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Abstract 

Quartz Crystal Microbalances (QCMs) have been shown to be capable of 

detecting hydrocarbons in aqueous and gas phase environments. In these systems, 

polymer coatings are often utilized to enable specific adsorption of analytes of 

interest. Although traditional polymer-based coatings have good sensitivity (in 

terms of both hydrocarbon uptake and signal response) to nonpolar hydrocarbons, 

they have poor sensitivity to polar organic acids such as naphthenic acids, which 

are the main contaminants from oil sands tailing water. Thus, a functional surface 

with higher sensitivity is desired. 

This research shows that in order to detect polar NA molecules, a polybutadiene 

thin film surface could be modified with amine functional groups through a facile 

two steps process, which involved generation of hydroxides on the surface and 

subsequent reaction with silanes. QCM measurements revealed that a 

polybutadiene thin film modified with amino groups exhibited much higher 

sensitivity to a naphthenic acid model compound 4-methyl-cyclohexane acetic 

acid (MCAA) than an unmodified film. The response was fast (less than 5 

minutes), and a linear relationship between frequency change and MCAA 

concentration was obtained. The tests performed in different solutions indicated 

that the response was pH dependent, with a stronger response observed under 

acidic conditions, in which MCAA exists in a molecular form. Inorganic salts 

added to the solution were found to have little influence on the response to 

MCAA. The response was found to be dependent on the thin film thickness, with 

thicker thin films exhibiting a higher sensitivity. Modifying the surface of the film 

did not alter the magnitude of its response to toluene, suggesting that the 

functional group is selective to MCAA. The application of functional groups to 

other polymers was also explored. Amine-functionalized polymers are promising 

candidates for sensing naphthenic acids in aqueous environments. 
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1 Introduction 

1.1 Hydrocarbon emission 

The release of organic pollutants into the environment can be either natural or 

result from man-made processes. Pollutants have been found in various natural 

environments and their distribution is closely related to the exploitation of 

hydrocarbons by humans
1,2

. Hydrocarbon emissions are generating both scientific 

interest and public concern due to the toxic and detrimental effects of these types 

of contaminants.  

 

Global energy demands are projected to increase over the next several decades. 

Various types of hydrocarbons still represent an important source of energy, and 

their utilization is expected to grow to meet demand
3
. Such trends will facilitate 

the emission of unwanted pollutants, which will be a significant issue for 

governments, who will face the challenge of reducing levels of hydrocarbon 

contaminants while maintaining sustainable economic growth.  

 

Although many approaches have been studied and proposed to take on this 

demanding issue
4
, sophisticated tools are required in order to monitor the 

migration and impact of hydrocarbons.. To do so, many innovative tools have 

been developed over the last century. 

   

1.2 Analytical techniques 

Many techniques are available for analyzing the amount of hydrocarbon-based 

contaminants in the environment
5
. Traditionally, both qualitative and quantitative 
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measurements have been performed using well developed analytical techniques
6-9

 

such as gas chromatography (GC), mass spectrometry (MS), high performance 

liquid chromatography (HPLC), or a combination thereof (such as GC-MS). In 

these techniques, a sample is collected on site and sent back to the laboratory 

where it undergoes numerous lengthy separation and pre-concentration steps.   

 

For water samples with low concentrations of hydrocarbon, organic solvent is 

often used to extract and concentrate the hydrocarbon contaminant
7
. For some 

hydrocarbon compounds, a derivation process (in which the sample is reacted 

with chemical reagents) is needed to increase the sensitivity and selectivity of the 

analysis technique. After the extraction and derivation process, the sample is sent 

to analysis using the techniques mentioned above.     

 

Generally, the aforementioned techniques are highly sensitive and reliable. 

However, they require a laboratory environment, tedious pre-treatment before 

analysis, expensive instrumentation, and must be performed by a highly-trained 

worker. They also suffer from additional problems, including a lack of portability, 

and the inability to perform real-time monitoring of pollutants in real environment. 

As a result, developing alternative approaches for analyzing hydrocarbon 

contaminants has become attractive. One possible approach is the application of 

chemical sensors. These types of tools allow fast, real time screening and 

monitoring of environmental hydrocarbons. 

 

1.3 A chemical sensor perspective 

Selectivity and sensitivity are two important properties for the application of 

chemical sensors. Sensitivity is the ratio of sensor output to the concentration 
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change. Ideally, a sensor which can respond exclusively to a single target 

molecule (i.e. that is highly selective) is highly desirable. However, the realization 

of this type of device is very challenging since most environmental samples are 

composed of a range of hydrocarbons, depending on the source. These 

hydrocarbons often have similar physical and chemical properties, making the 

detection of every single component very difficult. Furthermore, ionic salts in real 

water system may interfere with the sensor response, making their separation 

necessary
10

.  Table 1.1 shows the contaminants found in an oil sands tailing pond, 

indicating the complex chemistry nature of the real water system.  

 

Table 1.1 Contaminants in an oil sands tailing pond from RSC report on the 

environmental and health impact of Canada’s oil sands industry
11

. Reprinted 

with permission from The Royal Society of Canada (RSC). 

 

 

Hydrocarbon pollutions are known to be widespread and their concentrations are 



 

4 
 

often down to ppm level. Concentration can vary significantly from place to place 

depending on the hydrocarbon activity
12

. Generally, a sensor that has high 

sensitivity and can respond linearly to hydrocarbons over a wide range of 

concentration (from 0 ppm to 100 ppm) will be most ideal. The sensor response 

speed and reversibility are additional properties to be considered. A sensor that 

responds very slowly or that degrades quickly may be inadequate for sensing 

applications. In addition, the drift of sensor response signal (that can occur due to 

changes in external variables or in changes in the sensor itself) must be minimal if 

long-term continuous measurements are desired. 

 

1.4 Chemical sensor properties 

The two main components of a chemical sensor are the transducer and the 

receptor. Each of these components will be discussed in depth below. 

 

The transducer ‘senses’ the molecules of interest, and translates the input value 

(concentration) into a measurable output signal. The three commonly used types 

of transducers are: (1) optical (2) electrochemical/electrical, and (3) 

mass/piezoelectric.  

 

Sensors based on optical transducers use electromagnetic radiation to probe the 

structure and composition of hydrocarbon molecules
13

. These sensors use a light 

source to generate electromagnetic radiation, and an optical transducer for signal 

measurement. The light source is used to excite the molecules, and the resulting 

absorbed/emitted energy can be recorded as a function of frequency to generate a 

signature signal depending on the species present, which can be used for 

qualitative and quantitative analysis. A sensitive coating may be applied to the 
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substrate to absorb and pre-concentrator the target molecule. Sensor based on 

optical transducer such as attenuated total reflectance Fourier transform infrared 

spectroscopy (FTIR-ATR) is one of the most popular methods for hydrocarbon 

detection
14

. In this technique, infrared light is used to interact with the 

hydrocarbon molecules absorbed on the sensor surface and the resulting infrared 

spectrum is recorded for analysis.  

 

Electrochemical sensors can sense the target molecules by detecting variations in 

the electrical properties of an electrode as analytes interact with the surface of the 

electrode. When measuring in an aqueous environment, several conditions need to 

be satisfied so that the changes in the electrical properties of an electrode can be 

used to quantify the analyte
15

. For electrochemical sensors, issues such as oxygen 

concentration in solution, ionic strength, pH levels of samples, and liquid 

convection require proper attention to get accurate results.  

 

Piezoelectric sensors have been applied widely after the work of Sauerbrey
16

. 

Analytical devices have been developed that exploit the change in resonance 

frequency that occurs due to the accumulation of mass on a sensor surface. Three 

types of sensors that make use of this principle are: surface acoustic wave 

resonators, microcantilever resonators, and quartz crystal microbalances.  A 

surface acoustic wave (SAW) can be used to measure a small amount of mass 

based on the change in surface acoustic wave travelling across surface. 

Microcantilevers can be oscillated at a resonant frequency determined by their 

size and shape, and can be used to measure the adsorption of very small amounts 

of mass. QCMs will form the basis for the work described in this thesis, and will 

be described in more detail in the next section. However, regardless of the type of 

mass-based employed, an analyte-targeting coating must be developed for the 
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molecules of interest. 

 

An analyte-targeting coating is a material used to absorb the target molecules to 

the sensor surface, enabling these molecules to be measured. Analyte-targeting 

coatings are key components of all of the sensing systems described above. The 

design of a suitable coating material is an important aspect in engineering a 

reliable sensor, as the coating must bind the analyte of interest with high 

sensitivity and selectivity. Generally, the adsorption/absorption capacity of a 

coating depends on the chemical structure, composition and physical properties of 

the material.  

 

Some common coating materials used for the application of hydrocarbon 

detection are polymers
17

, zeolites
18

, calixarenes
19

, carbon nanotubes
20

, metal 

oxides 
21

 and organic dyes
22

. Among these materials, polymers are the most 

popular. This is because their composition can be easily tailored to achieve 

desired physical and chemical properties. A number of groups have studied the 

response mechanism of polymers to hydrocarbons, and have found that the 

structure of the polymer has a significant impact on the sensitivity of the material, 

as the hydrocarbons must diffuse into the free volume of the polymer. 
23

. Most of 

these studies have focused on sensing hydrocarbons in vapor phase, and only a 

few have explored the hydrocarbon response in aqueous environment. 

 

1.5  QCM technique 

The quartz crystal microbalance (QCM) is a useful tool for probing target 

molecules, due to the fact that it can detect very small changes in mass that occur 

as molecules are attached to the sensor surface. This surface can be readily 
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modified using a wide range of chemistries, to enable the detection of many 

different kinds of molecules.  

 

The quartz crystal is sandwiched between a pair of electrodes. The mechanism of 

the QCM is based on a phenomenon called the piezoelectric effect. In the 

presence of force applied to the surface, the oscillation of the crystal induced  by 

an applied electric field will be changed, leading to a frequency shift.
24

. 

 

In QCM, circular quartz crystals cut along the AT plane are typically utilized. 

Metal electrodes are then fabricated onto the front and back sides of the quartz, 

and are used to apply shear vibrational forces as part of a positive-feedback 

oscillator circuit. The resonance frequency of the crystal will decrease when a 

mass is added to the sensor. For mass deposition occurs in the gas phase, the 

relationship is given by Sauerbrey
25

. 

 

∆𝑓 = −2𝑓0
2∆𝑚/𝐴(𝜇𝑞𝜌𝑞)

1/2
=  𝐶𝑓𝑓0

2∆𝑚/𝐴   (1) 

 

Where ∆𝑓  denotes the measured frequency change (Hz), 𝑓0  is the intrinsic 

frequency (Hz) of quartz crystal, ∆𝑚 is the change in mass (g) on the sensor, A is 

the area of the electrode (cm
2
), 𝜇𝑞 is the shear modulus of the quartz crystal 

(2.947 × 10
11

 dyn cm
-2

), and 𝜌𝑞 is the density of quartz crystal (2.65 g cm
-3

). 𝐶𝑓 

is the integrated QCM/mass sensitivity or Sauerbrey constant, which represents 

the sensitivity of the electric signal to a mass change (this value is 56.6 Hz 

μg
-1

cm
2
 for the crystal used in this study). From the Sauerbrey equation, one can 

see that an increase in mass leads to a linear decrease in the resonant frequency of 

the quartz crystal. It is worthy to note that the change in mass ∆𝑚 is the most 

important term in the Sauerbrey equation affecting the measured frequency 
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change of the quartz crystal, ∆𝑓. 

 

Besides serving as a mass sensor in the gas phase, QCM sensors can also be used 

to detect molecules in the liquid phase and provide information about the 

interactions that occur at the solid– liquid interface. However, the original 

Sauerbrey equation is no longer accurate when mass is applied to the sensor 

surface from the liquid phase. Instead, when QCM is used in the liquid phase, 

adjustments for bulk liquid properties (such as viscosity, ∆𝜂𝐿 and density, ∆𝜌𝐿) 

must be made. For mass changes that occur in liquid phase, a modified equation 

for calculating frequency changes must be applied. 

 

∆𝑓 = 𝐶𝑓𝑓0
2∆𝑚/𝐴 + 𝐶𝑓𝑓0

3/2(∆𝜂𝐿∆𝜌𝐿)1/2   (2) 

 

As with equation (1), ∆𝑓 denotes the measured frequency change (Hz), 𝑓0 is the 

intrinsic frequency (Hz) of quartz crystal, ∆𝑚 is the change in mass (g) on the 

sensor, A is the area of the electrode (cm
2
), 𝜇𝑞 is the shear modulus of the quartz 

crystal (2.947 × 10
11

 dyn cm
-2

), and 𝜌𝑞 is the density of quartz crystal (2.65 g 

cm
-3

). 𝐶𝑓 is again the integrated QCM/mass sensitivity or Sauerbrey constant 

(56.6 Hz μg
-1

cm
2
 for the crystal used in this study, as specified by the supplier). 

