6-7 and was used to extract the Sips fitting parameters. 

This was repeated for all the experiments and the average values of the Sips parameters 

were obtained as n = 2.02 (± 0.18), k = 0.122 (±0.053) and m∞ = 39.2 (± 3.17). Figure 6.8 

shows all data recorded on the 50-layer film with ReO4
-, alongside all the individual Sips 

models and the Sips model derived from these average parameters. It may be seen that 

the reproducibility of the data is less convincing on the 50-layer film than it was with the 

35-layer film. As a result, the model appears less representative of the data recorded.  

 In fact, each of the data sets has been modelled using the linear expression of the 

Sips isotherm and yielded excellent regression coefficients (R2 in the range 0.9977 to 

0.9998) suggesting that the model accurately describes the experimental datasets. 

However, the general trends are different as can be seen from figure 6.8 where 

experiment 1 and 2 are in good agreement with one another but differ substantially from 
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experiments 3 and 4 who are themselves in good agreement with one another. To aid our 

analysis, the fitting parameters for each experiment is reproduced in Table 6-1. 

 

exp no 1 2 3 4 

n 1.78 1.53 2.44 2.32 

k (mM-1) 0.277 0.163 0.020 0.027 

m∞ (μg cm-2) 31.7 34.7 47.6 42.7 

R2 0.9998 0.9996 0.9992 0.9977 

Table 6-1. The Sips parameters obtained for consecutive NaReO4 adsorption experiments 

into the 50-layer MOF film though linear analysis of the data. 

 

 The m∞ values are about 25% lower for experiments 1 and 2 than those for 

experiments 3 and 4, suggesting a substantial increase in the total capacity for adsorption 

in the latter. This is observed concurrently to a decrease in the Sips affinity constant (k) 

by roughly an order of magnitude between experiments 1/2 and 3/4 suggesting a drastic 

reduction in the affinity of the film for the adsorbate. This behaviour was not observed in 

conjunction with the 35-layer film. It is possible that a partial breakdown in the film could 

result in a larger surface area available for adsorption (increased m∞) and a reduction in 

the integrity of that film which may lead to a reduction in k value. 

 However, the general trend of the experimental data and the model are in fair 

agreement suggesting that whatever leads to the differences between individual 

experiments is not linked to the fundamental mechanism of adsorption. The differences 

in Sips parameters between the two film thicknesses will be discussed after the analysis 

of all the data recorded has been conducted.   
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Figure 6-7.  Linear form of the Sips isotherm for the adsorption of NaReO4 into the 50 

layer Ag-4-4-bipyridine MOF thin film, derived from the experimental data.  

 

  

                  

Figure 6-8. Comparison between the experimental data of the NaReO4 adsorption into 

the 50 layers Ag-4-4-bipyridine film shown with the different type of points and the Sips 

model shown with the black straight line. 
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6.3  Modeling of the NaCl adsorption data 

 

6.3.1 Langmuir fit 

 

Following the same methodology as for the perrhenate ion, NaCl adsorption data was 

fitted for all three selected isotherms (Langmuir, Freundlich and Sips). Starting with the 

Langmuir isotherm, the linear fit, which will provide the two Langmuir parameters is 

shown in Figure 6-9. 

 

 

                          

Figure 6-9 Linear form of the Langmuir isotherm for the adsorption of NaCl into the 35 

layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. 

 

It is once again clear that the Langmuir isotherm does not describe the experimental data 

of the NaCl adsorption. For reasons of completeness, the non-linear fit, calculated with 

the parameters provided by the best fitted line in Figure 6-9, which are m∞ = 102.6 μg/cm2 

and k = 0.064 mM-1 is shown in  Figure 6-10. As already mentioned, it is even more clear 

now that the Langmuir isotherm does not describe this set of data. 
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Figure 6-10. Comparison between the experimental data of the NaCl adsorption into the 

35 layers Ag-4-4-bipyridine film shown with the black dots and the Langmuir model 

shown with the orange straight line. 

 

6.3.2 Freundlich fit 

 

The linear form of the Freundlich model is plotted in Figure 6-11, with a satisfactory 

regression factor of R2 = 0.926. The slope of the best fitted line provides n = 0.82, while 

the interception point provides k = 6.45 μg mM-1cm-2. 

 

 

                      

Figure 6-11. Linear form of the Freundlich isotherm for the adsorption of NaCl into the 35 

layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. 
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However, once those values are implemented into the non-linear Freundlich model, the 

fit in the experimental data is not good enough, as shown in Figure 6-12. Just as in the 

case of NaReO4, the Freundlich isotherm seems to deviate significantly in the high 

concentration range, and we can safely conclude that it does not describe the adsorption 

of NaCl in the thin film. 

 

                     

Figure 6-12. Comparison between the experimental data of the NaCl adsorption into the 

35 layers Ag-4-4-bipyridine film shown with the black dots and the Freundlich model 

shown with the grey line. 

 

 Modelling the same data according to the linear form of the Sips isotherm, yields 

Figure 6-13. The high linearity of this plot shows that the model describes  the adsorption 

of NaCl accurately and was used to analyse the remaining datasets. The average Sips 

parameters are obtained as n = 1.84 (±0.17), k = 0.154 mM-1 (±0.022) and m∞ = 36.5 

μg/cm2 (±0.52). 
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6.3.3 Sips fit 

 

                             

Figure 6-13. Linear form of the Sips isotherm for the adsorption of NaCl into the 35 layers 

Ag-4-4-bipyridine MOF thin film, derived from the experimental data. The parameter m∞ 

= 36.2 μg/cm2 is calculated iteratively in order to obtain a linear fit. 

