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Nanoporous Silicon in Gas Preconcentration and Sensing
Jessica Coco Day

Abstract

This thesis addresses new developments in the sensing of chemical compounds in the gas

phase, a topic which is of great importance in almost every sector. Volatile organic com-

pounds, or VOCs, are emitted by many processes, and have significant effects on human

health and the environment. Importantly, they have a variety of structures over a wide

range of vapour-phase concentrations, making accurate and selective detection difficult.

This work responds to the increasing demand for real-time, online, rapid and location-

specific gas sensing by small, low-cost and portable devices. In particular, this research

focusses on improving sensitivity and/or selectivity for several important applications.

To that end, the potential of nanoporous silicon as a ‘preconcentrator’ to solve some of

these challenges is investigated, by adsorbing molecules inside the pores before releasing

them in a pulse into a gas detector, improving its effective sensitivity. This technique is

applied to vapour-phase explosives detection, a challenging area of research due to their

low vapour pressures. The effectiveness of a nanoporous preconcentrator is demonstrated

for several sensing systems, and enhancements of 12-16 times are achieved for an explosive

‘taggant’. A compact detection device including the nanoporous preconcentrator and a

small VOC sensor is developed and systematically tested for various VOCs, achieving

enhancement of the sensor’s signal by up to 80 times, a substantial improvement.

Surface modifications of the nanoporous silicon are found to better enhance the ad-

sorption of different types of VOCs, and initial research into composite formation with

metal-organic structures provides promising early results for improving VOC selectivity.

However, preparation of the composites presents a challenge to be investigated further in

future. The application of controlled heating to cause temperature-resolved desorption

of different VOCs from the nanoporous preconcentrator is also explored, as a means of

adding selectivity to a total VOC detector. Individual VOCs were selectively detected

from a binary mixture at low detection limits < 10 ppb by this low-cost, compact device,

which is a significant achievement.

This work successfully demonstrates sensitivity and selectivity improvements across a

range of challenging VOC detection applications, by the use of nanoporous silicon based

technologies.
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Chapter 1

Introduction

1.1 Motivation and Literature Review

The need for gas sensors is very widespread; from medicine to defence to the environment,

there is demand for more sensitive, more selective, cheaper and smaller gas sensors. This

thesis focusses on understanding and utilising gas adsorption for designing, developing

and testing novel preconcentration and sensing systems, with an emphasis on compact,

portable design and straightforward manufacture for real-world applications. Nanoporous

materials have great potential in this field, where adsorption is a key aspect of function-

ality, thanks to their large surface area to volume ratio; in this work, porous silicon

(pSi) and its oxidised form porous silica (pSiO2) are investigated. Its high surface area,

ease of fabrication, tunable properties and potential for integrability into silicon-based

devices make it an ideal candidate for this purpose. This research aims also to develop

an understanding of gas adsorption behaviour in the nanoporous systems under test.

The use of porous silicon and silica for direct gas sensing of molecules captured inside

the porous structure has, for the past thirty years or so, been the subject of a significant

amount of research, a short summary of which is given below. The primary focus of this

thesis, however, is on pSi and pSiO2 as preconcentrator materials, a use which is far less

common but with great potential. A preconcentrator is an important addition for gas

sensing at low concentrations/partial pressures, as it collects analyte molecules together

spatially and temporally, enhancing the response of any gas sensor used in conjunction

with it. The gaseous analytes which are the subject of detection can be broadly split

into inorganic gases - in which category sensing is primarily focussed on atmospheric

pollutants - and volatile organic compounds (VOCs), whose detection is the focus of this

thesis. This literature review will provide an overview of the history and current state of

work in these fields.
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1.1.1 VOC Sensing

The detection of VOCs is a broad and evolving area of sensor research. Such compounds

are many and varied, with a wide range of natural and anthropogenic sources, and with

effects on human health and our environment. Some of the most important applica-

tions for detection of vapour-phase VOCs are the monitoring of industrial and transport

pollution [1], medical diagnostics and health monitoring [2], and defence and security [3].

Sensing of VOCs is a large field of research because they have a wide range of molec-

ular structures and properties, and importantly a wide range of concentrations in the

atmosphere. This, of course, causes challenges in their detection: for example, groups of

VOCs with similar molecular structures such as the BTEX compounds (benzene, toluene,

ethylbenzene and xylene) are notoriously difficult to detect selectively in the presence of

one another [4]. Meanwhile, some VOCs such as explosives have extremely low vapour

pressures, so are present at ppb or ppt concentrations, where detecting them at all is

a challenge [5]. Hence the main challenges in VOC detection are the improvement of

selectivity and sensitivity [6].

Traditional technologies for VOC detection include well-established analytical methods.

Those which are primarily used include gas chromatography (GC), which separates

gaseous molecules by time taken to elute along a column, depending on their relative

affinity to the liquid and solid stationary phases in the column. Another is mass spec-

trometry (MS), in which molecules are ionised before being separated by their curving

trajectory in a magnetic field, which depends on their mass to charge ratio. Gas chro-

matography can be coupled with a range of different detector methods, including mass

spectrometry; GC-MS is considered a gold standard technique, as it enables sensitive

detection of specific gases in a mixture at low concentrations [7].

However, such methods require large, expensive, laboratory-based pieces of equipment,

with several drawbacks. Samples for analysis - e.g. for leak detection in an industrial

setting or breath analysis in medicine - must be collected at the site and transported to

a laboratory, introducing a significant time delay, as well as additional costs and possible

errors [8]. For these reasons, hand-held or in situ low-cost VOC sensing technologies

are necessary, and have been the subject of much recent research. A few reviews have

compared the commercially available portable VOC sensors, which generally fall into one

of several categories with different advantages and disadvantages [6, 8, 9]. These are

summarised below.

Metal oxide semiconductor (MOS) sensors measure the change in conductivity of a

metal oxide material after gas adsorption. These sensors can detect a very wide range

of gases, but their response stability over time is often poor and they are susceptible to

humidity, temperature and inorganic gas interferents [6].
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Electrochemical sensors are based on a redox chemical reaction of the analyte, fol-

lowed by charge transport through an electrolyte; the generated current is then measured.

These sensors are relatively low-cost and require little power, but the cell must be de-

signed for each specific VOC, and limits of detection tend to be relatively high (in the

0.1 ppm range [6]).

Photoionisation detectors (PIDs) ionise the VOC molecule and measure the cur-

rent/voltage produced between two electrodes as the ions move between them. They can

generally detect lower concentrations than the sensors mentioned so far, down to the ppb

range, and are not affected by humidity or inorganic gases. However, like all of the sensor

types mentioned so far, they are broadband VOC detectors, i.e. they report a total VOC

concentration and cannot identify which VOC is present [9].