∆𝜂𝐿 and ∆𝜌𝐿  represent the viscosity and density of the liquid. Equation (2) 

indicates that the measured frequency change of a QCM sensor in liquid phase 

depends on the square root of the product of the density and viscosity of the liquid, 

as well as the mass added to the sensor surface. 

 

Equation (1) shows that, for measurements in the gas phase, the frequency change 

is directly proportional to the mass change added to the crystals. Equation (2) 

shows that for measurements in the liquid phase, a correlation term regarding the 
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viscosity and density of the liquid must be considered before relating the mass 

change to frequency change. 

 

Values of the fundamental frequency of the crystal, 𝑓0 in the above two equations, 

typically range from 5–20 MHz. Commercial QCM devices usually operate 

within the narrower range of 5–10 MHz. Increasing the operating frequency 

range will increase the detection sensitivity of the quartz, but requires thinner 

crystals, which are more fragile. 

 

One advantage of a QCM sensor is that it can be tuned to interact specifically with 

the analytes of interests via the modification of the surface chemistry of the sensor. 

All QCM measurements involve adsorption of substances to the sensor surface. 

There exist two types of adsorption, physical adsorption and chemical adsorption, 

which involve nonspecific interactions and specific interactions, respectively
24

. 

Surface chemistries can be further categorized according to the type of interaction 

between the sensor surface and analytes. Physical interactions can result from 

hydrophobic/hydrophilic interactions, ionic bonds, and hydrogen bonds between 

analytes and the surface. Chemical interactions involve the formation of chemical 

bonds between analytes and specific molecules, which may involve functional 

groups such as thiols, amines, amides, etc. on the surface of QCM. To achieve 

specific surface chemistries, various materials (functional polymers, novel metal 

oxides, organic molecules etc.) have been used to modify the QCM surface, 

leading to increased sensitivity for detecting targeted molecules.  
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Figure 1.1 Actual QCM sensor as seen from the front side (a) and backside 

(b), and a schematic diagram depicting the layered structure of the sensor (c). 

 

Figure 1.1 shows the schematic picture for one side of the QCM sensor. The QCM 

sensor has a layered structure, where the quartz crystal is sandwiched as the 

middle layer. On top of the crystal is the electrode material, comprised in this 

work of gold and chromium. The coating material is applied directly to the top 

electrode, and is chosen to interact with analytes via physical or chemical 

interaction.    

 

Due to the wide range of surface chemistries that can be used to modify a given 

QCM electrode, a wide variety of molecules can be sensed by this technique. 
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QCM has therefore been applied to a vast range of applications, within which a 

large portion have been focused on biomedical uses such as the detection of 

nucleic acids, proteins, enzymes, antigens and antibodies
26

. With an increasing 

concern for hydrocarbon contaminants, the detection of hydrocarbons in various 

environments using QCM techniques has also been explored extensively in the 

past decade
27

.   

 

1.6  Sensing hydrocarbons in vapor phase 

Many previous studies have demonstrated that a quartz crystal coated with 

polymers can be used to detect hydrocarbons attached to the sensor surface and 

the frequency change is a function of varying concentrations of hydrocarbons 
28,29

. 

Most of these studies were conducted in the gas phase. 

 

Potyrailo and Sivavec
28

 demonstrated that an acoustic wave sensor coated with 

silicone-block polyimide responded linearly to changes in concentration of 

nonpolar organic vapors. The detection of small amount of trichloroethylene (TCE) 

(ranging from ppb to ppm levels) could be achieved with thick coatings of 

silicone-block polyimide polymers prepared on a 10-MHz QCM device.  The 

interference from water vapor was suppressed due to the presence of soft silicone 

blocks in the hybrid polyimides. In this work, a dipping method was used to coat 

the polymer onto the surface of quartz crystal.  

 

Xiao Fan and Binyang Du
29

 developed different types of polymer-coated QCM 

sensors to sense organic vapors. The polymers used were poly(4-vinylbenzyl 

chloride) and poly(4-vinylbenzyl chloride-co-methyl methacrylate) respectively. 

These coatings exhibited high sensitivity to small amount of p-xylene, toluene, 
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butyl acetate and 1-butanol vapors in air, with the highest sensitivity achieved for 

p-xylene. The QCM measurement also indicated that the sensitivity of p-xylene 

vapor could be enhanced with the incorporation of MMA in polymer material. 

These QCM sensors were reusable since the hydrocarbon vapors could be 

desorbed from the sensor surface in a vacuum environment.   

 

1.7 Sensing hydrocarbons in aqueous phase 

A number of research groups have shown that hydrocarbon detection using QCM 

technique can be realized in liquid environments. Most of these works have 

focused on non-polar hydrocarbons. 

 

To achieve hydrocarbon detection in aqueous environment, polymer 

analyte-targeting coatings must be carefully selected. Rosler et al.
30

 suggested that 

the following properties of the polymers must be considered when using these 

materials for measurements in aqueous environments: (a) Polymers must be stable 

and not be dissolved in water; (b) Polymers should have minimal interference 

from inorganic salts in water; (c) Polymers should not experience significant 

swelling upon exposure to water and hydrocarbons; (d) The hydrocarbon 

adsorption process should be reversible so that the sensor can be reused (e) 

Polymers soluble in a volatile organic solvent are ideal for coating purposes. 

Following such criteria, many polymers have been studied to determine their 

capabilities to sense hydrocarbons in aqueous environment.  

 

Applebee et al.
31

 developed an acoustic wave sensor using silicone gum  

(OV-215, Ohio Valley). It was demonstrated that this sensor could respond to 

many hydrocarbons (non-polar aromatic and alkane compounds) in a wide range 
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of concentration (0-100 mg L
-1

). The authors ascribed the hydrocarbon sensing to 

a non-gravimetric response (a positive frequency shift in the presence of 

hydrocarbons), which was caused by the change in viscoelastic properties of the 

polymer surface exposed to hydrocarbons. It was also found that interferences 

caused by inorganic salts in water could be overcome by simple preparation 

methods, where certain amounts of salts were added to both the reference and the 

sample solution.  

 

Lucklum et al.
32

 studied the hydrocarbon (non-polar aromatic compounds) 

response of several common polymers, including polystyrene, 

polymethylmethacrylate, polybutadiene, polydimethylsiloxane and polypropylene 

using QCM. It was found that the sensors not only responded to mass changes but 

also to changes in the viscoelastic properties of the coating. The latter effect 

occurred due to interactions between the hydrocarbons and the polymer. When 

operating in an aqueous environment, non-polar polymer coatings with glass 

transition temperatures below room temperature were found to be more sensitive, 

reversible and reliable compared with polymers with higher glass transition 

temperatures. Among the materials tested, polybutadiene had the best 

performance owning to the large free volume processed by its polymer structure, 

which is favored for hydrocarbon diffusion.  

 

As long as the response of QCM sensors is consistent with the Sauerbrey equation, 

the frequency changes can be considered to be a function of the concentration of 

hydrocarbons in the solution, which can be used for quantitative analysis. 

However, in some cases, the frequency shifts are not only due to the hydrocarbon 

uptake of the polymer. According to the work by Lucklum et al., a decrease in 

frequency upon exposure to increased hydrocarbon levels was normal for most 
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polymers, while a positive frequency change with increasing analyte 

concentration was observed for some polymers with high thicknesses. These 

changes were attributed to the viscoelastic effects of polymers which will be 

described in chapter 3. Consequently, the response mechanism of polymer-coated 

QCM sensors in an aqueous environment is more complex than in the gas phase. 

The fundamental processes underlying their response mechanism have been 

explored in previous studies
33

 and needed to be considered for sensor application.  

 

Pejcic et al.
34

 studied the effect of water soaking time on the sensitivity of a 

polystyrene film. It was found that the sensitivity of polystyrene to toluene 

increased significantly after soaking for several days. An increase in surface 

roughness was observed for the water-aged polymer coating. The author ascribed 

the change in sensitivity to the increased surface roughness as well as to water 

diffusion into the polymer network.  

 

In a subsequent study,
35

 the influence of water-aging and hydrocarbon(toluene) 

concentration on the sensitivity of a QCM sensor coated with different polymers 

were further explored. Various polymer coatings, including polybutadiene(PB), 

polyisobutylene(PIB), polystyrene(PS) and polystyrene-co- butadiene(PSB) were 

used in the study. The sensitivity of a polymer-coated QCM sensor was found to 

be influenced by hydrocarbon concentration, and was also dependent on the type 

of polymer utilized. Polystyrene and polystyrene-co-butadiene had increased 

frequency responses at high toluene concentrations, while polybutadiene and 

polyisobutylene had consistent sensitivity (linear response) in the range of 0–180 

ppm. Plasticization processes were considered to be responsible for the change in 

sensitivity. Water-aging time was also found to alter the sensitivity of polymer 

coatings at high toluene concentration, indicating the modification of the polymer 
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surface property by water.  

 

Based on previous research, rubbery polymers (with glass transition temperatures 

below room temperature) are considered to have the best properties for QCM 

measurement in an aqueous environment, in terms of sensitivity, reversibility, and 

repeatability. The response mechanism is based on the diffusion of hydrocarbons 

to the polymer network. As a result, most recent work on polymer hydrocarbon 

sensing has focused on the modification of the polymer structure to facilitate both 

the diffusion of hydrocarbons within the bulk and the uptake of the hydrocarbons 

to the surface.  

 

1.8  Modified polymers 

In the literature, various strategies have been described to add functional groups to 

polymers, both to increase their sensitivity and selectivity for analytes of interest 

in sensor systems, as well as for a variety of other applications. 

 

To sense hydrocarbon contaminants (BTEX: benzene, toluene, ethylene, xylene) 

using QCM, Pejcic et al.
36

 functionalized various types of polymers 

(polyisobutylene, polybutadiene, polystyrene, polystyrene-co-butadiene) with 

carbon nanotubes. It was found that with larger loadings of carbon nanotube in 

polybutadiene, higher sensitivities towards toluene were achieved. The carbon 

nanotube polymer composite had larger sorption capacity, which led to higher 

responses compared to a pure polymer film. 

 

White et al.
37

 incorporated plasticizers into polymer films to increase their 

sensitivity and selectivity, since plasticizers add free volume to a material through 
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the disruption of crystallization. As expected, the density of the polymer films was 

found to be dependent on the concentration of plasticizer included in the polymers. 

PMMA films with higher plasticizer content exhibited a much higher sensitivity 

compared with unmodified PMMA films. The authors suggested a free volume 

theory, where a higher hydrocarbon uptake was achieved with increased 

plasticizer amount and the resulting increased free volume.  

 

To measure aromatic contaminants (benzene, toluene, xylene, ethylene), Silva et 

al.
38

 investigated the effect of several plasticizers on the performance of a PVC 

sensing film utilized as a concentrator in FTIR-ATR studies. In this work, it was 

found that di-2-ethylhexylsebacate (DOS) improved the sensitivity of PVC to the 

compounds of interest. By the use of mid-infrared spectroscopy, multiple 

components could be identified in the spectrum. 

 

Although many studies have demonstrated the modification of bulk polymer 

materials and the influence of this modification on the sensitivity and selectivity 

of hydrocarbons, reports on the modification of the surface properties of polymers 

are still limited.  

 

In our work, it is expected that amine functional groups on the surface of a 

polymer film will undergo selective and favorable interactions with the carboxylic 

acid groups on the compounds of interest (which are described in section 1.10). 

Recent work by Tang et al.
39

 has demonstrated a strategy for the modification of 

various polymers with amine and epoxy functionalities. This process involved 

generating hydroxyl groups on polymer surfaces via UV ozone treatment, and 

subsequently reacting these surfaces with suitable silanes. The successful grafting 

of functional groups was confirmed both by XPS analysis and by decreased 
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contact angles. However, the purpose of this research was to facilitate the bonding 

of two different materials; these modified materials were not utilized for 

hydrocarbon sensing.  

 

1.9  Sensing polar compounds 

As describe above, in previous studies, hydrophobic polymers have been applied 

successfully as coatings for QCM and other mass-based sensing systems to 

quantify a wide range of non-polar hydrocarbon contaminants (typically toluene) 

in an aqueous environment. However, for the sensing of polar hydrocarbon 

compounds (which are of interest in this thesis), only a few reports are available.  