 

Figure 6.14 shows the data of all three repeats of this experiment alongside the trace 

computed from the average parameters and highlights the reproducibility of the recorded 

data and the goodness of the fit obtained from the modeling. 

 

 

                     

Figure 6-14. Comparison between the experimental data of the NaCl adsorption into the 

35 layers Ag-4-4-bipyridine film shown with the different types of points and the Sips 

model shown with the black straight line. 
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Since the Sips isotherm best describes the experimental data for the adsorption of NaCl 

into the 35 layers Ag-4-4-bipyridine thin film, it will be used to model the data of the 

adsorption in the 50 layers film. The linear form of the Sips model for the adsorption of 

NaCl in the 50 layers film is shown in Figure 6-15. 

 

 

              

Figure 6-15. Linear form of the Sips isotherm for the adsorption of NaCl into the 50 layers 

Ag-4-4-bipyridine MOF thin film, derived from the experimental data. The parameter m∞ 

= 42.1 μg/cm2 is calculated iteratively in order to obtain a linear fit. 

 

The maximum adsorbed mass parameter m∞ = 42.1 μg/cm2 was calculated iteratively in 

order to obtain a linear fit. The other two parameters of the Sips model were produced 

through the best fitted line as n = 2.12 and k = 0.068 mM-1. When those are implemented 

into Equation 6.5 the Sips isotherm is produced, shown in comparison to the experimental 

data in Figure 6-16. 
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Figure 6-16. Comparison between the experimental data of the NaCl adsorption into the 

50 layers Ag-4-4-bipyridine film shown with the black dots and the Sips model shown 

with the blue straight line. 

 

 

The Sips isotherm was, again, the only model that successfully fitted into the experimental 

data of the adsorption of NaCl into the Ag-4-4-bipyridine thin film. The fact that different 

thicknesses of the film provided different physicochemical parameters could give an 

insight into the kinetics of the adsorption.  

 

 

6.4  Modeling of the Na2SO4 adsorption data 

 

6.4.1 Langmuir fit 

 

 Working in the same way as above, the experimental data of the adsorption of 

Na2SO4 into the 35 layers thin film are fitted into the Langmuir model first. Equation 6.2 

provides the linear fit of Figure 6-17, through which the Langmuir parameters were 

obtained. 
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Figure 6-17.  Linear form of the Langmuir isotherm for the adsorption of Na2SO4 into the 

35 layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. 

The fit seems to be more linear than the NaReO4 and NaCl cases, but again is not good 

enough (R2 = 0.80). The best fitted line provides k = 0.311 mM-1 and m∞ = 48.1 μg/cm2. 

When those parameters are implemented into Equation 6.1, the non-linear Langmuir fit 

is obtained, shown in comparison to the experimental data in Figure 6-18. The fit is much 

better than the previous Langmuir fits, but again there seems to be some deviation in the 

high concentrations, suggested by the theoretical maximum adsorption calculated as 48.1 

μg/cm2, while the experimental seems to be around 33-34 μg/cm2.  
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Figure 6-18. Comparison between the experimental data of the Na2SO4 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the black dots and the Langmuir model 

shown with the orange straight line. 

 

 

 Although the Langmuir isotherm is a better fit for the Na2SO4 adsorption data than 

that of either ReO4
- or Cl-, the experimentally obtained data seems to plateau sooner and 

at a lower level that that predicted by the model, suggesting that the Langmuir isotherm 

is in fact not reflective of the adsorption mechanism at play for Na2SO4 . 

 

6.4.2 Freundlich fit 

 

 The linear form of the Freundlich isotherm is therefore investigated next and 

shown in Figure 6-19.  
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Figure 6-19 Linear form of the Freundlich isotherm for the adsorption of Na2SO4 into the 

35 layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. 

 

figure 6.19 provides a satisfactorily linear fit, through which the Freundlich parameters n 

= 0.496 and k = 12.7 μg mM-1cm-2 are obtained. When those parameters are put into 

Equation 6.3, the Freundlich model is calculated, as shown in Figure 6-20. Like in the 

previous cases, it seems to deviate majorly in the high concentrations. 

 

                       

Figure 6-20. Comparison between the experimental data of the Na2SO4 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the black dots and the Freundlich model 

shown with the grey straight line. 
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6.4.3 Sips fit 

 

 The same data is then fitted using the Sips isotherm the Na2SO4 adsorption into 

the 35 layers Ag-4-4-bipyridine thin film. Its linear form, which is shown in Figure 6-21, 

was calculated via Equation 6.6, for one set of experimental data. 