Some selective portable detection methods do exist, however. These include optical tech-

niques such as non-dispersive infra-red , in which infra-red (IR) radiation of a specific

wavelength is passed through a gaseous sample, and the output intensity - measured by

a detector - depends on the concentration of absorbing gas. A particular radiation wave-

length is selected to be sensitive to the specific IR functional group of interest, although

detection limits tend to be high, in the hundreds of ppm range [9]. Another class are

portable spectrometers , such as portable GC combined with a small detector such as

a PID or MOS.

Ion-mobility spectrometers (IMS), used primarily in explosives detection, also fit

into this category of portable detection devices. IMS is a technique similar to MS in

which molecules are ionised and then separated by the time taken to move along a drift

tube in a carrier gas. Such systems can be both sensitive and selective, however they

are significantly more expensive and also larger than the sensor types described in the

previous paragraph, so cannot truly be counted as low-cost, portable sensors [6, 8]. Fi-

nally, a promising emerging technology is that of sensor arrays or ‘electronic noses’

comprised of multiple e.g. MOS sensors analysed together to provide some selectivity.

Few are yet available commercially, however [6].

In summary, the general trend is that the commercially available small, low-cost, portable

sensors are less effective than their more expensive, larger laboratory-based counterparts.

Their sensitivity is often not particularly good, and almost all of them are not selective

for a certain VOC or type of VOC, instead reporting a total VOC concentration. Other

difficulties include humidity effects, temperature effects and baseline drift. Some of the

recent scientific research which has focussed on addressing these challenges is detailed in

the following sections.
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1.1.2 Porous Silicon in VOC Sensing

Porous silicon was first discovered in 1956, when electrochemical etching of silicon in

hydrofluoric acid did not produce a smooth, shiny surface as expected, but instead a

“matte black, brown or red deposit” [10]. Since then, it has been studied by many for

different applications, due to its useful properties such as high surface area, tunable pore

size and integrability into existing silicon-based processes and devices. When illuminated

with ultra-violet (UV)/visible light at room temperature, porous silicon exhibits visible

photoluminescence, which arises from quantum confinement effects in isolated nanometre-

scale silicon crystallites between the pores [11, 12]. This discovery in 1990 sparked much

research into sensing using porous silicon, not only utilising this photoluminescence and

other optical effects, but exploiting the electrical properties of silicon as well [13].

Figure 1.1 shows a top-down scanning electron microscope (SEM) image of a typical

porous silicon sample, showing the openings of the black nanopores etched into the grey

silicon. Further details of the etching process will be discussed later in Section 1.2.1.

Figure 1.1: Top-down SEM image of a typical porous silicon wafer, showing pores of
approximately 20 nm diameter (black) in the silicon (grey) surface.

The basis of all sensing using porous silicon is as follows: when exposed to a gaseous or

liquid analyte, those molecules adsorb, condense or otherwise collect within the pores.

This results in a higher number density of the species of interest in the pores than in

the gaseous phase, and therefore facilitates measurement either in situ (direct sensing)

or by release over a short period of time (preconcentration). This section deals with the

former; the latter is discussed in Section 1.1.3 below.

It should be noted that adsorption is the sorption process occurring here, whereby
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molecules collect on the surface of a substrate (here the internal surfaces of the pores).

This surface process is as opposed to absorption, a bulk process where one substance

enters into the volume of another. The mechanisms of adsorption will be discussed in

greater detail in Section 1.2.2.

The uses of pSi within sensing have been many and varied: a significant amount of

work on biosensing has been carried out, where the silicon surface is functionalised with

biomolecules and detection is done in the liquid phase, most often using optical or elec-

trochemical methods [14, 15]. In chemical sensing, too, research has been done on both

liquid-phase and gas-phase detection [13]. This thesis, however, focusses on gas-phase

VOC sensing using pSi, which can be divided into two broad categories: optical and

electrical detection [16].

Optical gas sensing on porous silicon is generally either based on quenching of the photo-

luminescence effect described above, or using reflectance spectroscopy. In the former, the

visible photoluminescence peak of pSi can be quenched by electron transfer from adsorbed

molecules. In the latter, the change in effective refractive index of the porous layer as

molecules enter and leave the pores is measured; this process will be explained in detail in

Chapter 7. Several reviews have summarised and categorised the large amount of recent

research done in this area [13, 17, 18]. The primary challenge encountered in both these

optical methods is the lack of selectivity; the change in reflectance or photoluminescence

caused by one VOC may be very similar to that of another [19]. In addition, reflectance

spectroscopy often lacks sensitivity, with limits of detection in the tens to hundreds of

ppm range, which is not sufficiently low for many applications [20, 21]. Techniques ap-

plied to attempt to combat these difficulties generally involve some surface modification

of the silicon [22, 23, 24], or composite formation with other materials such as ionic liq-

uid or polymers inside the pSi [25, 26, 27]. Photoluminescence quenching, on the other

hand, is significantly more sensitive; for example, it has been used to detect nitroaromatic

explosives in the ppb range [28]. However, drawbacks of this method include a slow, in-

efficient and non-selective response; chemical modification of the surface to attempt to

solve these problems often quenches the photoluminescence altogether [18].

Electrical sensing is done by forming electrical contacts with the silicon and measuring

a change in capacitance or resistance of the pSi as analytes are adsorbed or condensed

in the pores [13, 17]. Electrical detection of VOCs in pSi is less well-researched than the

optical methods described above, and these methods suffer from similar problems of poor

sensitivity and little selectivity, with limits of detection in the 10 ppm range [29]. Like in

optical sensing, composites of porous silicon with materials such as inorganic compounds

[30, 31] and palladium [32] have been investigated to reduce detection limits. Another

potential solution is multiparametric sensing, where independent changes in more than

one property of the pSi are measured simultaneously, achieving discrimination between
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VOCs in some cases [33, 34, 35].

To summarise, the challenges in direct VOC sensing on pSi include relatively high detec-

tion limits and poor selectivity; alongside intelligent analysis techniques such as ‘electronic

noses’ and multiparametric sensors, formation of composites with other materials seems

to be one of the most promising solutions to both these problems. This will be the focus

of Chapter 7.

1.1.3 Preconcentrators for VOC Sensing

Preconcentration is a sensing technique in which an adsorbent material placed upstream

of a gas detector is used to collect gaseous molecules over a period of time, at low or room

temperature, before releasing the adsorbed analyte all at once, most often done by sharply

raising the temperature. The result is a peak in analyte concentration immediately after

release, which is detected by the gas sensor, effectively improving the sensor’s limit of

detection [36].