 

One approach to sensing polar hydrocarbon compounds is to use polar polymers 

as the analyte-targeting coating. A polyacrylonitrile-cobutadiene (PAB) polymer 

coating was found to be very sensitive to phenolic compounds due to the 

interaction between polar cyano group in PAB and the -OH group in phenol
40

. But 

for more polar compounds, the sensitivity of PAB decreased significantly as 

compared with phenols. For sensing polar compounds like organic acids (which 

are of interest in the work described in this thesis), coatings with some 

functionality are therefore desired.  

 

Organic amines are another type of polar molecule that have been sensed by QCM. 

Zhou et al.
41

 used polysiloxane with acidic functional groups as polymer coating 

to sense these groups. These functional polymers were shown to have good 

sensitivities to many different organic amines in buffer aqueous solutions. The 

response mechanism was based on the base-acid interaction between amino 

groups carboxylic acid groups. However, these functional films were also very 
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sensitive to the pH level of the solution in which the organic amines were 

dissolved.  

 

To sense p-nitrocholorobenzene, Flavin et al.
42

 employed an organically modified 

sol-gel medium as an analyte-targeting material in FTIR-ATR. The properties of 

the sol-gel layer, like cross-link density and polarity, could be altered by 

composition of sol-gel precursors and thermal treatment, and had a notably 

influence on the sensitivity. However the response time was very long and heating 

was required to facilitate the sensing of the hydrocarbons. 

 

To quantify the concentration of aromatic acids in water, Yang et al.
43,44

 

immobilized cyclodextrin (CD) phases on the surface of a 

polyvinylbenzylchloride polymer (PVBC) polymer film. CDs have a large 

quantity of hydroxyl groups which can generate hydrogen bonds with guest 

molecules. Their hydrophobic cavities can also incorporate lipophilic type 

molecules. The modified polymer displayed a high sensitivity to aromatic acids. 

The response was influenced by both CD loadings and the pH level in the solution. 

To obtain the most intensive optical signal in FTIR-ATR, the pH value of the 

sample solution had to be adjusted to around the value of pKa of the aromatic 

acids.  

 

1.10  Naphthenic acids 

One motivation for the sensing of polar organic acid compounds is related to the 

oil sands operations in Alberta,
45

 which involve both surface mining and steam 

assisted gravity drainage (SAGD). These processes require the use of an alkaline 

hot water extraction process to recover the bitumen
46

, after which the bitumen is 
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separated from solids and water and is upgraded to light sweet synthetic crude 

before final refinery. The resulting water, known as oil sand process-affected 

water (OSPW), is either recycled into the processing stream or stored in tailings 

impoundments
47

. As the major type of hydrocarbon contaminant in the tailing 

pond, naphthenic acids can partition easily into the water phase due to their polar 

nature, especially at high pH values
48

. They are toxic to a wide range of organisms, 

including aquatic and mammalian life. Thus the oil sands companies have to obey 

a zero discharge policy, and vast quantities of OSPW are stored  in the oil sands 

tailing ponds
49

. Monitoring and analyzing these hydrocarbons has become serious 

concern of the oil sands industry in Canada. 

 

Naphthenic acids (NAs) are a complicated mixture of cyclic or acyclic aliphatic 

organic compounds featuring a carboxyl reactive group
50

. They have a general 

formula of CnH2n+zO2, where n is the carbon number and z is the series number, 

which reflects the reduction in the number of hydrogen atoms for cyclic 

compounds Some typical structures for naphthenic acids are illustrated in Figure 

1.2.  

 

 

Figure 1.2 Examples for the structures of naphthenic acids.
47
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Figure 1.3 Molecular structures of MCAA (A) and MCCA (B) obtained from 

Sigma Aldrich.  

 

While NAs are comprised of a complex mixture of molecules, in this study we 

chose to work primarily with a single component of this mixture for simplification. 

4-Methylcyclohexaneacetic acid (MCAA, CAS 6603-71-0, Sigma-Aldrich 

Canada Ltd., Oakville, ON), a mixture of cis and trans isomers, was used as the 

model naphthenic acid. In addition, cis and trans isomer mixture of 

4-methylcyclohexanecarboxylic acid (MCCA, CAS 4331-54-8, Sigma-Aldrich 

Canada Ltd) was also used in this study to investigate the effect of molecular 

structure. The molecular structures of the model compounds are shown in Figure 

1.3. The model compounds used represent the light weight fraction of the complex 

naphthenic acids, and these compounds have been used frequently in previous 

studies on the adsorption and the biodegradation of naphthenic acids
51-53

. Previous 
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reports indicated that the low weight fraction of naphthenic acids was responsible 

for the toxicity of this class of material, and that the insertion of alkyl groups 

made the compounds less vulnerable to biodegradation
54

. It was also found that 

the adsorption capacity of soils to single-ring model naphthenic acids was very 

low, which resulted in a high partition tendency to the water phase
55

.  

 

1.11  Objectives of this thesis 

Although the sensing of nonpolar hydrocarbons has been achieved by using a 

variety of different polymers as analyte-targeting coatings, the sensing of polar 

hydrocarbons has been limited due to the lack of specific interactions between 

polar molecules and polymers. As described in section 1.8, based on previous 

studies in the literature, it is expected that functional groups can be added to 

analyte-targeting polymers to achieve high sensitivities to polar organic acids. 

 

The goal of this study is to use QCM to characterize the concentration of 

naphthenic acid model compounds in water. The system must be capable of 

repeatably measuring concentrations from 0 to 100 ppm, which corresponds to 0 

to 100 mg/L. In this study, polymers thin films are modified with amino groups in 

an attempt to increase their sensitivity to a naphthenic acid model compound 

(MCAA). Amino groups are expected to interact favorably with the carboxylic 

acid groups present in NA complexes, including in the model compound. Amino 

groups are known to interact preferably with polar organic acids via hydrogen 

bonding. With amino functional groups, both the hydrophobic and the hydrogen 

bonding forces can be utilized to attract the model compound MCAA. In this 

thesis, polybutadiene (PB) is utilized as the analyte-targeting polymer since it is 

one of the most sensitive materials to hydrocarbons, and due to the absence of 
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functional groups in this polymer’s backbone.  

 

A surface modification strategy is employed using the silane reaction, and surface 

properties of the modified polymers are characterized with techniques including 

XPS, AFM and contact angle measurement, to confirm the successful grafting of 

amino groups. The effect of amino groups on the sensing performance of PB films 

to MCAA is investigated using QCM technique. Factors such as inorganic salt, pH 

level and film thickness are also to be explored. The application of amino groups 

to other polymers will also be investigated.  

 

In brief, the main objectives of this study are listed below: 

(1)  Modify the polymer coatings with amino groups via silane reaction. 

(2)  Perform surface characterization on the modified polymers. 

(3)  Investigate the effect of amino groups on the response of polymer coating to 

naphthenic acid model compound MCAA. 

(4)  Discuss factors that influence the response of PB coating to MCAA. 

(5)  Apply amino groups to various polymers and characterize their response to 

MCAA.  

  

A schematic diagram featuring the key points in this study is shown in Figure 1.11. 

The preparation of polymer thin film on QCM sensor and the operation of QCM 

in liquid environment will be covered in chapter 2.  Furthermore, some aspects 

of hydrocarbon sensing using polymers as analyte-targeting coatings will be 

explored, with a discussion on the effect of polymer structure. Chapter 3 will 

begin by exploring the modification process used to functionalize the 

analyte-targeting polymer, and the characterization of the modified polymer thin 

films will then be described.  Modified and unmodified films will then be used to 
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sense the model compound MCAA, to determine the effect of the amino 

functional group. Various factors influencing the uptake of MCAA by polymer 

coatings, including sensing solution, pH level and film thickness, will also be 

discussed. Conclusions and recommendations for future works will be presented 

in Chapter 4. 

 

 

 

Figure 1.4 Schematic diagram featuring the key points in this study. 
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2 QCM sensor coating and its operation for hydrocarbon sensing 

 

In this chapter, the method used to coat polymer thin films on the QCM sensor 

will be described, and the effect of varying deposition conditions on the resulting 

film thickness will be investigated. The basics of QCM sensing will be explored 

by sensing hydrocarbons (i.e. toluene) in an aqueous environment using two 

different methods: the flow-through method and the immersion method. Sensing 

of toluene has been widely studied and described in previous literature
34

, and will 

be performed using all of the polymer materials used in this study. Experimental 

results will be compared with those from the literature, and the effect of polymer 

structure on device sensitivity will be considered. 

 

2.1 Spin coating technique 

Polymers thin films can easily be prepared by dissolving a polymer in a suitable 

volatile organic solvent followed by spinning, dipping, or spray coating the 

solution onto the substrates, and then evaporating the solvent. Spin coating is a 

widely used technique to deposit a thin uniform layer of material on a flat surface. 

The polymer is dissolved in the solvent, and a small amount of coating material is 

applied to the center of the substrate, which is then rotated at high speed in order 

to spread the coating material by centrifugal force. The solvent evaporates during 

the spinning process, leaving a thin polymer film. A schematic diagram of this 

process is shown in Figure 2.1. 
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Figure 2.1 A schematic diagram of the spin coating process. 

 

2.2 The effect of fabrication conditions 

There are several factors that influence the thickness and uniformity of the 

polymer thin film deposited on a flat substrate by spin coating, including the 

concentration of the polymer in the solvent and the speed of rotation of the 

solvent. These parameters are explored here. 

 

To apply polymer thin films on the substrate by spin coating, the polymer must be 

soluble in a volatile organic solvent which can be evaporated during the coating 

process. In this work, tetrahydrofuran (THF) was selected as the solvent of choice 

due to its ability to dissolve the polymer employed. To determine the effect of 

polymer concentration on and spin speed on film thickness, polybutadiene was 

dissolved in THF at concentrations between 0.5 and 2 wt%. A Laurell 

Technologies spin processor (model WS-400B-NPP-Lite) was used to coat the 

polymer thin film. Approximately 200 μL of polymer solution was cast on the 
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QCM crystal, which was spun for 60 seconds at speeds ranging from 700 rpm to 

2000 rpm. For each film, the frequency of the crystal was measured before and 

after the coating was applied. As the difference in frequency corresponds to the 

total mass of polymer deposited (see Equation 1 in Chapter 1), this change in 

frequency is proportional to the thickness of the film. As described below, 

ellipsometry was used to determine the calibration curve relating film thickness to 

frequency. 

 

Ellipsometry is a useful optical technique to determine the thickness of the thin 

film. The mechanism is based on the analysis of the variation in polarization of 

light reflected off of a substrate. The thicknesses of a series of PB films prepared 

by varying concentration were determined by using a variable angle spectroscopic 

ellipsometer (VASE, J.A. Woollam Co., Inc.). 

 

 

Figure 2.2 Thickness of a PB coating as a function of frequency change. 

 

http://en.wikipedia.org/wiki/Polarization_(waves)
http://en.wikipedia.org/wiki/Reflection_(physics)
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The thickness of the PB films was plotted as a function of frequency change in 

Figure 2.2. A linear relationship was observed between thickness and frequency 

change, which is not surprising since the thickness is expected to be proportional 

to the mass of polymer on the surface, given a uniformly coated polymer thin film. 

Based on this relationship, the frequency change for a PB coating (x) can be 

correlated to thickness (y) using a linear relationship (y = 0.1949x + 4.7248  R² = 

0.9992), where thickness is in nm and frequency change is in Hz.  This 

relationship is used below to calculate the thickness of PB films prepared under 

various conditions. 

 

 

Figure 2.3 Thickness for a PB coating measured in air as a function of spin 

coating speed (polymer concentration of 2 wt%). Error bars indicate 

standard deviation over measurements of three samples. 
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Figure 2.4 Thickness for a PB coating in air as a function of polymer solution 

concentration (coating speed of 1000 rpm). Error bars indicate standard 

deviation over measurements of three samples. 