 

 

    

Figure 6-21. Linear form of the Sips isotherm for the adsorption of Na2SO4 into the 35 

layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. The 

parameter m∞ = 34.9 μg/cm2 is calculated iteratively in order to obtain a linear fit 

 

The high linearity suggests that the model effectively describes the adsorption of Na2SO4, 

and is therefore used to analyse the remainder of the experimental datasets, leading to 

the determination of average Sips parameters as n = 1.84 (±0.17), k = 0.154 mM-1  (±0.022) 

and m∞ = 36.5 μg/cm2 (±0.52). hence providing the non-linear fit of the Sips model, shown 

in comparison to all the experimental data in Figure 6-22.  This shows very good 

reproducibility across experiments and a very good fit of the model to the experimental 

data. 
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Figure 6-22. Comparison between the experimental data of the Na2SO4 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the different types of points and the Sips 

model shown with the black straight line. 

 

 The goodness of fit for the Sips isotherm with the 35-layer film shows that this 

isotherm best describes the adsorption of Na2SO4 into the 35 layers thin film, and we will  

focus on this for the modelling of the 50-layer film. Following the same methodology, the 

linear form of one set of data is shown in Figure 6-23 and was used to extract the Sips 

fitting parameters. This was repeated for all the experiments and the average values of 

the Sips parameters were obtained as n = 1.40 (±0.067) and k = 0.641 (± 0.089) mM-1 and 

m∞ = 33.3 (± 4.50) μg/cm2 .Figure 6-24 shows all data recorded on the 50-layer film with 

SO4
2- alongside all the individual Sips models and the Sips model derived from these 

average parameters. Likewise the ReO4
- adsorption on the 50-layer film, the 

reproducibility of the data is less convincing on the 50-layer film than it was with the 35-

layer film, as there is a huge variation in the m∞ parameter. However, each of the data 

sets has been modelled using the linear expression of the Sips isotherm and yielded 

excellent regression coefficients suggesting that the model accurately describes the 

experimental datasets. To aid our analysis, the fitting parameters for each experiment is 

reproduced in Table 6-2. 
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exp no 1 2 3 

n 1.47 1.21 1.52 

k (mM-1) 0.476 0.891 0.556 

m∞ (μg cm-2) 34.2 21.7 43.6 

R2 0.9994 0.9982 0.9992 

Table 6-2. The Sips parameters obtained for consecutive Na2SO4 adsorption experiments 
into the 50-layer MOF film though linear analysis of the data. 

 

 

 

                        

Figure 6-23. Linear form of the Sips isotherm for the adsorption of Na2SO4 into the 50 

layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. The 

parameter m∞ = 33.3 μg/cm2 is calculated iteratively in order to obtain a linear fit 
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Figure 6-24. Comparison between the experimental data of the Na2SO4 adsorption into 

the 50 layers Ag-4-4-bipyridine film shown with the different types of points and the Sips 

model shown with the black straight line. 

 

 Although there is significant divergence between the experimental data, it is clear 

through the individual fits that the Sips model describes the adsorption of Na2SO4 into the 

50 layers Ag-4-4-bipyridine film well. However, it would be inappropriate to use the mean 

values of the Sips parameters to draw any meaningful conclusions, given the size of their 

standard deviations.  

 

6.5  Modeling of the Na2CO3 adsorption data 
 

6.5.1 Langmuir fit 

 

 Finally, we get to model the adsorption of Na2CO3 into the Ag-4-4-bipyridine thin 

film, starting again with the data from the 35 layers film. All the isotherms used previously 

will be tested in the same way. So, starting with the Langmuir isotherm, its linear form, 

which will provide the Langmuir parameters, is shown in Figure 6-25. 
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Figure 6-25. Linear form of the Langmuir isotherm for the adsorption of Na2CO3 into the 

35 layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. 

 

In contrast to the previous cases, the fit is satisfactorily linear (R2 = 0.85), while the best 

fitted line provides m∞ = 43.8 μg/cm2 and k = 0.526 mM-1. When those values are 

implemented into Equation 6.1, the Langmuir adsorption isotherm is produced, as shown 

in Figure 6-26. The fit into the experimental data is indeed much better than in the cases 

of NaReO4 and NaCl, but still it seems to deviate in the high concentrations. 

 

         

Figure 6-26. Comparison between the experimental data of the Na2CO3 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the black dots and the Langmuir model 

shown with the orange straight line. 
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6.5.2 Freundlich fit 

 

 The modeling process with the Freundlich isotherm was performed, the linear 

form of which is presented in Figure 6-27. This provides a satisfactorily linear fit, through 

which the Freundlich parameters n = 0.368 and k = 16.9 μg mM-1cm-2 are obtained. 

 

 

                            

Figure 6-27. Linear form of the Freundlich isotherm for the adsorption of Na2CO3 into the 

35 layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. 

 

However, once those values are implemented into the non-linear Freundlich model, the 

fit in the experimental data is not good enough, as shown in Figure 6-28. Freundlich 

isotherm seems to deviate significantly in the high concentration range, and we can safely 

conclude that it does not describe the adsorption of Na2CO3 in the thin film. 

y = 0.3683x + 1.2295
R² = 0.847

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

-0.1 0.1 0.3 0.5 0.7 0.9 1.1

lo
gm

logc



153 
 

          

Figure 6-28. Comparison between the experimental data of the Na2CO3 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the black dots and the Freundlich model 

shown with the grey straight line. 