A schematic diagram illustrating this process is shown in Figure 1.2: on the left hand

side, the porous layer is cooled inside a gas flow and VOC molecules from the flow enter

the pores and are adsorbed on the internal walls. On the right hand side, the porous layer

is heated and the adsorbed molecules are released quickly back into the flow, causing a

high local concentration and a peak in the time-response of a sensor downstream. The

theory of preconcentration will be discussed in detail in Section 1.2.3.

Figure 1.2: Illustration of the operating mechanism of a porous preconcentrator: during
cooling (left), species are adsorbed in the pores (upper left), then during heating (right)
they are released, causing a high momentary concentration (upper right). Modified from
an image I produced for a published article [37].

There are many factors which contribute to a preconcentrator’s effectiveness. These in-

clude a high surface area and adsorption capacity, which means porous materials such as
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carbon powders and metal-organic frameworks (MOFs) are often favoured; thermal sta-

bility for long-term consistency over many heating/cooling cycles; and good heat transfer

to ensure that desorption occurs simultaneously and uniformly across the preconcentra-

tor.

A good affinity for the target analyte is also a necessity, however a balance must be struck;

the analyte should be able to desorb easily, so desorption enthalpy should not be too high.

Strong covalent or ionic bonds in the hundreds of kJ mol-1 between the analyte and the

surface would require high temperatures to break. This would either increase the power

consumption of the device, or, if such temperatures were not achievable, would cause

analyte molecules to be effectively ‘permanently’ bonded to sites on the preconcentrator’s

surface, reducing its capacity over multiple heating/cooling cycles. On the other hand,

very weak adsorbate-surface interactions such as induced dipole-induced dipole bonding,

which can be less than 10 kJ mol-1, may not allow sufficient analyte material to be

adsorbed at all, causing the preconcentrator to be ineffective.

The research and development of preconcentrators has mostly occurred over the past

couple of decades, and has focussed especially on certain key VOCs, such as benzene and

the BTEX compounds, methane and other environmentally active gases, formaldehyde

and explosives [6, 36, 38]. However, this field is still relatively new, and the use of pSi

and pSiO2 as preconcentrators especially so; there is plenty of scope for improvement,

especially in the area of selective preconcentration. Therefore, an overview of the widely

used preconcentration materials and applications will be discussed before focussing on

porous silicon and silica.

Carbon-based, metal-organic frameworks and other preconcentrators

Perhaps the most commonly used types of preconcentrator material are carbon-based ad-

sorbents. These are generally widely available and low-cost, easy to prepare and have a

high adsorption capacity up to 10s of wt. % [39, 40]. They often exist as powdered mate-

rial, and therefore must be contained within a second porous structure with larger pores,

often porous silicon [41], although some structured carbon preconcentrators have also

recently been fabricated [42]. Silicon-scaffold preconcentrators including carbon nano-

powder and nanotubes (as well as the porous polymer Tenax TA) have been used by

Camara et al. to improve the detection of benzene and nitrobenzene, working towards

explosives detection [41, 43]. A carbon nanotube foam has been used as a preconcen-

trator for ethane, a marker of lung problems, in the breath [44]. Meanwhile, other work

has focused on the detection of atmospheric pollutants, such as benzene and butadiene

[45] and methane [46]. In one of the most recent developments, Roduiguez-Cuevas et

al. developed an integrated system including a preconcentrator containing Carbopack B,

which is capable of measuring the BTEX compounds at less than 0.5 ppb [47].
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Another promising class of compounds which has been used in several preconcentration

studies to date are MOFs. These materials generally have small (sub-nm) pores and

large surface areas in the 1000s of m2 g-1, but perhaps their main advantage is their

variety and tunability, as they can be modified for specific applications by changing the

metal ions and organic ligands used in their synthesis [48]. Several studies have been

carried out comparing MOFs to common commercial adsorbents, such as the carbon-

based Carbopack and the polymer Tenax TA, for preconcentration, finding MOFs to give

better preconcentration/enhancement factors for benzene [48], carbonyl compounds [49],

formaldehyde [50] and nitroalkanes for explosives detection [51]. Although the use of

MOFs in preconcentration is fairly new, the first being in 2007 for organic phosphonates

[52], MOF preconcentrators have since been developed for a wide range of applications.

Some of the most recent developments include the detection of acetone and isopropanol

in the exhaled breath of diabetics [53], and the detection of ppb concentrations of the

BTEX compounds [54].

There are a few other types of materials which have been used as preconcentrators. These

include metal oxides such as zinc oxide nanorods, which have been used in preconcen-

trators for explosives detection [55, 56]. Micromachined metals have also been used as

scaffolds - like porous silicon - in certain cases to contain other adsorbent materials, pri-

marily carbon-based, for preconcentration applications [57]. However, all of these areas of

preconcentration technology are relatively new, and there is potential for more research.

Porous silicon and silica preconcentrators

There has been little development of porous or otherwise micro-structured silicon or silica

itself as a preconcentrator material, without containing a second carbon-based adsorbent.

This is in spite of the advantages of porous silicon and silica, namely their low cost, tun-

able pore sizes and simplicity of fabrication, as well as a large surface area for adsorption

and good thermal stability, as discussed above.

Only a couple of examples of direct use of nanostructured silicon or silica as a pre-

concentrator have been found. Li et al. used deep reactive-ion etching to fabricate a

silicon wafer formed of micropillars, which were then functionalised with a quaternary

ammonium aminooxy salt, which is selective for carbonyl compounds [58]. Unlike other

preconcentrators, which utilise physical adsorption of the analyte, this system is based

on a chemical reaction, which increases the capture efficiency but also makes the system

more complicated to fabricate and to recover after each use. The preconcentrator was

tested on exhaled breath samples and, when coupled with mass spectrometry, was able

to selectively detect ketones and aldehydes, useful for lung cancer diagnosis. However,

the use of mass spectrometry and the chemical nature of the adsorption process mean

that this system is complex and not portable.
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A similar technique of wet etching to produce a silicon nanowire array for preconcen-

tration was employed by Giordano et al. [59]. This system did not employ any surface

functionalisation or chemical reaction to adsorb the explosive analytes dinitrotoluene

(DNT) and trinitrotoluene (TNT). Detection of very low concentrations below 1 ppb of

these analytes was achieved with a coupled GC-MS system. Again, however, the use

of a GC-MS analyser means the technology in this form is not portable; the results of

coupling the preconcentrator to other, smaller gas detectors would be interesting, and

more comparable to the work in this thesis.

Selective preconcentration

The majority of research into preconcentrators so far has focussed on improving the sen-

sitivity and limit of detection of VOC sensors; few studies have focussed on selective

preconcentration. This could be an area of significant impact, since most of the commer-

cially available portable VOC detectors are not themselves selective for specific VOCs,

as noted in Section 1.1.1 above.