 

Figure 2.3 and 2.4 show the effect of spin coating speed and polymer 

concentration on the thickness of films. As can be seen from the graphs, the 

thickness of polymer film deposited on the crystal surface decreased with 

increasing spin coating speed, but increased with increasing polymer 

concentration. These trends are consistent with the mechanism of spin coating 

technique. To control the thickness of polymer deposited on the substrate, it is 

more effective to vary the polymer concentration than the spin speed as this curve 

is more linear and spans a wider range. In terms of varying coating speed, a too 

low value would result in non-uniformity of the film and a too high value would 

have poor repeatability. Therefore, the coating speed was set at 1000 rpm for all 

experiments and the polymer concentration was varied to control the thickness of 

the films.  
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2.3 Immersion method and flow cell method 

A quartz crystal microbalance device was purchased from Stanford Research 

Systems (QCM 200), and used with gold-coated quartz crystals with a nominal 

frequency of 5MHz. There are two commonly used methods for QCM 

measurements, the immersion method and the flow cell method, each of which 

will be explored here.  

 

In the immersion method (fig. 2.5(a)), the crystal holder was immersed vertically 

into a 400mL propylene plastic beaker containing 300mL DI water. It was found 

that measurements in plastic beakers provided more stable and repeatable results 

than in glass beakers. The crystal holder was held in a fixed position during all 

QCM measurements, as previous work has indicated that the immersion angle of 

QCM sensor is an important consideration
56

. Experiments were conducted by 

exposing the liquid crystal face to hydrocarbon solutions at different 

concentrations.  

 

The flow cell method (fig. 2.5 (b)) involved mounting the crystal holder inside of 

a flow cell, through which the fluid was pumped. The capacity of the flow cell 

used in this work was 0.15 mL. The sample solution was drawn through the 

tubing into the flow cell by a peristaltic pump (Masterflex, Cole-Parmer) , As 

shown in figure 2.5 (b), the liquid flowed downward onto the face of the crystal, 

and then traveled across the face and out of the cell. According to the 

manufacturer, this design is employed to minimize the effect of flow condition to 

the sensor response. 
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Figure 2.5 Schematic diagrams for the setup of immersion method (a) and 

flow cell method (b). 

 

Many researchers use the flow cell method for the QCM measurements since it 

can provide better temperature control
32,34,35

, and also allows the solutions being 

monitored to be changed easily. However, it was found in this study that as long 

as the external temperature remained relatively constant, both the immersion 

method and the flow cell method resulted in good signal stability and repeatable 

results.      
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In this study, the immersion method was chosen for the measurements of 

non-volatile hydrocarbons such as MCAA to minimize changes in concentration 

that occur due to the absorption of the analyte into the tubing required in the 

flow-through method. The experiments were conducted at room temperature 

(21-22 °C), which varied by less than 0.5 °C during a given experiment.   

 

However, for the sensing of toluene or other volatile organic compounds, the use 

of immersion method can bring about serious issues due to evaporation of 

hydrocarbons during the sensing process. For volatile compounds, this change in 

concentration is more significant than the change caused by the absorption of 

analytes of interest by the tubing. To minimize the effect of evaporation, the flow 

cell method was used for the sensing of toluene, and hard PTFE tubing (product #, 

1/16’’ ID, Hamilton Company USA), which should be relatively resistant to 

swelling by toluene was used to convey the solution to the flow cell. Soft 

Millipore tubing compatible with the pump (Masterflex, Cole-Parmer) was used 

to transport the liquid from the cell to the waste beaker, as soft tubing is more 

readily pumped by the peristaltic pump.  

 

2.4 Evaporation of toluene during sensing process 

To illustrate the evaporation of volatile hydrocarbons, experiments were 

conducted using the immersion method for the sensing of toluene. The 400 mL 

plastic beaker was filled with 300 mL of deionized water and stirred with a 

magnetic stirrer (200 rpm); toluene was then added in small amounts.   
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Figure 2.6 Transient frequency response for a PB film to toluene using 

immersion method. 

 

Figure 2.6 shows the transient frequency response of a PB film to increasing 

concentration of toluene. Two different immersion approaches were used. In one 

case, the beaker had no cover. In the other case, the beaker used a foil as the cover. 

Toluene (CAS 108-88-3, Sigma Aldrich), was then added in increments of 10 mg 

(12 µL) to the solution. For all measurements, 0 Hz was selected to correspond to 

the frequency of oscillation of the sensor in pure DI water. As can be seen from 

the graph, the frequency of oscillation of a quartz crystal sensor coated with a PB 

film experienced a decrease each time that toluene was added, indicating an 

increase in mass on the sensor surface due to absorption by the PB 

analyte-targeting coating. For the immersion test performed without a cover, the 

change in frequency was much smaller than for the test performed with a cover. In 

addition, a gradual frequency increase was evident after the initial addition of 

toluene for all toluene concentrations being studied, suggesting that the 
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concentration of toluene was decreasing (i.e. that the toluene was evaporating). 

For the immersion test performed with a cover at the lowest concentration of 

toluene (33 ppm), no evidence of evaporation was seen over the time-scale of the 

measurement, as indicated by the relatively stable level reached at -23 Hz. At 

higher concentrations, a gradual increase in frequency was still observed 

(suggesting that evaporation was still occurring into the headspace between the 

liquid and the cover, although to a much lesser extent than for the solution without 

the cover).   

 

In order to minimize the evaporation of volatile hydrocarbons, the flow cell 

method was used for the sensing of aromatic compounds such as toluene, where 

little air was in contact with the solution, which was contained in the tubing and 

flow cell. All solutions were prepared fresh and analysis was performed within 

one hour.  

 

2.5 Effect of polymer properties on the response to toluene 

Polymers employ hydrophobic forces to attract hydrocarbons. Their capabilities 

depend largely on their structure properties. Table 2.1 shows the physical 

properties of the polymers used in this study. Polymers with glass transition 

temperatures both below and above room temperature were selected, as glass 

transition temperature is known to affect the sensing of hydrocarbons significantly. 

The selected polymers also have different polarities (PMMA>PAB>PB~PIB). All 

polymers were purchased from Sigma Aldrich and used as received without 

further purification.  
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Table 2.1 Properties of various commercial polymers used. 

Polymers MW (g 

mol
-1

) 

Tg (°C) Density (g 

mL
-1 

At 25 °C ) 

Polybutadiene 

(PB) 

450,000 -95 0.9 

Polyisobutylene 

(PIB) 

500,000 -64 0.92 

Poly(acrylonitrile-co-butadiene) 

(PAB) 

N/A −66 1.0 

Poly(methylmethacrylate) 

(PMMA) 

350,000 105 1.17 

*Date from material data sheet provided by Sigma-Aldrich. CAS: PB 9003-17-2; 

PIB 9003-27-4; PAB 9003-18-3; PMMA 9011-14-7  

 

For comparison purposes, the concentration of each polymer solution was selected 

to yield a film of similar mass and thickness, the mass was recorded as a 

frequency change while the thickness was measured by ellipsometry. 

Characteristics the films are summarized in Table 2.2. The thickness of PAB was 

slightly lower than the other polymers as its maximum polymer solubility was 

reached at this concentration. 

 

Table 2.2 Characteristics of the films prepared in this study. 

Polymer Concentration in 

THF for spin 

coating (wt%) 

Frequency shift 

of crystal after 

spin-coating 

(kHz) 

Thickness (nm) 

(As measured by 

ellipsometry) 

PB 2  3.3 650  

PIB 3 3.0 630 

PAB 2.5 3.2 680 

PMMA 3 3.8 580 
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Figure 2.7 shows the transient response of a PB film to increasing concentrations 

of toluene using the flow cell method. To collect this data, the baseline was first 

established by flowing DI water over the sensor, then the tubing was sequentially 

inserted into volume flasks containing toluene solutions at the desired 

concentrations (in the order shown). As expected, the frequency decreased with 

increasing concentration of toluene, which is consistent with the uptake of toluene 

to the polymer coating. In comparison with the immersion method (with cover), a 

larger frequency change was seen (e.g. 110 Hz vs. 58 Hz at 100 ppm) and the 

signal was more stable. After the measurements of toluene, the frequency could be 

returned to a value close to the baseline by flushing with DI water. 

 

 

Figure 2.7 Transient frequency response of a PB film to increasing 

concentration of toluene. 

 

The frequency change was obtained via subtracting the frequency value of the 

hydrocarbon solution by the frequency value of the baseline. The frequency 
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change was plotted as a function of toluene concentration, which is displayed in 

Figure 2.8. As can be seen from the graph, the frequency change had a linear 

relationship with toluene concentration. 

 

The frequency changes for other polymer analyte-targeting layers were also 

plotted in the same graph for comparison. Sensors coated with PB, PAB and PIB 

also had considerable responses to toluene. The highest frequency change was 

achieved by PB, while PMMA had the smallest frequency response. This is 

consistent with previous reports on several widely used polymers
30,36

, which 

stated that the sensitivity followed a trend of PB>PIB>PMMA. This can be 

explained by the structural properties of the polymer. 

 

 

Figure 2.8 Frequency change of various polymers films as a function of 

toluene concentrations. Error bars are based on three replicate 

measurements on the same sample. 
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According to the study of hydrocarbon response on various polymers, rubbery 

polymers (having a glass transition temperature below room temperature) tend to 

have higher sensitivities than glassy polymers (having a glass transition 

temperature above room temperature). This is based on the diffusion mechanism 

of hydrocarbons into the polymer network
35

. When a given polymer is in the 

rubbery state, the space between polymer chains is larger than in the glassy state. 

It is therefore easier for hydrocarbons to diffuse through the network. The chains 

are also more free to move to accommodate the diffusion of hydrocarbon species. 

In the glassy state, the density of the polymer will be higher, and the diffusion and 

adsorption of hydrocarbons through the network is lower.  

 

The materials with the low glass transition temperatures, PB, PAB and PIB, had 

the high sensitivity to toluene. PB has the lowest glass transition temperature and 

density, meaning that has the most mobile chains, which is reflected by the fact 

that is has the highest sensitivity. PMMA is a glassy and very compact material, 

which is difficult for hydrocarbons to penetrate, and therefore has a more limited 

response to toluene. 

 

Based on the above comparison, the physical properties of polymers have 

significant influence on the response to hydrocarbons, with the glass transition 

temperature being the most crucial factor, with polymers with the lowest glass 

transition temperatures generally exhibiting the highest sensitivity.   

 

In this chapter, QCM sensors have been coated with polymer thin films to act as 

analyte-targeting coatings. Polymer film thicknesses were influenced by both the 

concentration of polymer solution and the spin coating speed. The polymer 

concentration was found to control the thickness of polymer films effectively. The 
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set-up of QCM measurements was discussed with details. In this chapter, the flow 

cell method was used for sensing volatile hydrocarbons like toluene to minimize 

evaporation. In the next chapter, the immersion method will be used for the 

sensing of naphthenic acid model compounds to minimize the absorption by the 

tubing. In terms of sensing toluene, rubbery polymers with glass transition 

temperature below room temperature could achieve high sensitivity due to the 

diffusion of hydrocarbons through the polymer networks. 
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3 Sensing a naphthenic acid model compound with functional 

polymers 

 

This chapter will start by describing the modification of polymer surfaces with 

functional groups to target the specific adsorption of naphthenic acid.  These 

surfaces are then characterized by surface analysis techniques including XPS, 

AFM and contact angle measurements. The use of QCM with surface modified 

functional polymers to sense the naphthenic acid model compound MCAA will 

subsequently be described. Special attention will be given both to the effect of 

functionalizing the polymer coatings with surface amino groups on sensing 

sensitivity, and to the mechanism by which this process occurs. Factors 

influencing the sensing process, including the concentration of inorganic salts in 

the sensing solution, the pH level of the solution, and the thickness of the polymer 

thin films will also be discussed in detail.  

 

3.1 Limitation for unmodified polymers  

As has been described in previous sections, many rubbery polymers are effective 

in sensing non-polar hydrocarbons, especially aromatic volatile compounds (such 

as toluene)
30

. Their capabilities are dependent on both the free volume in their 

polymer structures and their ability to undergo hydrophobic interactions with the 

compounds of interest. However, due to the lack of specific interaction between 

hydrophobic polymers and polar hydrocarbons, their abilities to attract organic 

acids (such as naphthenic acids, the properties of which were described in Chapter 

1) are limited.   
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Figure 3.1 Frequency change for PAB, PB and PIB films as a function of 

MCAA concentration. 

 

As observed in Chapter 3, PB, PAB and PIB have good responses to toluene, with 

frequency changes of 110, 86 and 54 Hz respectively observed for concentrations 

of 100 ppm. The response of these polymers to naphthenic acid model compound 

MCAA were measured using the immersion method (which gave more repeatable 

measurements than the flow cell method), and the results are shown here to 

provide motivation for the work included in this chapter. Figure 3.1 shows the 

frequency change for PAB, PB and PIB films (having similar thicknesses and 

prepared as described in Chapter 2) as a function of MCAA. As exhibited in the 

graph, all three polymers underwent much smaller changes in frequency in 

response to MCAA as compared with toluene. In addition, the overall response as 

a function of concentration was less linear. Of the three polymers, PAB underwent 

the largest change in frequency, however, this response still suffered from the 
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problem of linearity and repeatability.  