 

6.5.3 Sips fit 

 

 So, we finish the modeling with the Sips isotherm, the linear form of which is 

presented in Figure 6-29. The perfectly linear fit was obtained using a value a value of m∞ 

= 35.2 μg/cm2. Working in the same way for the rest of the data provides us with the all 

the Sips parameters as n = 1.75 (± 0.008), k = 0.665 mM-1 (± 0.012) and m∞ = 35.3 μg/cm2 

(± 0.422). 

                   

Figure 6-29. Linear form of the Sips isotherm for the adsorption of Na2CO3 into the 35 

layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. The 

parameter m∞ = 35.2 μg/cm2 is calculated iteratively in order to obtain a linear fit. 
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The Sips model, obtain through the above values, is presented in Figure 6-30. Once again, 

it seems that the Sips isotherm is the one that describes with exceptional accuracy the 

experimental data even in the case of the adsorption of Na2CO3 in the Ag-4-4-bipridine 

thin film. 

 

                                  

Figure 6-30. Comparison between the experimental data of the Na2CO3 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the different types of points and the Sips 

model shown with the black straight line. 

 

 Having proved this, it would be safe to assume that the Sips model is the one to 

describe the data from the 50 layers film, so it will be the only one to be tested to this 

direction. Working in the same way, the linear form, which will provide the Sips 

parameters is shown in Figure 6-31. The maximum adsorbed mass in infinite 

concentration was calculated iteratively as m∞ = 33.1 μg/cm2 ,in order to obtain a linear 

fit, while from the slope of the fit we get n = 1.70 and from the interception we get k = 

0.639 mM-1. 
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Figure 6-31. Linear form of the Sips isotherm for the adsorption of Na2CO3 into the 50 

layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data. The 

parameter m∞ = 33.1 μg/cm2 is calculated iteratively in order to obtain a linear fit. 

 

When those parameters are implemented into the Sips model, a fit in exceptionally good 

coordination with the experimental data is obtained, as shown in Figure 6-32. It would be 

safe to conclude that the Sips isotherm is the one describing the adsorption of Na2CO3 in 

the Ag-4-4-bipyridine thin film.  

 

                   

Figure 6-32 Comparison between the experimental data of the Na2CO3 adsorption into 

the 50 layers Ag-4-4-bipyridine film shown with the black dots and the Sips model shown 

with the blue straight line. 
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6.6 Discussion 

 

 The systematic modeling of the experimental data with well-understood 

adsorption isotherms led to the conclusion that the Sips isotherm unambiguously best 

describes the adsorption of every analyte considered in the previous chapter. The 

implication of this result is that adsorption takes place across multiple layers, rather than 

in a single monolayer, (best described by the Langmuir isotherm) but that an upper limit 

exists on the amount of material may be adsorbed in the film, typified by the plateau 

reached by every set of data, precluding the use of the Freundlich isotherm. Table 6-3 

summarises the fitting parameters obtained for each analyte considered both the 35- and 

50-layer films. 

 In order to make more sense of what those values mean for the adsorption 

mechanism, it is instructive to plot all the isotherms on a single graph. Starting with the 

35 layers film, the four Sips isotherms for the adsorption of NaReO4, NaCl, Na2SO4 and 

Na2CO3 are shown in Figure 6-33. Since it was shown that the Sips isotherm accurately 

describes the experimental data, it is acceptable to compare just the models. 

 Reviewing the data of Table 6.1, it may be observed, that the m∞ factor, which 

reflects the total maximum mass of adsorbate immobilized onto the film and affects the 

height of the plateau in the graph, is very similar for all the analytes. This is may also be 

observed graphically in Figure 6-33, where all the isotherms reach similar plateaus. This 

contradicts the initial hypothesis of the anion exchange as the mechanism of adsorption, 

as suggested in the literature and reproduced in our experiments involving bulk crystals 

of the Ag-4-4-bipyridine MOF described in Chapter 5. 
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35 layers Ag-4-4-bipyridine film 

 n k (mM-1) m∞ (μg cm-2) 

NaReO4 1.73 (± 0.066) 0.153 (± 0.014) 35.8 (± 0.88) 

NaCl 1.84 (± 0.17) 0.154 (± 0.021) 36.2 (± 0.52) 

Na2SO4 1.71 (± 0.017) 0.409 (± 0.0057) 35.0 (± 0.43) 

Na2CO3 1.73 (± 0.088) 0.665 (± 0.012) 35.3 (± 0.42) 

50 layers Ag-4-4-bipyridine film 

 n k (mM-1) m∞  (μg cm-2) 

NaReO4  2.02 (± 0.18) 0.122 (± 0.053) 39.2 (± 3.17) 

NaCl* 2.12 0.0687 42.1 

Na2SO4 1.40 (± 0.067) 0.641 (± 0.089) 33.3 (± 4.51) 

Na2CO3* 1.70 0.639 33.1 

Table 6-3. All the Sips parameters as calculated in the previous sections, for all the 

adsorbents, first for the adsorption into the 35 layers Ag-4-4-bipyridine film and then for 

the adsorption into the 50 layers film. The * sign indicates that there was only one set of 

data, so there are no standard deviations. 

   

 The replacement of the nitrate counterions from the MOF structure with the 

range of analytes studied should not result in a consistent m∞ value since each target 

analyte has a different molecular mass. Indeed, this is most obvious in the case of the 

chloride ion which has a molecular mass lower than that of the nitrate ion which it is 

purported to replace, 35.5 g mol-1 and 62.0 g mol-1, respectively, and which should result 

in an overall mass loss rather than the mass gain observed.  
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Figure 6-33. The Sips isotherms of the adsorption of NaReO4, NaCl, Na2SO4 and Na2CO3 

into the 35 layers Ag-4-4-bipyridine film. 