One way of enhancing the selectivity of a preconcentrator is to utilise a chemical reac-

tion, for example in the work of Li et al. discussed in the previous section [58], where

the drawbacks to this concept have already been noted. With the use of MOF-based

preconcentrators comes the potential for a different method of selective detection; the

tunable nature of the organic ligands can favour intermolecular interactions with certain

types of VOC over others [60]. The selective preconcentration of organic molecules such

as methane [38] and 1,3,5-trimethylbenzene [61] over N2 has been demonstrated; however,

selective detection of such organic molecules in the presence of other similar molecules

presents a much greater challenge.

Some of the more promising research into selective VOC detection has been based on

combined systems including both a preconcentrator and a micro-GC column. A few

groups have carried out such work, using carbon-based adsorbent materials and demon-

strating chromatograms of VOC mixtures with visibly separated peaks for the different

VOCs. Some have investigated a range of different VOCs [62, 63], while the Zellars group

has used similar technology to selectively detect explosive markers and trichloroethylene

respectively [64, 65, 66]. These systems function on the basis of different elution times

of VOCs along a column; however, no research yet appears to have addressed VOC sep-

aration from the preconcentrator itself. There is the potential to do so by increasing

the temperature of the preconcentrator slowly, in order to cause the VOCs to desorb at

different times. All the preconcentrators developed so far include a rapid desorption step

by increasing to high temperature; in this thesis, different temperature ramp rates will be

investigated to work towards selective detection: a trade-off with the resulting reduction

in signal amplitude.
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It should be noted that there does exist some work which utilises temperature-modulated

operation; however, this has been done on the sensor itself, with no preconcentrator in-

cluded. For example, the response of MOS sensors is sensitive to temperature: large

variations in temperature (e.g. from 400°C to 200°C) can change the surface coverage of

oxygen on the MOS as well as its interaction with gas molecules. One group exploited this

and found that cyclically varying the temperature of the MOS sensor produced different

response profiles for different VOCs. Linear discriminant analysis was subsequently used

to detect VOCs such as benzene over a background of ethanol vapour [67, 68]. Although

the high operating temperatures and large temperature variations required are a down-

side, a similar approach combined with preconcentration technology may have the ability

to simultaneously improve both the selectivity and the sensitivity of a sensor.

In summary, this literature review has highlighted a disparity between the amount of

research done on the different preconcentrating materials; while carbon-based adsorbents

and MOFs have been investigated fairly thoroughly, only a handful of studies have been

performed on others such as metal oxides, metal and polymer structures and porous

silicon/silica. For porous silicon and silica in particular, the work that does exist generally

uses the silicon simply as a scaffold to hold carbon-based material, which potentially has

poorer long-term stability, as the powder may be removed slowly over time after many

adsorption/desorption cycles. Those studies which used micro-machined silicon alone

were combined with expensive, bulky mass spectrometry systems for analysis.

Hence there is a significant knowledge gap around the use of porous silicon and silica

preconcentrators in small, portable systems for VOC detection. In addition, most research

into preconcentration so far has focussed on improving the sensitivity of gas sensors, with

very little work on selective preconcentration. Therefore, a significant proportion of this

thesis will focus on these areas.

1.2 Background Theory

This section will explain the theory behind the principal scientific themes in this thesis.

These include the fabrication and functionalisation of porous silicon; gas adsorption and

desorption; capillary condensation; the concept of preconcentration; and the working

principles of the main sensor systems used.

1.2.1 Porous Silicon

Porous silicon is a material consisting of crystalline silicon with anisotropic pores etched

into it. The pores in pSi are of nano-to-micron scale diameter in two dimensions, and

can extend in the growth direction from less than a micron up to the order of millimetres
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in length. Figure 1.1 in Section 1.1.2 above demonstrates the disordered nature of the

pores.

The definition of ‘porous silicon’ spans a wide range of pore sizes, from microporous (pores

< 2 nm diameter) to mesoporous (2 - 50 nm diameter) to macroporous (> 50 nm diameter;

up to micron scale). The porous silicon used in this thesis is mesoporous, although the

term ‘nanoporous’ will be often used to describe it. Although not a traditional definition,

this term is nevertheless technically correct (as the pores are on the nanometre scale) and

less confusing than the IUPAC terms defined above, and its usage is becoming common.

Silicon is thermodynamically unstable in humid air, so a native oxide layer forms on its

surface within hours of it being exposed to the atmosphere [69]. The stoichiometry and

properties of this layer depend on the conditions, although its growth is self-limited and

usually results in a thickness not more than a few nm [70, 12].

Fabrication

Porous silicon is fabricated by electrochemical etching of crystalline silicon in hydrofluoric

acid (HF) electrolyte. Galvanostatic - rather than potentiostatic - etching is most often

used, as the constant current density produces homogeneous pSi layers with good control

over the porosity [13]. Fluoride is required because of the native oxide layer of SiO2

described above which forms on the silicon surface: this passivating layer must be removed

for etching to occur. To provide a driving force for dissolution of the oxide, a Si–F bond

(the only bond stronger than Si–O) must be formed [12]:

SiO2 + 6HF −−→ SiF6
2− + 2H+ + 2H2O (1.1)

During the etching process, crystalline silicon is in contact with an HF solution. A flow of

electrons is supplied by an external circuit between the silicon (the anode) and a cathode

dipped into the HF solution. The following electrochemical reactions occur at these two

electrodes:

Anode: Si + 6F− + 2H+ −−→ SiF6
2− +H2 + 2 e− (1.2)

Cathode: 2H+ + 2 e− −−→ H2 (1.3)

This dissolution of the silicon surface causes pores to nucleate randomly but uniformly

across the surface. The exact mechanisms governing the subsequent pore growth are

complex and not fully understood. However, it is known that the freshly-etched surface

becomes hydride-terminated, i.e. contains Si–H bonds, due to the acidity of the etching
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solution [12].

Crystalline silicon forms the diamond cubic crystal structure; a cubic lattice in which each

silicon atom has tetrahedral coordination. It is known that the (100) face of crystalline

silicon is more susceptible to dissolution due to the strained Si–H bonds. This causes

pores to grow preferentially in the <100 > direction. In addition, current flows preferentially

at the interface between porous and crystalline silicon, i.e. at the bottoms of the pores,

and so etching occurs here. The walls of the pores become passivated, and pores grow

primarily in a direction perpendicular to the surface [12]. Figure 1.3 shows a simplified

sketch of this etching process occurring in a single pore. Silicon atoms on the bottom

pore surface, i.e. in the <100 > direction, are attacked by fluoride ions, causing dissolution

of silicon and the generation of bubbles of H2 gas.