 

Though one may want to increase the polarity of polymers to boost the interaction 

with organic acids, the application of polymers with high polarity is problematic. 

It is expected that polar polymer films will be unstable or even soluble in aqueous 

environment due to interactions with water
44

.  

 

In order to increase the sensitivity to organic acids, polymers with functional 

groups are desired. In this study, the surfaces of hydrophobic polymer films are 

modified with amino groups, which can attract carboxylic acid groups 

preferentially. The hydrophobic films are stable in aqueous solution, but are able 

to interact with organic acids due the functional group. In this chapter, the effect 

of the amino groups on the sensitivity to a model compound MCAA will be inv-

estigated using QCM measurements.     

 

3.2 Functionalized polymer surface with amines via silane groups 

Recent research has shown that many polymers can be reacted with silanes to 

generate functional groups on the surface for bonding purposes, which provides a 

new strategy to functionalize the surface of polymers to obtain different 

properties
57

. In our work, silanes will be used to attach amine groups to the 

surface of the polymers. Silanes are inorganic compounds derived from SiH4. 

They are able to react with hydroxyl group on glass or polymer substrates, 

forming stable bonding. They are often used for bonding different substrates. 
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Figure 3.2 Schematic diagram for the silane reaction (a) Hydrolysis (b) 

Condensation (c) Hydrogen bonding (d) Bond formation.
58
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The mechanism of the silane reaction for grafting silane functional group to a 

substrate is illustrated in Figure 3.2. Upon the addition of water, the alkoxy groups 

firstly hydrolyzes to silanols, and then the silanols coordinate with hydroxyl 

groups on the surface to form an oxane bond. At last, water is eliminated and the 

bonds are formed.   

 

For inorganic materials, metal hydroxyl groups on the surface can readily react 

with silanes. For polymeric materials, the reaction can be more complex and 

preliminary procedure is required to generate sufficient hydroxyl groups on the 

surface. 

 

This study employed similar procedure as described elsewhere to graft functional 

groups on polymer surface
39

. This procedure is illustrated in Figure 3.3.  In brief, 

a PB film was exposed to UV ozone treatment for 10 minutes, followed by the 

reaction with 1% (v/v) 3-aminopropyltrimethoxysilane (APTES, CAS 13822-56-5 

Sigma Aldrich) for 1 hour. After the reaction, the polymer thin film was washed 

thoroughly to remove any unreacted chemicals. This treatment was expected to 

result in amine functional groups on the surface of the polymer film.   

 

 

Figure 3.3 Schematic picture for generating functional group on polymer 

surface. 
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3.3 XPS analysis on functional polymer surface 

To investigate whether the grafting of functional was successful, XPS analysis 

was conducted on the surface of both modified and unmodified polymer films 

with 650 nm thickness on the quartz crystal sensor surface (PB-NH2 and PB) 

using an AXIS 165 spectrometer (Kratos Analytical). Figure 3.4 shows the overall 

element peaks detected on the surface of PB-NH2. Four elements C, N, O, Si were 

observed in the spectra. PB is a polymer that is mainly composed of C and H. 

Since the backbone of the polymer is the primary carbon source, C 1S displayed 

the highest intensity. The strong O 1s peak was due to oxidation of polymer 

surface via UV-ozone treatment. N 1s and Si 2p peaks were much less intensive 

since these functional groups were confined to the surface of the polymer.  

 

 

Figure 3.4 XPS analysis on a PB-NH2 surface with overall element peaks. 
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Figure 3.5 XPS analysis on both PB-NH2 and PB surfaces (a) C 1S peak (b) N 

1S peak (c) O 1s peak (d) Si 2p peak. 

 

Figure 3.5 shows the spectrum of individual elements from XPS analysis on both 

PB-NH2 and PB. Figure 3.5 (a) shows the binding energy of C 1S. C is an element 

from the backbone of polymer, and as a result of the modification process the C 1s 

peak is both shifted and broadened. This change occurs as a result of the surface 

oxidation, as a more diverse range of bonds are formed during this process (as 

C-C bonds are broken and reformed as C-O and C=O). Figure 3.5 (b) shows the 

binding energy of the N 1s group before and after modification. N is an element 

that only pertains to the amino group, and this element should therefore be present 

only after modification, as is seen in the figure. The expected binding energy for 
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NH2 from silane grafted on organic substrate is 399.9 eV,
59

 which is very close to 

what is observed. The intensity of O 1s peak (Figure 3.5 (c)) also increased 

greatly after surface modification, which indicates the enrichment of hydroxyl 

groups on polymer surface. Intensity increased Si 2p peak (Figure 3.5 (d)) could 

also be ascribed to the presence of this element in functional group. Based on XPS 

analysis on the surface, amino groups were successfully grafted on the polymer 

surface. 

 

3.4 AFM study on the surface of polymers 

To investigate whether the grafting of functional groups onto the polymer alters 

the surface morphology and roughness of the polymer, AFM studies were carried 

out on the surface of both modified and unmodified polymer films (PB-NH2 and 

PB) deposited onto quartz crystal sensor surfaces, with expected thicknesses of 

650 nm. Studies were performed using an atomic force microscope (AFM) (MFP 

3D, Asylum Research, Inc., Santa Barbara, CA, USA) in tapping mode. The 

surface profile by AFM study is displayed in Figure 3.6. Both PB and PB-NH2 

were observed to be uniform without major peaks.  

 

The surface roughness (and standard deviation) determined by AFM for PB and 

PB-NH2 was 2.7 ± 0.4 nm and 3.0 ±0.4 nm respectively, based on three 

measurements on the same sample. The grafting of the functional group onto the 

polymer surface only resulted in a slight increase in the surface roughness. The 

change of surface roughness should therefore not significantly affect the 

sensitivity of the polymer after surface modification.  
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Figure 3.6 An AFM study of (a) PB (b) PB-NH2. 

 

3.5  Contact angle measurement on polymer surface 

The grafting of an amino group onto the polymer surface should be accompanied 

by a change in contact angle, since the amino group is hydrophilic, whereas the 

polymer itself is hydrophobic. Contact angle measurements were performed on 

both PB and PB-NH2 using a FTA200 dynamic contact angle analyzer and the 

results are exhibited in Figure 3.5. After modification with amino group, the 

contact angle decreased slightly from 79.2 ± 1.5° to 73.6 ± 0.8°, which may be 

ascribed to the hydrophilicity of the amino group. 

 

It is also worth noting that overall the decrease in contact angle was small after 

the modification with amino group. The large contact angle could be explained by 

the fact that amino groups were grafted primarily on the surface, and the 

hydrophobic polymer film itself was not shielded completely by amino groups. 

Therefore, the polymer has characteristic of both the hydrophobic polymer and 
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the surface functional groups after the modification. 

 

 

Figure 3.5. Contact angle measurements (a) PB (b) PB-NH2。Results are based 

on three replicate measurements on the same sample. 

 

3.6 Effect of functional group on response to NAs model compound 

To investigate the effect of functional group, QCM measurements were performed 

on a PB-NH2 film and a PB film each with an approximate thickness of 650 nm 

using the immersion set-up. Fig. 3.7 shows a typical QCM sensor frequency 

response for a PB-NH2 film upon exposure to increasing concentrations of MCAA, 

which was dissolved in deionized water. It can be seen that the frequency 

decreased (shifted negative) with increasing levels of MCAA concentration and 

this is consistent with the uptake of hydrocarbon to the polymer film. The 

response was fast; the equilibrium value was reached within approximate 5 

minutes. The frequency could be returned to a value close to the baseline after 

re-exposing the thin film to deionized water.  
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Figure 3.7 Transient response of a PB-NH2 film exposed to increasing 

concentration of MCAA. 

 

The frequency changes for each different concentration of MCAA were obtained 

by subtracting the stable frequency value of the baseline by the stable frequency 

value for MCAA solution, as is shown in Figure 3.8. PB-NH2 responded linearly 

in the 0-100 ppm range with a correlation coefficient (R
2
) larger than 0.99. 

Compared with unmodified PB films, the PB-NH2 modified film has a much 

higher response towards MCAA, with more than five times of increase in 

frequency change (56 vs 8 Hz), indicating that MCAA can be more strongly 

attracted to the polymer surface with the amino functional groups. The results 

were also repeatable based on replicate measurements on the same sample, 

suggesting that the interaction between MCAA and polymer thin film was 

reversible and the sensing materials could be reused in subsequent measurements. 
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Figure 3.8 Frequency change for a PB-NH2 film and a PB film as a function 

of MCAA concentration. The error bar is based on three replicate 

measurements of the same sample. 

 

Unlike other non-polar hydrocarbons, the naphthenic acid model compound is a 

weak acid, which upon being dissolved in water will alter the pH of the solution 

due to the dissociation of a small fraction of molecules. Below its calculated pKa 

value of 5, the MCAA is expected to exist primarily in protonated form, whereas 

above this value (such as at neutral pH) it would exist in the deprotonated form. 

The molecule is expected to behave differently under these conditions. Thus it is 

necessary to investigate the effect of pH value on the response of the polymer thin 

film, as the pH conditions may vary in the real water system.  
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Figure 3.9 Transient Response of a PB-NH2 film to acid solution introduced 

at t = 80 s (a) and frequency change of a PB-NH2 film as a function of 

concentration of MCAA dissolved in solutions with different pH. 

 

The transient response of a PB-NH2 film from pure neutral water (pH = 7) to 

acidified water upon the addition of hydrochloric acid (pH = 3.5) is shown in 

Figure 3.9 (a). As can be seen from the graph, a change from neutral water to 

acidic water adjusted by hydrochloric acid only led to a very small frequency 

change. The frequency change was less than 3 Hz, indicating that the polymer thin 
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film was not responsive to inorganic acid in an aqueous environment. The 

frequency change of a PB-NH2 film as a function of concentration of MCAA 

dissolved in different solutions is shown in Figure 3.9 (b). Note that the MCAA 

solution prepared using pure water had pH values ranging from 4 to 5 because of 

the different amounts of MCAA dissociated in the water. To determine if the 

changing pH would have an effect on the overall frequency shift as a function of 

concentration, the frequency response to different concentrations of MCAA in a 

solution buffered at a pH of 3.5 using HCl was also measured. The changes in 

frequency observed in the buffered solution were very similar to the results for the 

solution in water, for example a difference of only 3 Hz was only seen for the two 

solutions upon exposure to 100 ppm MCAA solution.  

 

Based on these results, the PB-NH2 film is not sensitive to pH values, provided 

that the environment remains acidic. The weak organic acid compound MCAA 

remained mostly in its molecular form when prepared in pure water without 

buffering or in an acidic water environment. Also the inorganic acid alone 

contributes little to the frequency response. Therefore, it is safe to evaluate the 

response of the polymer thin film towards MCAA under these conditions without 

the need to further adjust the pH of the solution or the use of buffer solution. 

However, the response at higher (basic) pH values should also be explored.  

 

3.7 Effect of pH value 

To investigate the effect of pH value, the pH value was adjusted using buffer 

solution. When the pH was increased to 7 above the calculated pKa value of 5, the 

MCAA should exist primarily in ionic (deprotonated) form, while in the acidic 

environments explored previously, MCAA would have been in molecular form.   
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Figure 3.10 shows the frequency response for a PB-NH2 film and a PB film as a 

function of MCAA concentration in different pH buffer solutions. As exhibited in 

the graph, the response of both PB-NH2 and PB were relatively large in acidic 

buffer solutions. However, their response decreased significantly in neutral buffer 

solution. This large difference can be ascribed to the tendency of MCAA to 

partition into the water phase. In an acidic environment, the molecular form of 

MCAA is much more hydrophobic, while the ionic form of MCAA is more 

hydrophilic and has larger tendency to partition to water phase, having more 

difficulty in reaching the surface of the polymer films. Furthermore, the amino 

groups on polymer surfaces were more ionized in the acidic environment, which 

might contribute to the adsorption of MCAA. In addition, there was no hydroxyl 

group in the ionic form of MCAA to interact with the amino group on modified 

polymer surface. 