 

 Another contradiction to the ion exchange hypothesis is the fact that the 

adsorption of ReO4
- appears to be reversible. As previously stated, Zhu et al. reported that 

when ReO4
– is exchanged for NO3

– into the Ag-4,4’-bipyridine network as the counter 

anion, the structure of the MOF alters irreversibly [158] with the spheroidal perrhenate-

free particles transforming into needle-like structures in the presence of the anion. This 

was also confirmed by our own experiments with the bulk MOF crystals, presented in 

Chapter 5. The reversible nature of the adsorption process previously reported suggests 

that in the case of our thin film, anion exchange (which would require washing with highly 

concentrated NO3
–

 solution) had not taken place. This may be due to the impossibility of 

the film to rearrange and trap the anion of interest as a result of its tethering to the gold 

electrode of the QCM, confining the movement of the atoms within the network. This 

becomes more evident when the SEM images of the MOF thin film before and after the 

exposure to ReO4
– are compared, as shown in Figure 6-34 A & B, respectively. No change 

in the surface of the film is observed after the exposure to ReO4
–, contrary to the reports 

by Zhu, et al [158] and our own experiments on the bulk crystals presented in figures 5.1 

and 5.3 respectively. Since the thermodynamics of the system cannot be lowered by the 
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exchange of nitrate for perrhenate as observed in the bulk, the anion exchange 

mechanism must be ruled out.  

 

             

Figure 6-34. SEM images of the MOF thin film A) pre-exposure and B) post-exposure to 

ReO4
-. 

 

 Returning to the data summarized in Table 6-3, it may be seen that the value of 

the adsorption affinity parameter, k, is the only parameter that differs significantly 

between the four different adsorbents. Furthermore, its value for NaReO4 and NaCl is 

very similar, while for Na2SO4 and Na2CO3 it is almost 2.5 and 4 times larger, respectively. 

The value of k impacts the steepness of the initial rise in the mass vs. concentration curve 

(figure 5), in other words, the higher the value of k, the easier it becomes for the 

adsorbent to get into the film. For example, while in 1 mmol L-1 of NaReO4, almost 5 

μg/cm2 are adsorbed into the film, at the same concentration of Na2SO4 the adsorbed 

mass reaches 13 μg/cm2. This also reinforces our assumption that anion exchange cannot 

be the mechanism leading to these measured mass changes, as it would be impossible for 

the much lighter and doubly charged SO4
2– anion to lead to heavier adsorption than the 

much heavier ReO4
–.  

 Having ruled out the anion exchange mechanism for these MOF-modified QCM 

substrates, we must now attempt to not only determine the adsorption mechanism that 

obtains under our experimental conditions, but also identify the nature of the adsorbate. 

The lack of anion exchange means that no anions can enter the film for charge 

conservation reasons. Given the similarities in the m∞ across all experiments summarized 
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in Table 6-3, it is probable that all experiments are affected by the same species, and since 

all experiments were carried out using sodium salts of the relevant anions, the next logical 

step is to recast the data for the sodium cation concentration. This is further supported 

by the values of k reported in Table 6-3 which are similar between monocation salts and 

similar between dication salts. In the analysis above, the concentrations taken into 

account were that of the anions, which in the cases of NaReO4 and NaCl are the same 

with those of Na+, but in the cases of Na2SO4 and Na2CO3 the concentration of Na+ is 

double of the anions. So, in order to confirm this hypothesis, the adsorption graphs of 

those two salts will be replotted and the Sips isotherms will be recalculated as a function 

of sodium concentration. 

 So, taking Figure 5.22 from the previous chapter and replotting in terms of Na+ 

concentration, which is double, provides Figure 6-35, for the adsorption of Na2SO4 into 

the 35 layers film. 

 

 

                        

Figure 6-35. Adsorbed mass per surface area plotted as a function of Na+ concentration 

from Na2SO4 for the 35 layers MOF thin film coated QCM of 3 different adsorption 

experiments with the same thin film. 
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Working as previously, the linear form of the Sips isotherm is shown in Figure 6-36, 

calculated using the value m∞ = 34.9 μg/cm2. 

 

 

                        

Figure 6-36. Linear form of the Sips isotherm for the adsorption of Na2SO4 into the 35 

layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data and 

considering the concentration of Na+. The parameter m∞ = 34.9 μg/cm2 is calculated 

iteratively in order to obtain a linear fit. 

 

After analyzing all the data, the Sips parameters are obtained as n = 1.73 (± 0.018) and k 

= 0.122 (± 0.00065) mM-1 and m∞ = 35.0 (± 0.43) μg/cm2. When those values are 

implemented into Equation 6.5, the Sips isotherm is obtained, as shown in comparison to 

the experimental data in Figure 6-37. 
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Figure 6-37. Comparison between the experimental data of the Na2SO4 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the different types of points and the Sips 

model shown with the black  straight line, considering the concentration of Na+. 

 

Working in the same way for the Na2CO3 data, Figure 5.28 is replotted against the 

concentration of Na+, providing Figure 6-38. 