Figure 1.3: Simplified drawing of etching process by hydrofluoric acid solution within a
silicon pore.

Pore size and morphology are governed by many different factors, including the type and

number of dopants in the silicon wafer, the applied current density, and HF concentration

in the electrolyte [13]. Macroporous silicon is generally formed from n-type silicon, which

contains dopants with a larger number of valence electrons than silicon (e.g. phosphorus),

such that electrons are the majority charge carrier.

For mesoporous and microporous silicon, p-type silicon is most often used, containing

dopants with a smaller number of valence electrons than silicon (e.g. boron) so the

majority charge carriers are holes. To describe the level of doping, the superscripts + and
++ are used; for example, p++ describes highly doped p-type silicon. In general, a higher

dopant concentration, and therefore a lower resistivity, results in larger pores; micropores

are obtained from p-type silicon and mesopores from p+ or p++-type [14].

The commonly-used electrolyte is a mixture of aqueous HF solution with ethanol. Ethanol
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is included because it wets the pores better than water, reducing the surface tension and

allowing the HF access to the pores. A higher ratio of HF to ethanol gives smaller pores.

The porosity - defined as the ratio of the total void pore volume to the overall volume

of the porous layer - depends on the applied current: a higher current density leads to

both larger pores and greater porosity [71]. The depth of the pores along their growth

direction, i.e. the thickness of the porous layer, is directly proportional to the product of

etch time and current density [12, 13].

Sometimes, it is desirable to detach the etched porous layer from the bulk crystalline

silicon beneath it, to obtain a free-standing piece of porous silicon. To do this, the HF

solution is replaced by a solution of lower HF concentration. This causes a lack of fluoride

ions at the crystalline/porous silicon interface, and the anode reaction in Equation 1.2

cannot take place. As long as the current density is high enough, this causes the water to

oxidise the silicon instead of the fluoride, forming an insoluble, non-conducting SiO2 layer

at the porous/crystalline interface, which prevents the current from flowing. This oxide

layer is subsequently dissolved by HF as explained above (Equation 1.1), separating the

porous layer.

Oxidation

As noted above, silicon is thermodynamically unstable in humid air, so a thin oxide layer

grows fairly rapidly on freshly etched porous silicon. For this reason, porous silicon is

often deliberately oxidised to porous silica (pSiO2) to improve stability. Depending on

the method used, a controlled oxide layer can be formed, or the entire porous structure

can be oxidised.

A common oxidation technique is to use air or pure O2 at high temperature. In this

case, the two main factors which determine the properties of the final surface are a) the

presence or absence of water, and b) the temperature. For example, humid oxidation

occurs more quickly than dry oxidation at the same temperature, as H2O attacks the

Si–Si bond; it also tends to result in more surface hydroxy species Si –OH [12, 72].

On the other hand, oxidation in pure O2 and at very high temperatures (up to 900°C)

produces only Si–O–Si bonds, which are more stable in water. This reaction is shown

in Figure 1.4. The higher the temperature, the faster the oxidation occurs: high temper-

atures of 700 - 900 °C are required to fully oxidise the entire porous structure, and even

at these temperatures the process can take several hours [12].
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Figure 1.4: Thermal oxidation reaction of silicon to silica (non-stoichiometric as rest of
structure not shown)

A second oxidation technique is using ozone, which is most often done in a UV/ozone

generator at room temperature and therefore produces a thin oxide layer. This technique

results in more Si–OH bonds on the surface and consequently the surface is more readily

dissolved. This reaction is shown in Figure 1.5.

Figure 1.5: Ozone surface-oxidation reaction of silicon to silica (non-stoichiometric as
rest of structure not shown)

It should be noted here that the density of silica is lower than that of silicon; the intro-

duction of oxygen atoms into the structure causes the material to expand as oxidation

occurs, and the pores necessarily contract. This has the effect of a lower porosity of pSiO2

compared to pSi, and also smaller pores on average; it can also introduce strain into the

material [12].

Surface functionalisation

A silica surface can be functionalised with organic groups of various types using organosi-

lane chemistry. Organosilanes are a class of molecules with a silicon atom bonded to

between one and three hydrolysable functional groups, usually an alkoxy group –OR or

a halogen such as Cl, and at least one organic group, often a hydrocarbon chain with the

required functionality at the other end.

For the organosilane to attach to the silica surface, the surface must have silanol groups

Si–OH to react. Therefore, a first step is to treat the surface of thermally-oxidised porous

silica, containing Si–O–Si bonds, with either a strong acid or with ozone treatment as

described above to convert some of these bonds to surface silanol groups:
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Figure 1.6: Ozone surface reaction with thermally oxidised silica (non-stoichiometric as
rest of structure not shown)

The reaction between this silanol-containing surface and monoalkoxy- (or monochloro-)

silanes is shown in Figure 1.7; an elimination reaction occurs and new Si–O–Si bonds

are formed. The reaction is usually done in an anhydrous solvent, as a too-high water

content will cause the silane to hydrolyse in solution.

Figure 1.7: Reaction of silica surface with monoalkoxysilane (non-stoichiometric as rest
of structure not shown)

The reaction with trialkoxy- (or trichloro-) silanes goes a step further; the remaining

hydrolysable groups will, given the presence of a small amount of water, bind to those

on neighbouring molecules, forming a network as shown in Figure 1.8. Alternatively, the

same silane molecule can bind to more than one surface hydroxy group [73].

Figure 1.8: Reaction of silica surface with trialkoxysilane (non-stoichiometric as rest of
structure not shown)

Both these methods have advantages and disadvantages. As monoalkoxysilanes RO–SiR1
3

can only form one Si–O–Si bond, their use avoids the cross-linking reactions of tri-

alkoxysilanes (RO)3Si–R
1, which can form large, complex multilayer networks and po-

tentially clog the pores. On the other hand, the fact that trialkoxysilanes can form more
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than one bond to the surface means they can produce better coverage and a more stable

surface coating [12, 73].

1.2.2 Adsorption on a Porous Surface

When a solid surface is exposed to a gas, adsorption of some gas molecules to the surface

may occur; after some time, an equilibrium is formed between the molecules adsorbed

to the surface and those in the vapour phase. In the case of a porous material, such

as porous silicon or silica, the surface to which the gas can adsorb includes the internal

walls of the pores, and so is much larger per unit volume than the geometric area of a

flat surface.

This adsorption can be due to a range of intermolecular forces, such as van der Waals,

which are always present, and other interactions such as hydrogen bonding and dipole-

dipole interactions, which vary in nature and strength depending on the chemistry of the

molecule and the surface. Such types of surface binding, where there is no chemical change

to the adsorbate, are called physisorption, which tends to be relatively weak. In some

cases, chemisorption is also possible, whereby a chemical reaction between the adsorbate

and the surface occurs, resulting in a strong covalent or ionic bond. The amount of gas

adsorbed on the surface at equilibrium in either case depends on the thermodynamics

of the system, i.e. factors such as the strength of the surface-adsorbate interaction, the

temperature of both the gas and the surface, the molecular size and the pressure of the

gas.