 

 

Figure 3.10 Frequency change for a PB-NH2 film and a PB film as a function 

of MCAA concentration in different pH buffer solutions.  
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Some previous research explored the effect of pH values on the adsorption and 

response to hydrocarbons that can be ionized. Peng et al. studied the adsorption of 

single ring naphthenic acid model compounds on soil samples, and they found 

that the adsorption coefficient of 4-methycyclohexaneacetic acid decreased 

significantly when the pH increased. Zhou et al.
41

 studied the detection of organic 

amines using polysiloxane with acidic functional groups in different pH 

environments. They found that the sensitivity to organic amine was low when the 

organic amine was ionized. Yang et al.
44

 studied the sensitivity of a cyclodextrin 

(CD) coated infrared (IR) chemical sensor to aromatic acids in different pH values. 

They found that the sensitivity remained relatively constant in a pH range around 

the pKa value of the benzoic acid but it decreased with further increasing pH 

value because negative charged carboxylate was more soluble in water. The effect 

of pH value on the response to MCAA in this study agrees well with these 

previous reports.  

 

Figure 3.11 Frequency change of a PB-NH2 film to 100 ppm MCAA as a 

function of pH level.   
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Figure 3.11 shows the response of a PB-NH2 film to 100 ppm MCAA in different 

pH environments. The pH level was adjusted by altering the amount of NaH2PO4 

and Na2HPO4. HCl was used to prepare pH=3.5 and 4 buffer solutions. As 

revealed in the graph, there was a sharp change for the response around pH=5. 

Since the pKa value for MCAA is also around 5, the transformation of MCAA 

between molecular form and ionic form should be responsible for the difference in 

frequency change. At pH levels less than 5, a high frequency response was 

achieved and the highest response was obtained at pH range of 3.5-4.5, where 

MCAA would have existed mostly in molecular form. At pH levels higher than 5, 

MCAA created a much smaller response as it mainly existed in ionic form. When 

MCAA solution was prepared without adjusting the pH, the response was similar 

to that obtained using low pH buffer solution, due to the pH imparted to the 

solution due to the MCAA itself. Based on the effect of pH value, the molecular 

form of MCAA contributes most to the frequency response. To maximize the 

sensitivity to MCAA and obtain repeatable results, the measurement should 

ideally be conducted in an acidic environment, around the pH value of 4.    

 

3.8 Effect of inorganic salts in the sensing solution 

Previous work on sensing hydrocarbons using polymers has focused on samples 

prepared in pure deionized water or even Millipore water, however very few 

studies have carried out experiments on solutions containing inorganic salts, 

which are prevalent in real water systems. In the QCM technique, the electric field 

generated by the sensor is propagated into the surrounding environment, which is 

likely to be affected by electrical properties of the solution, such as conductivity 

and ionic strength
60

. Although the inorganic salts in solution would not be 

absorbed on the polymer surface, they could potentially contribute to the 



 

56 
 

frequency shift of the baseline from the one obtained in pure water due shielding 

of charge within the solution. This shift is seen in Figure 3.12, and is 

approximately 5 Hz. It is therefore important to investigate whether they will 

interfere with the response of hydrocarbons. Inorganic salts are also used to buffer 

solutions at higher pH, so the effect of adding them to the solution on the response 

needs to be understood. 

 

 

Figure 3.12 Transient response of a PB-NH2 film exposed to increasing 

concentration of MCAA in 20mM NaH2PO4 solution. 

 

The transient response of a PB-NH2 film exposed to increasing concentration of 

MCAA in 20mM NaH2PO4 solution is shown in Figure 3.12. Similar to previous 

measurement, the procedure involved exposing the polymer thin film to a series of 

MCAA solution with increasing concentration. However, the baseline was 

obtained using the same buffer solution used to prepare the sample solutions so 
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the response to MCAA could be studied exclusively. As exhibited in the graph, the 

buffer solution could produce certain frequency responses with respect to water 

due to non-gravimetric contribution and the frequency response could be either 

positive or negative. The frequency also decreased with increasing concentration 

of MCAA, following similar trend as the response in DI water. 

 

 

Figure 3.13 Frequency change for a PB-NH2 film as a function of MCAA 

concentration in different solution.  

 

Frequency changes in response to MCAA concentration in different solutions 

(acid, water, and buffer) are shown in Figure 3.13. In all solutions, there was a 

linear relationship between frequency change and MCAA concentration. The 

magnitude of the frequency change were similar for all sensing solutions used, 

although the frequency change in NaH2PO4 was a slightly lower than for water, 

probably because the contribution from pH was eliminated by the relatively 

constant pH value of the buffer solution. Judging from this result, the 
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non-gravimetric response from inorganic salts and the gravimetric response from 

hydrocarbons are additive. In other words, the frequency response to 

hydrocarbons can be separated and calculated by using the same kind of solution 

to prepare both the buffer solution for baseline and the sample solution for 

measurement.  

 

 

Figure 3.14 Sensitivity for PB-NH2 films and PB films in different solutions. 

Errors bars corresponds to the standard deviation, which is calculated from 

measurements on three different samples. 

 

The sensitivity for both PB-NH2 and PB films of similar thickness in water and 

buffer solutions are compared in Figure 3.14. PB-NH2 had much higher sensitivity 

than PB in all sensing solutions. The sensitivity of PB-NH2 to MCAA was similar 

in each solution, suggesting that the inorganic salts in solution did not change the 

response of functional polymers to MCAA. Note that the error bars are based on 

measurements from three different samples, which indicate the sensitivity did not 
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vary greatly from sample to sample and the results were repeatable. The 

sensitivity discrepancy may arise from the fabrication conditions for each polymer 

film, which may have small difference in thickness and uniformity. Although 

there were some sensitivity differences among each polymer film, the difference 

between measurements on the same film would be much smaller. Thus it is 

necessary to perform calibration on each individual film using a series of solution 

with standard concentration before measuring a solution of unknown 

concentration.   

 

3.9 Effect of film thickness 

Previous research has shown that the response of QCM sensors to hydrocarbons is 

dependent on the thickness of the polymer film, and some results have suggested 

that relatively thick films (~1 μm) are often needed to obtain good sensitivity for 

a QCM sensor that has a nominal frequency of 5 MHz.
36

 Polymer-coated QCM 

sensors respond to both changes in mass and changes in the viscoelastic properties 

of the polymer coatings themselves. This viscoelastic effect arises as a result of 

shear displacement in less rigid films (like polymers)
61

. When the acoustic shear 

wave generated from the resonator sensor surface is transmitted through the film, 

there will be a lag between the displacement at the top of the film and the 

displacement at the base of the film, leading to a phase shift. When the 

displacement at the top of the film has the same movement direction with that at 

the base of the film(in phase), the frequency changes will be amplified. 

Contribution due to the viscoelastic effect becomes more evident with increasing 

film thickness, which can lead to deviation from Sauerbrey equation but is also 

capable of increasing overall sensitivity
33

. 
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The following equation from the work by Johannsmann et al.
62

 gives an 

adjustment for mass calculated using the Sauerbrey equation (known as sensed 

mass m*):  

 

𝑚 =
𝑚∗

1+[𝐽(𝑓)(𝜌𝑞(2𝜋𝑓)2𝑑2)/3]
         (3) 

 

𝐽(𝑓) is the complex shear compliance of the coating, 𝜌𝑞 is the specific density 

of the quartz, f is the resonance frequency of the crystal and d is the film thickness. 

For coatings with a high shear compliance 𝐽(𝑓) and high thickness d, the 

contribution from the viscoelastic effect can be significant. This will lead to a 

higher sensed mass m* and higher sensitivity. 

 

 

Figure 3.15 Transient response of PB-NH2 films with different thickness 

towards 100 ppm MCAA. 
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The transient responses of PB-NH2 films with different thickness towards 100 

ppm MCAA are presented in Figure 3.15. The film thickness was altered by using 

different concentration of polymer solutions (from 0.5 wt% to 2 wt%) during spin 

coating process. A maximum concentration of 2.0 wt% PB was employed since 

higher concentration led to the non-uniformity of the film. The polymer thickness 

corresponding to each concentration were based on the correlation between 

frequency change (x) and film thickness (y) given in Chapter 2 (y = 0.1949x + 

4.7248), and was 110, 240, 430 and 650 nm for 0.5, 1, 1.5 and 2 wt% PB samples 

respectively. As displayed in the graph, the frequency change for all films 

decreased with the introduction of MCAA solution, which was consistent with 

previous results.  

 

However, the frequency decrease was larger with increasing film thickness, 

suggesting that highest film thickness tested had the highest sensitivity towards 

MCAA. It’s interesting to note that the time required to reach equilibrium did not 

change much with increasing film thickness. This suggests that the sensitivity to 

MCAA could be boosted without compromising the sensing time, which is a 

problem reported in at least one previous report
34

. 
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Figure 3.16 Frequency change for PB-NH2 films with different thickness as a 

function of MCAA concentration. The error bar is based on three replicate 

measurements. 

 

Figure 3.16 shows the frequency change for PB-NH2 films with different 

thickness as a function of MCAA concentration. A linear relationship could be 

established between frequency change and MCAA concentration for each film 

and the sensitivity increased with film thickness. It’s worth noting that a more 

linear relation was obtained for films with larger thicknesses, probably because a 

film with low sensitivity would be more subjective to frequency shift during the 

measurement process, resulting in a less accurate result. Therefore, it is necessary 

to use a film with suitable thickness to achieve higher sensitivity. However, as the 

difference in signal between the film coated from the 2.0% solution and the 1.5% 

solution was small at smaller concentrations values, further increasing the 

thickness of the film is not expected to lead to significantly higher signals. This 

result also supports the theory that most of the sensing interactions occur on the 
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surface. 

 

The frequency change to 100 ppm MCAA as a function of thickness is plotted in 

Figure 3.17, using the data from Figure 3.16 and the correlation for thickness in 

Chapter 2. Although the sensitivity to MCAA initially increased with increasing 

film thickness, above 400 nm the increases became much smaller.. A higher film 

thickness also gave rise to problems of uniformity and adhesion. In this study, a 

film thickness around 650 nm was chosen to maximize the sensitivity and the 

uniformity of the film. 

 

 

Figure 3.17 Frequency change to 100 ppm MCAA as a function of film 

thickness. 

 

Some previous research
34,36

 used the mechanism for diffusion of hydrocarbons 

into the polymer thin film to explain the increased sensitivity with larger thickness. 

However, the viscoelastic effect with the correlation term from Johannsmann’s 
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equation should also be taken account for the increased sensitivity. Another 

contributor might be the roughness of polymer surface. AFM measurements 

revealed that the surface roughness of a PB film increased from 0.7 to 2.7 nm 

(standard deviations) when the concentration of polymer solution was increased 

from 0.5 wt% to 2 wt% to make a thicker coating.  A higher surface roughness 

leads to a higher surface area, which provides more space for the attachment of 

functional group and the adsorption of MCAA. 

 

It’s likely that the effect of film thickness is a result of multiple factors and further 

studies are needed to fully understand the role of film thickness. Whatever the 

dominant factors may be, to achieve high sensitivity, a relatively thick and 

uniform film is desired.   

 

3.10  Effect of functional group on sensing toluene 

Toluene has been studied substantially both in previous research described in the 

literature and in this study. The response mechanism for toluene is based on the 

diffusion of toluene molecules into the polymer network. Since the introduction of 

amino functional group on the polymer surface is likely to modify the 

hydrophobicity of the surface, one would suspect it will influence the response of 

the analyte-targeting coating to toluene. 

 



 

65 
 

 

Figure 3.18 Frequency change for a PB-NH2 film and a PB film as a function 

of toluene concentration.  

 

The frequency response of toluene was studied using the flow cell method 

described in Chapter 2 and the polymer thin film was exposed to increasing 

concentration of toluene. The frequency change for a PB-NH2 film and a PB film 

as a function of toluene is shown in Figure 3.18. As exhibited in the graph, the 

frequency changes for both PB-NH2 and PB were very similar, suggesting that the 

functional group had little to no influence on the response of the polymer.   

 

The influence of pH level on the response to toluene for a PB-NH2 film is 

illustrated in Figure 3.19. A small decrease in sensitivity is seen for the lower pH 

solution, which was buffered using HCl. At low pH, the amino group would be 

more hydrophilic due to ionization, which might contribute to the small decrease 

in sensitivity. However, the influence of the surface properties of the 

analyte-targeting polymer coating was still very low in this case.  
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Studies by other researchers show that the response to toluene is dominated by the 

properties of the bulk material rather than those of the surface, which is consistent 

with this study. Since there is no specific interaction between amino group and 

non-polar hydrocarbon, the response to toluene is barely affected by the functional 

group on the surface. Based on this property, the selectivity of polymer films for 

naphthenic acid with respect to non-polar hydrocarbons can be enhanced by the 

introduction of functional groups.   