 

 

                     

Figure 6-38. Adsorbed mass per surface area plotted as a function of Na+ concentration 

from Na2CO3 for the 35 layers MOF thin film coated QCM of 2 different adsorption 

experiments with the same thin film. 
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The linear form of the Sips isotherm for one set of data is shown in Figure 6-39, calculated 

using the value m∞ = 35.2 μg/cm2. 

 

                      

Figure 6-39.  Linear form of the Sips isotherm for the adsorption of Na2CO3 into the 35 

layers Ag-4-4-bipyridine MOF thin film, derived from the experimental data and 

considering the concentration of Na+. The parameter m∞ = 36.2 μg/cm2 is calculated 

iteratively in order to obtain a linear fit. 

 

 

After the analysis of all the set of data, the Sips parameters are now calculated as n = 1.80 

(± 0.082) and k = 0.188 (± 0.015) mM-1 and m∞ = 35.3 (± 0.44) μg/cm2 the Sips isotherm is 

obtained in Figure 6-40. 
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Figure 6-40. Comparison between the experimental data of the Na2CO3 adsorption into 

the 35 layers Ag-4-4-bipyridine film shown with the different types of points and the Sips 

model shown with the black straight line, considering the concentration of Na+. 

 

Although the data from the 50 layers film have not been discussed yet, there is nothing 

implying anything different is happening there, so the Sips parameters will be recalculated 

for those sets of data, as well. Since the transformation worked well for the data of the 

35 layers film, let us provide directly the new Sips parameters. For the Na2SO4 data of the 

50 layers film, the Sips parameters in terms of Na+ concentration are m∞ = 33.3 (± 4.5) 

μg/cm2, k = 0.246 (± 0.048) mM-1 and n = 1.41 (± 0.07) while for Na2CO3 the parameters 

are m∞ = 33.1 μg/cm2, k = 0.196 mM-1 and n = 1.70. To sum up, the all the parameters 

calculated through the concentration of Na+ are gathered in Table 6-4. 
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35 layers Ag-4-4-bipyridine film 

 n k (mM-1) m∞ (μg cm-2) 

NaReO4 1.73 (± 0.066) 0.153 (± 0.014) 35.8 (± 0.88) 

NaCl 1.84 (± 0.17) 0.154 (± 0.021) 36.2 (± 0.52) 

Na2SO4 1.73 (± 0.018) 0.122 (± 0.00065) 35.0 (± 0.45) 

Na2CO3 1.80 (± 0.082) 0.181 (± 0.015) 35.3 (± 0.44) 

50 layers Ag-4-4-bipyridine film 

 n k (mM-1) m∞  (μg cm-2) 

NaReO4 2.02 (± 0.18) 0.122 (± 0.053) 39.2 (± 3.17) 

NaCl* 2.12 0.0687 42.1 

Na2SO4 1.40 (± 0.07) 0.246 (± 0.048) 33.3 (± 4.50) 

Na2CO3* 1.70 0.196 33.1 

Table 6-4 All the Sips parameters calculated for the concentration of Na+, for all the 

adsorbents, first for the adsorption into the 35 layers Ag-4-4-bipyridine film and then for 

the adsorption into the 50 layers film. The * sign indicates that there was only one set of 

data, so there are no standard deviations. 

 

 By comparing the values of the parameters for Na2SO4 and Na2CO3 between Table 

6.1 and Table 6.2, it is easily observed that the only difference is the value of k. When the 

concentration of Na+ cations is taken into account, the value of k for those salts is in good 

agreement to that of NaCl and NaReO4, varying just in the second significant figure. Figure 

6-41 shows the normalized isotherms for all species studied. 
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Figure 6-41. The Sips isotherms of the adsorption of NaReO4, NaCl, Na2SO4 and Na2CO3 

into the 35 layers Ag-4-4-bipyridine film, calculated for the Na+ concentration. 

 

 In this case, the adsorption rate, represented by k, is comparable for all the 

isotherms, a fact that probably validates the approach of the sodium concentration in the 

different salt solutions. What is more, the fact that all the isotherms look so similar, after 

they were normalized to the concentration of sodium cations, strongly suggests that what 

is getting adsorbed into the film is indeed the Na+. Thus, Figure 6-42 shows all the data 

recorded for all salts as a function of Na+ concentration alongside the Sips isotherm 

calculated from the average of all individual models; n = 1.77 (± 0.093), k = 0.150 (± 0.016) 

mM-1 and m∞ = 35.8 (± 0.73) μg cm-2
.  

 The most likely mechanism for this uptake of sodium cations into the MOF matrix 

is through electrostatic interaction between its positive charge and the  π-electron clouds 

of the bipyridine rings which present a significant electronegative area of the frameworks. 

The weaker nature of this type of interactions also helps to explain the reversibility of the 

process.  
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Figure 6-42. The adsorption data of the experiments with NaReO4 (blue marks), NaCl 
(red marks), Na2SO4 (yellow marks) and Na2CO3 (green marks) of the 35-layer film 

plotted with a Sips isotherm modeling the overall adsorption of Na+ into the Ag-4,4’-
bipyridine thin film. 