The kinetics of gas adsorption in porous media is complicated compared to that on a

flat surface; the permeability of the porous medium to the gas must be considered, as

well as the heterogeneity caused by the distribution of pore sizes [74, 75]. This size

distribution, as well as the interconnections present between pores and their random and

disordered nature, makes modelling adsorption in porous media very difficult [75]. In

porous silicon/silica, the pore diameter is the critical consideration for gas transport. In

this work, the analyte molecules investigated were of diameter < 20 Å, which is an order

of magnitude smaller than the pore diameter; permeability, therefore, is expected to be

good [71].

In cases of gas adsorption in porous material where no chemical reaction occurs at the

surface (i.e. no chemisorption), adsorption is believed to occur firstly as a monolayer on

the pore walls and then as multilayers up to complete pore filling as gas concentration in-

creases [18, 71]. In this case, for low gas concentrations and/or larger pores, physisorption

is the primary mechanism. However, if the concentration of the gas is high enough and

the pores are small enough, microcapillary condensation will begin to occur according to

the Kelvin equation (Equation 1.11 below).
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Adsorption isotherms

An adsorption isotherm describes how the amount of a gaseous analyte adsorbed on a

surface varies with the gas pressure at a specific temperature. The most widely-known

theoretical adsorption isotherm is the Langmuir isotherm, which can be considered to

describe adsorption on the basis of a balance between the rate of adsorption and the rate

of desorption at equilibrium [76]:

Q =
bp

1 + bp
(1.4)

b ≈ exp
Eads

RT
(1.5)

Here Q is the fractional coverage of the surface, i.e. the ratio of the number of adsorbed

species to the number of adsorbed species that would be required to completely cover the

surface (a monolayer), p is the pressure of the analyte gas and b is a constant with the

form given in Equation 1.5; Eads is the adsorption enthalpy, R is the gas constant and T

is the temperature. The main downside of this isotherm is that it assumes all adsorption

sites are identical, i.e. that the material is homogenous, and only accounts for up to

monolayer coverage on a surface, and not for the formation of multiple adsorbed layers.

The Freundlich isotherm, on the other hand, is empirically derived:

x

m
= Kp

1
n (1.6)

Here x is the mass of adsorbate and m is the mass of the adsorbent; K and n are

constants for a certain gas/adsorbent system at a certain temperature. This isotherm

does not assume all adsorption sites are identical, unlike the Langmuir isotherm, and has

been shown to describe adsorption onto heterogeneous surfaces [76].

An extension of the Langmuir isotherm is the Brunauer-Emmett-Teller (BET) isotherm,

which includes multilayer formation [77]:

Q =
c p
p0(

1− p
p0

)(
1 + (c− 1) p

p0

) (1.7)

c ≈ exp
Eads,1 − Eads,L

RT
(1.8)

Here p0 is the saturation vapour pressure of the gas, and Eads,1 and Eads,L are the ad-
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sorption enthalpies of the first layer and subsequent layers respectively.

The BET constant c is indicative; a higher value of c means a stronger interaction be-

tween the adsorbent molecule and the surface [71]. In the case of porous silicon, the

oxidation and functionalisation of the surface as described in Section 1.2.1 above will

change its value of c significantly for certain adsorbates. For example, oxidation makes

the surface more hydrophilic and gives it a greater affinity towards polar molecules, while

functionalisation with alkane groups will make it more hydrophobic.

The Kelvin equation

The Kelvin equation describes how the vapour pressure of a gas varies above a liq-

uid/vapour surface according to the curvature of the surface:

ln

(
pv
p0

)
=

2γVmH

RT
(1.9)

where γ is the surface energy, Vm is the molar volume of the liquid, H is the effective cur-

vature of the surface, pv is the vapour pressure of the gas above the curved liquid/vapour

surface and p0 is its saturation vapour pressure above a flat surface.

This expression comes from the Young-Laplace equation, which describes the change in

pressure across a curved interface:

∆p = 2γH = γ

(
1

r1
+

1

r2

)
(1.10)

where r1 and r2 are the two characteristic radii of curvature. In the situation of a

cylindrical pore with a contact angle less than 90°, the meniscus is concave and takes

the form of part of the surface of a sphere, so r1 = r2 = −r (where r is the radius of

that sphere) and H=−1
r
. The radius of the sphere r depends on the pore radius, a, and

the contact angle θ, which is the angle formed between a solid/liquid interface and the

liquid/vapour interface.
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Figure 1.9: Capillary condensation: r = radius of curvature of meniscus, a = radius of
pore, θ = contact angle

For an idealised cylindrical pore, as shown in Figure 1.9, r = a
cos θ

and so the Kelvin

equation is as follows:

ln

(
pv
p0

)
= −2γVm cos θ

aRT
(1.11)

Therefore, the equilibrium vapour pressure pv above the meniscus in the pore is lower than

it would be over a flat surface. This allows condensation to occur below the saturation

vapour pressure of the liquid (pv < p0). The smaller the pore radius a, the lower the

vapour pressure pv at which condensation can occur, according to Equation 1.11. This is

referred to as ‘capillary condensation’.

It is instructive to carry out a calculation to determine how significant the effect of

capillary condensation is in the porous systems investigated in this thesis. A typical pore

size distribution has an average pore diameter of approx. 23 nm (see Section 2.1.4), with

extremes of around 5 to 50 nm. Considering ethanol as the analyte, the values of some

characteristic parameters are given in Table 1.1. Molar volume Vm = M/ρ, where M is

the molar mass and ρ is the mass density.

Table 1.1: Characteristic parameters of VOCs used in Kelvin equation calculations [78,
79].

VOC
Temperature Surface Molar mass Mass density Saturation vapour

/ °C tension / N m-1 / g mol-1 / g m-3 pressure / kPa

ethanol 20 0.022 46.07 7.89× 105 5.82
ethanol 5 0.023 46.07 8.03× 105 2.22
p-xylene 20 0.029 106.17 8.61× 105 0.79

Applying the Kelvin equation (Equation 1.11) for ethanol vapour in a 23 nm diameter

pore at 20°C (assuming complete wetting so θ = 0°) gives a value of pv = 5.31 kPa, 91%

of p0. Therefore in this case, the vapour pressure required for condensation in the pores is
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still over 90% of the saturation vapour pressure above a flat surface; 5.31 kPa corresponds

to around 53,000 ppm at atmospheric pressure, which is orders of magnitude above the

concentrations used in this thesis (generally between 0.1 - 10 ppm).