 

 

Figure 3.19 Frequency change for a PB-NH2 film as a function of toluene 

concentration in different pH water. 

 

3.11  Applying functional groups to other polymers 

Silane linker groups can also be used to attach functional groups to many other 

polymers. It’s worthwhile to investigate whether the increase in sensitivity 

realized upon the attachment of an amino group to PB is universal to other 
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polymers. Polyacrylonitrile-cobutadiene (PAB), polyisobutylene (PIB) and 

polymethylmethacrylate (PMMA) were therefore also grafted with amino groups 

via hydroxylation and subsequent reaction with 3-aminopropyltrimethoxysilane 

silane. Although no elemental analysis was performed on these materials, the 

attachment of functional groups was confirmed by their different response to 

MCAA. As in Table 2.5.2, the amount of polymer deposited was controlled to be 

similar by varying the concentration of the polymer solution (2 wt%, 3 wt%, 2.5 

wt% and 3 wt% for PB, PIB, PAB and PMMA respectively). The mass of PB, PIB, 

PAB, PMMA corresponded to a frequency change of about 3.3 kHz, 3.0 kHz. 3.2 

kHz, 3.8 kHz and their thicknesses were about 650 nm, 630 nm, 580 nm and 680 

nm respectively, as shown in Table 2.2 in Chapter 2. The thickness of PAB was 

slightly lower than the others as its maximum polymer concentration had been 

reached. Note that there were negligible differences of frequency change for both 

modified and unmodified samples, indicating that the thickness of the polymer did 

not change significantly as a result of the modification.   

 

Figure 3.20 shows the frequency response for a PAB film and a PAB-NH2 film as 

a function of MCAA concentration. PAB is a copolymer containing both the 

structure of polybutadiene and polyacrylonitrile and it appeared to have similar 

response property as that of PB (which had a sensitivity of 8 Hz at 100 ppm in 

unmodified form, and 56 Hz at 100 ppm after NH2 functionalization).   The 

higher frequency response in unmodified form may be due to the presence of 

nitrile groups, which are able to interact favorably with MCAA. Nonetheless, the 

response overall increases after functionalization (from 23 Hz to 64 Hz at 100 

ppm). 
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Figure 3.20 Frequency change for a PAB-NH2 film and a PAB film as a 

function of MCAA concentration. The error bars correspond to standard 

deviation is based on three replicate measurements with the same sample. 

 

Figure 3.21 shows the frequency response for a PIB film and a PIB-NH2 film as a 

function of MCAA concentration. As displayed in the graph, unmodified PIB had 

very small response to MCAA (11 Hz at 100 ppm MCAA) while modified PIB 

had much higher sensitivity (33 Hz at 100 ppm MCAA). Since PIB has similar 

polymer property as that of PB, it’s unsurprisingly that the effect of amino group 

followed a similar trend. However, the frequency response of PIB was less linear 

and repeatable, likely due to the fact that the surface of PIB showed some signs of 

scratches and ceased to be uniform after the reaction with silane. The reaction 

with silane may not be compatible with the surface of PIB.  
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Figure 3.21 Frequency change for a PIB-NH2 film and a PIB film as a 

function of MCAA concentration. The error bars indicate the standard 

deviation based on three replicate measurements with the same sample. 

 

Figure 3.22 displays the frequency response for a PMMA film and a PMMA-NH2 

film as a function of MCAA concentration. The frequency response of pure 

PMMA was unstable and experienced some positive frequency shift as shown in 

the graph, which may due to the interaction between polar polymer chains and 

water. With amino group on the surface, PMMA-NH2 displayed an increased 

response to MCAA. However, the response for PMMA-NH2 was very small (13 

Hz at 100 ppm) compared with that of PB (56 Hz at 100 ppm) and PAB (62 Hz at 

ppm). The reactivity between silane and PMMA and the compact polymer 

structure of PMMA may be responsible for the small response.  
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Figure 3.22 Frequency change for a PMMA-NH2 film and a PMMA film as a 

function of MCAA concentration. The error bar corresponds to standard 

deviation based on three replicate measurements of the same sample. 

 

The sensitivity for various polymers are summarized in Figure 3.23, showing the 

frequency sensitivity for each polymer being studied. Although each polymer had 

different performance, the effect of amino group was evident since it would 

increase the sensitivity for each polymer in this study. Both PB and PAB had 

superior sensing performance in terms of sensitivity and linear response. 

Compared with PB, PAB had higher response to MCAA but had smaller response 

to toluene, owning to the presence of nitrile group. PIB and PMMA suffered from 

the problem of repeatability and linear response thus are not suitable for sensing 

MCAA. 
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Figure 3.23 Comparison of sensitivity to MCAA for various polymers with 

and without surface modification. Sensitivity is given by the absolute value of 

the difference between the baseline in water, and the frequency measured at 

100 ppm MCAA. Error bars indicate standard deviation based on three 

replicate measurements on the same sample. PMMA unmodified omitted 

because it exhibited positive frequency shift and no stable response signal 

was obtained. 

 

For the sensing of MCAA, there are many factors that may contribute to the 

sensitivity of a polymer grafted with NH2 functional groups. The reactivity 

between functional silanes and polymers may be one concern. The double bonds 

in PB and PAB can be oxidized during UV-ozone treatment to generate sufficient 

amount of hydroxyl groups to react with functional silanes, leading to larger 

increases in sensitivity to MCAA after the modification with functional groups. 

Although the effect of functional groups is confined to the surface, the polymer 
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structure may also have influence on the response, as the smallest response was 

observed for the glassy polymer PMMA. For the rubbery polymers, the polymer 

chains can move freely to accommodate the incorporation of MCAA compounds, 

leading to increased response. In this way, the structure of the polymer may also 

have an important role in the sensitivity of the measurement. 

 

3.12  Structure effect of the model compound 

Both 4-Methycyclohexaneacetic acid (MCAA) and 

4-methylcyclohexanecarboxylic acid (MCCA) (the structures of which were 

shown in Chapter 1) were tested in this study as two kinds of naphthenic acid 

model compounds. Figure 3.24 shows the frequency change for a PB-NH2 film as 

a function of MCAA and MCCA concentration. As illustrated in the graph, the 

response to MCAA is larger than the response to MCCA at all concentrations.  

 

Similar differences in absorption have been observed previously between MCCA 

and MCAA. These compounds have similar structure but differ by a single CH2 

group on the alkyl chain. Peng et al.
55

 studied the adsorption of these model 

compounds on soils and found that MCAA and MCCA had adsorption 

coefficients of 0.18 mL/g and 0.11 mL/g, respectively.   
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Figure 3.24 Frequency change for a PB-NH2 film as a function of MCCA and 

MCAA concentration. Error bars indicate standard deviation based on three 

different samples. 

 

Fetter
63

 developed a molecular topology model to relate the adsorption coefficient 

to the molecular structure, which is summarized here. Molecular topology is 

related to the shape of the organic molecule. The first-order molecular 

connectivity index 
1
χ, can be associated with the adsorption coefficient. This 

index can be calculated using the following equation for non-hydrogen atoms in 

the molecule: 

 

1
χ = ∑ (δi δj)

-0.5             
(4) 

 

where δi and δj are the delta values (defined in terms of sigma electrons and 

hydrogen atoms associated with an atom) for a couple of neighboring 

non-hydrogen atoms. According to Fetter, the following equation can be 
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developed to predict the adsorption coefficient theoretically for the model 

naphthenic acids:  

 

Kd = 1.724 foc 10
(0.53 1χ-1.85)

    (5) 

 

where foc denotes the organic carbon content in the material sample. The 
1
χ values 

of MCAA and MCCA can be calculated using the equation for first-order 

molecular connectivity index. As Peng et al. showed, these values are 5.18 and 

4.70 respectively, for MCAA and MCCA
55

. The theoretical ratio of adsorption 

coefficient for MCAA and MCCA is 1.80, comparable to the experimental ratio 

found here of 1.91.  

 

The experimental values and the theoretical values are similar, which means the 

adsorption model can be used to explain the response of different molecules. It 

may also be useful to study the adsorption coefficients of different naphthenic 

acid model compounds.  

3.13  Mechanism of sensing NAs model compound 

Based on the results shown here, modifying the polymer surface with amino 

groups increases the sensitivity for all polymers being studied. The interaction 

between amino group and model compound occurs due to both polar-polar 

interaction and hydrogen bonding. According to Yang et al.
44

, hydrogen bonding 

should be the dominant force between surface functional group and polar organic 

acid compounds. Hydrogen bonds formed between amino and carboxylic acid 

group include N-H
…

O and O-H
…

N. 
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Figure 3.25 Frequency change as a function of MCAA concentration for (a) 

pure gold (b)oxidized PB (c) PB-O (d) PB-NH2. 

 

To further illustrate the effect of amino group, frequency changes for PB under 

various conditions were compared in Figure 3.25. For an uncoated pure gold 

electrode, only a small frequency shift was observed when exposed to MCAA 

solution. Since pure gold does not attract MCAA, the contribution from density 

and viscosity change based on the modified Sauerbrey equation in liquid phase 

should be negligible. The oxidized PB film was exposed to the UV-ozone 

treatment process, and displayed only a small response to MCAA, similar as that 

of pure unmodified PB, indicating that the oxidation of the polymer surface was 

not responsible for the change in response after functionalization. PB modified 

with an epoxy group (denoted as PB-O) was achieved by using 

(3-Glycidyloxypropyl)trimethoxysilane (GPTES, CAS 2530-83-8, Sigma Aldrich) 

as the precursor. This epoxy group is also a polar functional group, but provides 

fewer sites for hydrogen bonding. As shown in the graph, the PB-NH2 film had 
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much higher response than PB-O, indicating that the interaction between the 

amino group and carboxylic acid group of the model compound was more 

effective. Based on the above comparison, the amino group is crucial for the 

increased sensitivity to MCAA. 

 

Figure 3.26 Transient frequency response of a SiO2-NH2 film to 100 ppm 

MCAA. 

In addition to the amino group, the bulk of the polymer layer is also important for 

adsorbing the model compound. To better understand the role of the bulk polymer 

layer, amino groups were grafted onto the surface of SiO2 via the same reaction 

with silane used to modify the polymers. Figure 3.26 shows the transient 

frequency response of a SiO2-NH2 to a change in pH followed by exposure to 100 

ppm MCAA. A small change in frequency occurred when the solution of the pH 

was changed (~ 4 Hz), but almost no response was seen upon the addition of 100 

ppm MCAA. Therefore, the large surface area provided by polymer coating and 

the hydrophobic interaction between polymer and hydrocarbons are also 

important for the sensing of the model compound.   
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Figure 3.27 Schematic diagram of sensing MCAA on polymer surface with 

functional group. 

 

A schematic diagram is shown in Figure 3.27. The amino groups on the surface 

can attract carboxylic acid groups preferentially via the formation of hydrogen 

bonds. The hydrophobic bulk polymer layer can also interact with hydrocarbons 

via van der Waals forces, which stabilize the adsorption of MCAA on the surface. 

Furthermore, the bulk polymer layer provides many reactive sites and porous 

structure for sensing hydrocarbons. Therefore, the combination of functional 

groups and hydrophobic polymer coating can interact effectively with MCAA and 

stabilize the complexion on the surface. Also, the polymer chains in rubbery 

polymer network can move freely to accommodate the incorporation of MCAA, 

which contributes to higher response.  
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3.14  Stability for sensor response 

The stability of polymer coating in water and the repeatability of response is 

crucial for the application of sensor in aqueous environment. Thus it is necessary 

to evaluate these properties. 

 

Table 3.1 Frequency change for a PB-NH2 film with respect to the initial bare 

sensor surface after repeated QCM tests. 

Test number Frequency change for polymer (Hz) 

1 3325 

2 3318 

3 3393 

4 3370 

 

To track the stability of the analyte-targeting polymer layer, the frequency of a 

PB-NH2 film in air was tracked after each QCM measurement. The frequency 

changes corresponding to the mass of polymer coating (frequency of polymer in 

air minus frequency of uncoated crystal in air) were compared and presented in 

Table 3.1. As can be seen from the results in the table, the mass based on the 

frequency change remained similar after each measurement, indicating that the 

polymer coating was stable in the water without any mass loss.   
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Figure 3.28 Frequency changes as a function of MCAA concentration based 

on several measurements on a same PB-NH2. 