 

 

 As for the 50-layer film, it is likely that Na+ adsorption is also taking place. Figure 

6-43 shows the adsorption data recorded on the 50-layer MOF-modified QCM crystal and 

recast vs. concentration of Na+ ions. The data in figure 6-43 is more spread out than it was 

for the 35-layer film shown in figure 6-42. This spread preventing us from calculating an 

overall isotherm. Furthermore, experiments with the 100 and 150 layer films did not 

result in the measurement of any mass changes. This is likely due to excessive damping 

of the crystal as a result of the increased thickness of the film and further work is needed 

to verify this hypothesis.   
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Figure 6-43. The adsorption data of the experiments with NaReO4 (blue marks), NaCl 
(red marks), Na2SO4 (yellow marks) and Na2CO3 (green marks) of the 50-layer film, 

considering the concentration of Na+. 

 

 

6.7  Conclusion 

 

 

 The adsorption data acquired and discussed in Chapter 5 by experiments with 

NaReO4, NaCl, Na2SO4 and Na2CO3 using the 35- and 50-layer films, were modelled with 

the well-studied Langmuir, Freundlich and Sips adsorption isotherms. It was found that 

the Sips isotherm, which consists of a combination of the Langmuir and Freundlich 

isotherms, produced the most accurate fit to the experimental data, suggesting 

multilayer-fashioned adsorption. However, the original hypothesis of the anion exchange, 

where ReO4
- replaced NO3

- as the counter anion in the MOF matrix was proved 

inappropriate leading to the conclusion that behaviour of the thin film contradicts that of 

the bulk crystals. Alteration of the MOF structure in the thin film is constrained since it is 

chemically tethered to the gold surface of the QCM, thus prohibiting the anion exchange 

process. Systematic analysis of the physicochemical parameters contained within the 

mathematical expression of the Sips model provided us with an insight about the nature 

and mechanism of the adsorption. It was shown that the values of the parameters were 
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significantly similar for all the salts used in the adsorption experiments, indicating a 

common adsorbent.  Thus, it was found that sodium cations were adsorbed into the film, 

probably through weak electrostatic interactions with the π-electrons of the bipyridine 

rings. Nevertheless, in order to confirm cation adsorption properties of the thin film, 

further work is needed, including experiments with other cations such as K+, Li+, Ca2+. 

Furthermore, the adsorption data for the 50-layer film was not as consistent and 

reproducible as that of the 35-layer film. This is probably due to excessive damping of the 

crystal as a result of the increased thickness of the film and further work is also needed 

to verify this hypothesis. 
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7 Conclusion and further work 
 

 Nuclear reprocessing sites such as Sellafield Ltd have a statutory requirement to 

monitor the radionuclide concentration in the groundwater on their site. Technetium-99 

is a contaminant of significant importance, since it forms the extremely environmentally 

mobile pertechnetate ion (TcO4
-). Its lack of natural occurrence means that early 

detection of Tc is crucial because it can help identify leaks of radioactive contaminants 

into the environment. However, the current methods of determination of Tc in 

environmental samples, using both radiometric and mass spectroscopic techniques, are 

time consuming and require expensive equipment. In addition, because of its low 

concentration in environmental samples, Tc must be first isolated form other matr ix 

components that could interfere in the measurement, such as other β-emitters or isobaric 

nuclei like Ru. The purpose of this work was to develop a novel, real-time sensor for Tc 

based on a Quartz Crystal Microbalance, which can detect small changes of mass added 

to its surface. Thus, the work towards the development of a QCM sensor modified with 

Tc-selective materials including the TREN ligand, TEVA resin and Ag-4,4’-bipyridine MOF 

was presented.  

 Chapter 3 focused on the synthesis of a novel TREN derivative ligand. A multi-step 

chemical synthesis was used to the preparation of a novel tri-Boc protected ligand which 

was characterized by NMR, IR and mass spectrometry. The synthesis was challenging, and 

a small amount of material could be prepared. The subsequent Boc deprotection was 

attempted using well-established reaction conditions but 1H NMR spectroscopic data did 

not conclusively show that the deprotection was successful without degradation of the 

rest of the molecular structure. Nevertheless, the product of the deprotection was 

deployed on a Quartz Crystal Microbalance as a SAM, unfortunately this did not lead to 

the measurement of a mass change and no detection of ReO4
- was observed. This could 

be due to issues with the quality of the final product, very small frequency deviations 

resulting from only a small number of anions being accepted within the TREN derivative 

structure caused by the presence of only a single monolayer onto the crystal, or a 

decreased affinity for the target anion as a result of the modifications made to the base 
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TREN ligand. However, since TREN has been reported for the uptake of TcO4
-, it is possible 

that a multilayer coating on the QCM of the original TREN ligands reported in the 

literature would offer a tool in the real time detection of TcO4
-. 