Repeating the calculation for the very smallest pores (5 nm diameter) gives a lower

pv of about 65% of p0, but still significantly too high for capillary condensation to be

expected in the work done in this thesis. At 5°C, the lowest temperature used in this

work, pv
p0

= 0.905 for a 23 nm pore and = 0.633 for a 5 nm pore, hardly different from

the 20°C case. Although the saturation vapour pressure p0 itself is significantly lower

(see Table 1.1, this still corresponds to a concentration of around 14,000 ppm required

for capillary condensation in the smallest pores at 5°C.

Ethanol was used for this calculation because its properties at a range of temperatures are

well-known. Other VOCs investigated in this work have lower vapour pressures, so the

calculation is repeated for xylene, one of the largest and lowest-vapour-pressure VOCs

targeted. Here, the calculation (parameters in Table 1.1) gives pv
p0

= 0.775 for a 23 nm

pore and = 0.309 for a 5 nm pore at 20°C (data not available at 5°C). This gives a required

vapour pressure of 244 Pa to condense in a 5 nm pore; around 2400 ppm. Although lower

than for ethanol, this is still roughly three orders of magnitude greater than the actual

vapour pressures used in these experiments, and confirms that capillary condensation is

very unlikely for the VOCs used in this thesis. The only exception to this is in the case of

explosives, some of which have extremely low vapour pressures; the topic will be revisited

in Chapter 3.

Similar to the discussion above about the BET constant c, the oxidised/non-oxidised

status of the surface and any surface functionalisation will also have an effect on capillary

condensation via the surface energy γ and the contact angle θ. For example, better

wetting (i.e. smaller contact angle θ) will result in a smaller radius of curvature and a

lower vapour pressure for condensation. However, these calculations were done for the

case of complete wetting, so it can be concluded that, at the conditions of interest in this

work, adsorption rather than capillary condensation is expected.

Desorption

In a system where there is only physisorption and no chemisorption (which is generally

the case in the work described in this thesis), at equilibrium molecules are constantly

adsorbing and desorbing on the surface at equal rates, as described by the Langmuir

isotherm. In this model, the temperature dependence is contained in the parameter b

(Equation 1.5): at higher temperatures, the equilibrium is shifted towards the gaseous

phase.

Practically, desorption of the majority of the molecules on a surface can be achieved by
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increasing the temperature of the surface. This mechanism is used extensively in this

thesis for preconcentration techniques, as discussed below in Section 1.2.3. A similar

method is used in temperature-programmed desorption (TPD), where an adsorbate on

a surface is heated at a constant rate, so that molecules desorb from the surface when

they have sufficient energy to overcome the activation energy for desorption, Ed. Mass

spectrometry is generally used to monitor the desorbing species, and the resultant graph

of desorption rate against temperature exhibits a peak at temperature Tm. The theory of

TPD is instructive when considering desorption from a preconcentrator, as the mechanism

is similar.

In this work, desorption of intact molecules is expected and therefore the rate of desorp-

tion is expected to be first order. These molecules are assumed to desorb by an activated

process with an activation energy for desorption. Redhead’s analysis gives an equation

for a first-order desorption process [80]:

Ed

RT 2
m

=
ν

β
exp

(
− Ed

RTm

)
(1.12)

Here ν is a pre-exponential factor and β is the heating rate. This equation implies that

the activation energy for desorption Ed can be calculated from the temperature of peak

desorption Tm, since β is known and R is a constant, as long as a value for ν is assumed.

Redhead showed that the relationship between Ed and Tm is nearly linear, and for values

of ν
β
between 108 and 1013, is given by:

Ed = RTm

[
ln

(
νTm

β

)
− 3.64

]
(1.13)

Although desorption profiles can be complex, this equation can nevertheless give an ap-

proximate range of desorption activation energies from the temperature of the desorption

peak. Alternatively, a series of measurements at different heating rates can allow ν to be

determined.

1.2.3 Preconcentration

A preconcentrator is a device used in sensing to concentrate and then release an analyte,

causing a temporary increase in analyte concentration within the sampling volume. The

preconcentrator can therefore improve the effective limit of detection of a sensor or de-

tector. In this thesis, a large amount of work has been done to develop porous silicon

and silica as preconcentrators for vapour-phase sensing. Although such devices can be

used in liquid-phase sensing also, preconcentrators for gaseous molecules will be primarily

discussed here.
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Preconcentrators have been developed based on many different materials and device de-

signs, as discussed in Section 1.1.3. However, they mainly consist of some porous adsor-

bent material which can collect analyte molecules, and a mechanism by which to cause

this material to release these molecules, most often by heating.

The operation of a preconcentrator generally consists of a low- or room-temperature

‘loading phase’, during which analyte gas is present within the measurement chamber,

followed by a high-temperature ‘release phase’, at which point there is a sharp increase

in the analyte vapour concentration followed by a drop back to a constant value. The

response of a sensor downstream of the preconcentrator during this cycle is illustrated in

Figure 1.10.

Figure 1.10: Diagram showing how peak height of sensor response is measured compared
to the baseline. Sensor response is assumed to be zero at zero concentration.

The figure shows a small sensor response (blue line) at the beginning when the temper-

ature (pink line) is low. The temperature then is rapidly increased, during which time

the sensor response peaks, before falling back to a constant value. As seen in Figure

1.10, this may not be the same as the sensor response during loading, as many types of

detectors are sensitive to temperature. In addition, the concentration of molecules ‘seen’

by the detector varies with the temperature of the system: at high temperature when few

to no molecules are adsorbed onto the surface, the sensor will detect a constant analyte

concentration. However, when the preconcentrator is cooled during the loading phase, a

significant proportion of the analyte molecules are being taken up by the preconcentrator,

and therefore the concentration remaining in the gas phase (and measured by the sensor)

is initially lowered. After a certain time, an equilibrium will be reached between the

adsorbed and gaseous molecules (as discussed in Section 1.2.2 above) where the precon-
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centrator no longer takes up additional molecules, and the response of the detector will

slowly return to its initial constant value.

Measurement of preconcentrator’s effectiveness

There are multiple possibilities for measuring the effectiveness of a preconcentrator from

data such as this, which will be discussed here. Firstly, there are two distinct types

of measurement possible: one is the height of the sensor’s peak upon release, which

corresponds to the maximum instantaneous concentration of analyte measured. The

second is the area under the peak, which corresponds to the total amount of analyte

stored inside the preconcentrator.