 

Figure 3.28 shows the frequency response of a PB-NH2 film to MCAA based on 

measurements on the same sample. As exhibited in the graph, the results from the 

first and second measurement were almost identical. However, for measurement 

performed one month after the sample was made, a small frequency increase was 

observed. This may be ascribed to the oxidation and degrading of the polymer thin 

film. Although the sensitivity of a polymer film might shift in a long term, the 

frequency changes still followed a linear relationship with MCAA concentration, 

suggesting that the aged sensor could still be used with further calibration. For 

measurement on much older samples (more than two months), the frequency 

began to be unstable, and longer times were required for equilibrium values to be 

reached. Therefore, all measurements in this study were performed on freshly 

made samples (within two weeks after they were prepared).  
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3.15  Correlation to real naphthenic acids 

This study has concentrated on naphthenic acid model compounds with low 

molecular weight fractions. However, naphthenic acids are complex mixtures, 

with a range of molecular weights depending on geographic locations, which are 

typically found in slightly alkaline environments (pH~8.5)
64

. Traditional industrial 

measurement of naphthenic acids involves a series of steps, as shown in Figure 

3.29.
65

 In brief, the sample solution firstly goes through centrifugation and 

filtering process to remove suspended solids followed by acidifying to a low pH 

level of 2.5. Then the solution is extracted several times with organic solvent 

DCM. The extract is evaporated and reconstructed in standard solvent. At last, the 

solution is characterized by Fourier-Transform Infrared Spectroscopy (FTIR).  

 

 

Figure 3.29 Conceptual approach for sensing NAs in compared with 

analytical method. 

In terms of analyte-targeting polymers developed in this study, the acidifying 

process is also required to transform the NAs to molecular forms to achieve high 

response. However, instead of using organic solvents to extract the NAs, a 

sensitive polymer layer is used to extract the hydrocarbon, and the concentration 
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can be directly related to the measured change in signal. While we have 

demonstrated this process using a mass-based sensor (i.e. QCM), these coatings 

could also be used to extract the hydrocarbons for measurement with an optical 

based sensor technique (e.g. FTIR-ATR). The conceptual sensor approach as 

oppose to analytical method is illustrated in Figure 3.15. A sensor system may be 

suitable for fast screening of NAs in real water samples. One concern is the pH 

level of the environment. Although NAs compounds with higher molecular weight 

are expected to produce a higher response, they suffer from lower solubility in 

acidic environments compared with those with lower molecular weight
66

. 

Previous studies
67

 suggests that most of NAs compound can remain in aqueous 

phase for pH values of above 5. It seems that the pH level should be optimized to 

achieve good response while keeping most of the NAs compounds soluble in the 

aqueous environment. The pH dependent property is an issue needed to be 

addressed in the future for the monitoring of naphthenic acids in real environment.        

 

This study also contributes to the knowledge on adsorption of NAs using polymer 

coatings. Although the surface modification process did not affect the bulk 

properties of material, it can be used to attract the NAs preferentially to the 

polymer sorbent surfaces, which is likely to increase the sorption capability for 

NAs.  

 

In this chapter, polymer coatings were modified with functional group via 

hydroxylation and subsequent reaction with silane. The attachment of amino 

groups to PB surface was confirmed by XPS analysis. AFM and contact angle 

measurements revealed that the surface roughness and contact angles were similar 

for both unmodified and modified samples. QCM measurements indicated that the 

functional group greatly increased the sensitivity to MCAA, but scarcely changed 
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the sensitivity to toluene. The response to MCAA was found to be dependent on 

the pH level of the solution, with high responses achieved in acidic environments. 

Inorganic salts in solutions were found to have a small influence. PB-NH2 

coatings with larger thicknesses had higher responses to MCAA. Both the 

hydrogen bonding between amino group on the functionalized polymer and 

MCAA and the hydrophobic interactions with the polymer coating are important 

for attracting MCAA.  
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4 Conclusions and future work 

This study has shown that modifying polymers with surface functional groups can 

increase their sensitivities to certain hydrocarbon compounds. While previous 

research has focused on the bulk properties of polymer materials, this study 

provides a new approach to modifying the response of polymers by the 

attachment of functional group to their surfaces. Specifically, polymers modified 

with amino group have increased sensitivities to a naphthenic acid model 

compound MCAA, which shows the potential applicability of these materials to in 

sensing this class of hydrocarbons in real world. 

 

As sensitive layers to hydrocarbons, polymer coatings can be readily applied to 

QCM sensor surfaces via a spin coating technique. A convenient process for the 

modification of polymer surface can be applied which includes hydroxylation of 

surface via UV-ozone treatment and subsequent reaction with a corresponding 

amine-terminated silane. Results from XPS analysis provide convincing evidence 

of the grafting of amino groups onto a PB surface, while both the surface 

roughness and the contact angle of PB undergo only slight changes after 

modification.  

 

Generally, rubbery polymers with glass transition temperatures below room 

temperature have high sensitivities to nonpolar hydrocarbons such as toluene, but 

have only limited sensitivities to the NA model compound MCAA.  After the 

modification with amino group, an increase in sensitivity to MCAA for all 

polymers studied is evident. The best sensing performance in terms of sensitivity 

and linearity is achieved by PB and PAB. Both hydrogen bonding and 

hydrophobic interaction contribute to the preferred adsorption of MCAA on 
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polymer surfaces. 

 

The influences of inorganic salts, pH level and film thickness were also 

investigated for a PB-NH2 film. Inorganic salts were found to have little influence 

on the response to MCAA as long as all samples were prepared in the same buffer 

solutions as the measurements were performed. The pH value of the buffer 

solution was found to be crucial for the response to MCAA, and high sensitivity 

was only obtained in acidic or un-buffered environment. Polymer coating with 

larger thicknesses exhibited higher sensitivities, which can likely be ascribed to a 

combination of increased surface roughness and the viscoelastic effect of 

polymers.   

 

Real naphthenic acids are complex mixtures, which are typically found in a 

slightly alkaline environment. While this study has concentrated on simple model 

compounds, future studies are required to investigate the sensing of more complex 

model compound and eventually real complex naphthenic acids mixtures. In 

future work the pH value should be optimized in order to achieve a sensitive 

response to NAs with higher molecular weights.  

 

The interaction between functional groups and model compounds mainly occur on 

the surface of polymers, so a higher surface should lead to more functional groups 

and more absorbed hydrocarbons on the polymer surface. Future work can be 

undertaken to further modify the surface area and morphology of polymers to 

achieve higher sensitivities.  

 

QCM sensors not only response to mass change on sensor surface, but also 

viscosity effects associated with the polymer materials. Other sensors based on 



 

85 
 

different transducers such as optical FTIR-ATR can be used in future work to 

study the adsorption of hydrocarbon on polymers exclusively, which will provide 

more information on the mechanism of sensor response and the effects of film 

thickness.   
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5 Appendix 

Spin Coating 

 

Prior to spin coating, an AT-cut gold-coated quartz crystal (supplied by Stanford 

Research Systems, USA) was cleaned by soaking it in nitric acid (1:1 conc. 

nitric/DI water) for∼15 min, followed by sonication in ethanol for 10 min. It was 

then rinsed thoroughly with DI water and dried in ventilated environment.  

A Laurell Technologies spin processor (model WS-400B-NPP-Lite) was used to 

coat the polymer thin film. The cleaned QCM crystal was placed precisely on the 

center of the sample platform and vacuum was applied via a pump to hold the 

crystal firmly in place. Due to the viscosity of the polymer solution, a syringe was 

used to spray the polymer solution slowly to cover the whole crystal surface 

without generating small bubbles in the liquid film. About 200 μL of polymer 

solution was used to form a uniform film on the surface. The spin coating was 

then started with the preset parameters (rpm 1000; apm 250; time 60 s ). At last 

the resulting polymer thin film was dried overnight to remove any remaining 

solvent before any measurement or derivation process.  

 

Silane reaction 

 

A polymer thin film was placed in the UV/Ozone bonder with oxygen supply for 

10 minutes before the reaction with silane solution. All silane solutions, 

3-aminopropyltrimethoxysiane (APTES) and 

3-glycidoxypropylmethyldiethoxysilane (GPTES) were prepared in 1% (v/v) 

concentration in water. Noting that the hydroxyl groups generated by UV/Ozone 

treatment were only stable for a period of time, the silane reaction was conducted 
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within 10 minutes after the treatment process, and lasted for about 1 hour. After 

the reaction, the polymer thin film was washed several times with DI water to 

remove any unreacted chemicals. The final functionalized film was dried 

overnight before any QCM measurement was performed. 

 

Ellipsometry experiments 

 

Ellipsometry experiments were performed at a variable angle spectroscopic 

ellipsometer (VASE) using a rotating analyzer that includes a xenon lamp and 

monochromators. The wavelength was set from 360 and 1700 nm at 10-nm 

intervals. Angles of incidence were set at 65° and 75°. To determine the optical 

constantsΨ and △ (representing the change of polarization state for light being 

reflected from the sample surface) of the baseline, a cleaned gold-coated quartz 

crystal surface was measured.Ψ and △ measurements were repeated in three 

different locations on a polymer film coated on a quartz crystal surface. The 

measured data was analyzed using WVASE (J.A. Wollam Co. Inc., USA) software. 

The polymer film was modeled employing a Cauchy layer in the database with 

refractive index from 1.45 to 1.5, above a 100 nm gold layer generated from 

stored baseline data. The thicknesses of films were determined using the 

regressive fit of the model. 

 

X-ray photoelectron spectroscopy (XPS) 

 

An AXIS 165 spectrometer (Kratos Analytical) was employed to study the 

chemical composition of both modified and unmodified polymer coatings. In the 

analytical chamber, the base pressure was lower than 5×10
-8

 Pa and the working 

pressure was lower than 3×10
-7

 Pa. A monochromatic Al Kα (hν 1486.6 eV) at 
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210W was used as the radiation source. The operation mode for the analyzer was 

fixed analyzer transmission (FAT). The high resolution XPS spectra had a pass 

energy of 20 eV and a step of 0.1 eV. The sampling size was 700×400 μm on the 

coating surface. The binding energy of C1s in hydrocarbon at 284.6 eV was used 

as reference. 

 

Atomic force microscope (AFM) 

 

Surface roughness and morphology of polymer coatings were analyzed by an 

atomic force microscope (AFM) (MFP 3D, Asylum Research, Inc., Santa Barbara, 

CA, USA), operated under tapping mode using silicon nitride cantilevers at a 

nominal resonance frequency of 200–300 kHz. During AFM measurements, the 

amplitude set point As was set at 95–98% of the free amplitude A0, where the 

force applied on the sample surfaces was sufficiently low in order to avoid 

damage to the surfaces. Three locations on the same sample were measured at 

room temperatures, and representative images were obtained. 

 

QCM measurement 

 

Immersion method 

 

The QCM crystal coated with sample was mounted in the crystal holder, which 

was then connected to the electronic oscillator. Both the oscillator and the crystal 

holder were held vertically using a clamp and they remained in fixed position 

during the whole measurement. A beaker containing 300 mL solution was placed 

beneath the crystal holder where the crystal would be fully immersed in the liquid. 

To change to a new solution, the beaker with solution was removed and replaced 
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by a new one. The frequency of the crystal was recorded as a function of time 

using the software.  

 

For a typical measurement, the crystal was first immersed in DI water until stable 

frequency signal was acquired (approximately around 30 minutes), then the DI 

water was replaced by the sample solution with desired concentration. Subsequent 

change of solution was made when stable frequency signal was obtained in the 

sample solution (normally around 10 minutes for MCAA). After the measurement, 

both the crystal holder and crystal were rinsed several times with DI water to 

remove organic contaminants.  

 

Flow cell method 

 

The QCM crystal was mounted on the crystal holder the same way as immersion 

method. However, a flow cell was fixed on top of the crystal for liquid contact. 

Both the oscillator and the crystal holder were held vertically using a clamp and 

they remained in fixed position during the whole measurement. The inlet of the 

flow cell was connected to the solution using Teflon tubing while the outlet of the 

flow cell was connected to a peristaltic pump via micro bore tubing. Before 

measurement, a syringe was used to push DI water back and forth to remove 

bubbles trapped in the flow cell. This process was repeated until the resistance 

reading of the crystal reached a stable value, which indicated the absence of gas 

bubbles. The pump was then used to convey the liquid to the flow cell at a rate of 

0.1 mL/min. While changing the solution, the pump was stopped to avoid the 

trapping of gas bubbles. Measurement steps were similar to those of immersion 

method.   
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