 Given the challenges in producing appreciable amounts of the TREN ligand 

derivative, the time-consuming nature of this synthetic route and the uncertainty about 

the viability of this detection method using a QCM, it was decided to refocus the project 

to make use of other materials such as Teva resin and its active group, as presented in 

Chapter 4. In the first instance, an attempt was made to incorporate TEVA resin particles 

into a Aam/MBAAm hydrogel deposited directly onto the QCM. The swelling of the 

hydrogel as a result of the water absorption and concomitant increase in mass loading 

prevented its use as a useful QCM modification mechanism. For this reason, a novel 

derivative of the active component of TEVA resin, Aliquat-336, that can be tethered on 

the QCM through a SAM was prepared by multi-step chemical synthesis. The novel 

compound was fully characterized by 1H NMR, 13C NMR, IR and MS. The ligand was 

tethered to the QCM surface in a SAM but led to no detection of ReO4
-. Estimation of 

maximum theoretical frequency changes resulting from the interaction of the crystal with 

the perrhenate ion revealed that the expected mass gained could be below the detection 

limit of the QCM equipment. This is a result of the small mass of the ion and the relatively 

large footprint of the Aliquat-336 derivative making up the SAM. However, since TEVA 

resin has been reported for the uptake of ReO4
- and TcO4

-, a more efficient coating on a 

QCM would have the potential to create an effective sensor. This could be achieved by 

use of much smaller TEVA resin particles in the range of nanometers (perhaps obtained 

via milling of the currently available 20-50 µm particles) immobilized as a multilayer 

coating within a matrix that is water permeable but does not swell to such a large extent 

as the hydrogel used in this work. 

 Considering the potential issues in using SAM-modified QCMs for the detection of 

ReO4
- identified in Chapters 3 and 4, it was decided to explore multi-layered 

functionalized QCMs. Our efforts were then focused on the Ag-4,4-bipyridine metal-

organic framework, as presented in Chapter 5, which has been reported for extensive 
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perrhenate take up. Bulk crystals of the MOF were spin coated on the QCM surface and 

the sensor was exposed to ReO4
-. Although the adsorption of ReO4

- was confirmed, the 

coating became detached from the QCM when immersed into solution. Thus, it was 

decided to tether chemically the MOF onto the QCM surface in the form of a thin film. 

Films of 35-, 50-, 100- and 150-layers, were built layer-by-layer on a self-assembled 

monolayer of 4-mercaptopridine on the gold electrode of the QCM and was characterized 

with XRD and SEM. The XRD analysis showed that the molecular structure of the thin film 

is similar to that of the bulk crystals. However, the SEM analysis suggests that the 

morphology of the film in the microscale was substantially different than that of the bulk 

crystals, possibly because of the tethering of the film on the gold surface of the QCM. 

 The response of the 35- and 50-layer films in the presence of NaReO4 as well as 

that of interferents such as NaCl, Na2SO4 and Na2CO3 was tested. It was shown that the 

response of the thin film MOF is different to that of the bulk crystals, since the adsorption 

was reversible in the case of the film. The thin film also showed little selective towards 

perrhenate, as both the 35 layers and 50 layers films respond similarly to all the analytes 

that they were tested with. However, there were some serious reproducibility issues with 

the 50 layers film, while the results of the 35 layers film proved to be more reproducible 

and with much smaller deviations.  

 The adsorption data acquired and discussed in Chapter 5 by experiments with 

NaReO4, NaCl, Na2SO4 and Na2CO3 using the 35- and 50-layer films, were then modelled 

with the well-studied Langmuir, Freundlich and Sips adsorption isotherms, as described 

in Chapter 6, in order to understand the mechanism behind the adsorption in the Ag-4-4-

bipyridine MOF. It was found that the Sips isotherm, which consists of a combination of 

the Langmuir and Freundlich isotherms, produced the most accurate fit to the 

experimental data, suggesting multilayer-fashioned adsorption. However, the original 

hypothesis of the anion exchange, where ReO4
- replaced NO3

- as the counter anion in the 

MOF matrix was proved inappropriate leading to the conclusion that the behaviour of the 

thin film contradicts that of the bulk crystals. Alteration of the MOF structure in the thin 

film is constrained since it is chemically tethered to the gold surface of the QCM, thus 
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prohibiting the anion exchange process. Systematic analysis of the physicochemical 

parameters contained within the mathematical expression of the Sips model provided us 

with an insight on the nature and mechanism of the adsorption. It was shown that the 

values of the parameters were significantly similar for all the salts used in the adsorption 

experiments, indicating a common adsorbent. Thus, it was found that sodium cations 

were adsorbed into the film, probably through weak electrostatic interactions with the π-

electrons of the bipyridine rings. Nevertheless, in order to confirm cation adsorption 

properties of the thin film, further work is needed, including experiments with other 

cations such as K+, Li+, Ca2+. Furthermore, the adsorption data for the 50-layer film was 

not as consistent and reproducible as that of the 35-layer film. This is probably due to 

excessive damping of the crystal as a result of the increased thickness of the film and 

further work is also needed to verify this hypothesis. It would also be possible that as the 

film thickness grows away from the gold surface, the film may start to behave more 

similarly to the bulk crystals, but this may not be compatible with QCMs, since they can 

support films of limited thicknesses. However, concerning the detection of TcO4
-, it seems 

that the efforts should be concentrated to the bulk crystals and to types of coating which 

would let them move and rearrange their structure freely. 

 Although the effective detection of ReO4
- and consequently TcO4

- were not 

successful, novel organic molecules and thin films were successfully synthesized and 

characterized in this work. It was proven that light molecules such as ReO4
- cannot be 

detected by a single monolayer, while multilayered coatings have potential in anion and 

cation detection. It was also shown that the physicochemical and adsorptive properties 

of MOF bulk crystals are significantly different than that of their thin films, which 

potentially opens a new field of research. 
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