Although both are interesting, the height of the peak is more relevant here. One of

the most useful applications of a preconcentrator is to lower the limit of detection of

a sensor: the maximum instantaneous concentration of the analyte when it is released

may be detectable by the sensor, even if the initial concentration is below the limit of

detection. An additional consideration is that the peak height is much simpler to measure

than the area under the peak. As shown in Figure 1.10, the sensor response before and

after release (i.e. at low and high temperature) may not be the same, so there is by no

means an obvious ‘base’ to use for the area measurement.

By contrast, measurement of peak height is simpler: a time average is taken of the sensor

response during the loading phase to use as a baseline (‘B’ in Figure 1.10), then the

instantaneous maximum response ‘A’ is taken and the baseline subtracted to give the

peak height A - B. The peak height can be a useful measure as it is easy to visualise,

particularly for comparing different preconcentration parameters with the same sensor

system.

However, there are also disadvantages to peak height as a measurement. Firstly, it is not

dimensionless - it is in the units of whichever sensor is used, therefore it is not comparable

between different sensors. Secondly, the accuracy of a peak height measurement depends

on the time resolution of the detector, to a greater extent than an area measurement does.

If the sensor response is recorded with a high time resolution, so that the time-scale of

the measurements is much smaller than the time-scale of the desorption peak, this is not

a problem. However, if the sensor has a low time resolution that is more similar to the

time-scale of the desorption peak, the accuracy may be much worse: it is likely that the

sensor will make take two consecutive measurements on either side of the desorption peak

but miss the peak itself, giving an incorrect measure of the peak height.

In this work, the desorption heating rate was between 0.5 - 2.0°C s-1 and the desorption

peak generally occurs over a time-scale of approximately 1 - 10 minutes. The detection

methods commonly used in conjunction with the preconcentrator (infra-red and pho-
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toionisation detectors) take measurements every 20 s and every 2 s, respectively, and so

the shape of the peak could be described fairly accurately. The photoionisation detector,

which has the better time resolution, was used for the majority of the preconcentra-

tor optimisation. This issue is an important consideration when choosing a sensor and

measurement method.

The most common measure of performance in the literature is the dimensionless precon-

centration factor, which is measured slightly differently in every case due to the unique

nature of the preconcentrator, sensor and gas-flow systems. However, there seem to be

two main types of preconcentration factor. Sometimes, the sensor response is translated

into a concentration of the analyte using a calibration curve; in this case, the precon-

centration factor is the ratio of the maximum instantaneous concentration to the initial

supplied concentration [48]. Another method is to simply calculate the ratio of the sensor

response peak to the baseline sensor response; this is the ratio A/B as demonstrated in

Figure 1.10 [81].

Of these two methods, the second is preferable because it is simpler, yet provides very

similar information. Use of calibration curves can be difficult: as mentioned above and

shown in Figure 1.10, during the loading phase, the sensor response is often lower than

the normal response would be without the preconcentrator present. This is because the

preconcentrator is continuously collecting what can be a significant proportion of the

analyte molecules flowing past, and therefore the sensor detects a lower concentration

than the actual applied concentration. In addition, some sensors exhibit a degree of

baseline drift, whereby their response to a certain analyte concentration varies over time.

Some of the literature defines a theoretical preconcentration factor as a ratio between

the total volume of analyte-containing carrier gas passed through the preconcentrator

during the loading phase, and the volume later released from the preconcentrator [82].

This preconcentration factor is theoretically robust because there is conservation of mass;

however, it is difficult to measure in practice and is not possible in many device config-

urations (including the one used in this work). Those who propose it acknowledge the

difficulty, and also use the more practical preconcentration factor defined above [82]. This

volume-based preconcentration factor tends to be much larger than those calculated using

the method described above, demonstrating another reason why comparison of different

preconcentrators is difficult [64].

Comparison to a non-porous surface

Sometimes, the sensor’s response with a non-porous, flat surface in place of the porous

preconcentrator can also be measured under the same experimental conditions. Figure

1.11 shows a typical sensor response peak in this case: the peak from the flat surface
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(dashed line) is much smaller due to the lower surface area, and may, in some cases, be

entirely non-existent. Where this data is available, utilising it can give a good indication

of how much difference the porosity makes. This is illustrated in Figure 1.11: ‘A’ is the

peak from the porous surface and ‘C’ is the peak from the flat surface. A calculation

of A/C produces what is here referred to as the ‘response increase factor’ between the

porous and flat surfaces (to distinguish it from the preconcentration factor discussed

above). Comparative data for preconcentration on a flat surface are not always available,

however, and are used only occasionally in the literature [45, 83, 84].

Figure 1.11: Diagram showing sensor response peaks after preconcentration on a porous
and a flat surface. Sensor response is assumed to be zero at zero concentration.

In this work, although calibration curves of sensor response against concentration can be

informative - for example, to determine if the response is linear - and are often presented,

the preconcentration factor will simply be calculated from the ratio of the sensor response

peak to the baseline during the loading phase (A/B). Peak heights (A - B) and response

increase factors (A/C) are also calculated in places, where they are instructive.

Breakthrough time

The preconcentrator configuration used in this work is slightly different to the configura-

tion used in much of the literature on gas preconcentrators. In many cases, the analyte

gas flows through the preconcentrator material, whereas in this work, the analyte gas

flows over the top of the preconcentrator. This is the reason why there is a non-zero

sensor response during the loading phase: since the gas is flowing past the preconcentra-

tor, some reaches the detector. This may not be the case if the gas flows through the

preconcentrator.
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For preconcentrator systems where the gas flows through the adsorbent material, there

exists a ‘breakthrough time’, defined as the amount of time it takes before the adsorbent

cannot contain all the analyte molecules that move into it, and so some pass through.

The breakthrough time is dependent on flow rate, analyte type and analyte concentration.

Although not directly relevant to this work, it is nevertheless an important measure of

performance for such preconcentrators, and hence is mentioned here for completeness.

1.2.4 Photoionisation Detector

When investigating porous silicon and silica as preconcentrator materials, as discussed in

Section 1.2.3 above, a gas sensor must be used in conjunction with the preconcentrator.

A large proportion of the work done in this thesis used a photoionisation detector (PID)

for this purpose.

A PID is a small (roughly 2 x 2 x 3 cm), portable gas sensor that can be battery powered

if necessary. They can operate continuously, giving a real-time measure of gas concentra-

tion, and can generally detect gases at low concentrations down to the ppb level.

During operation, gaseous molecules from the container or flow channel in which the PID

is placed pass through a membrane into the sample chamber. There, they are ionised

by UV photons, creating an ion and an electron. The sample chamber contains two

electrodes: an anode, to which the electrons move, and a cathode, to which the ions are

attracted. These electrodes are often present as meshes or interdigitated fingers [85]. A

schematic diagram of the inside of a PID is shown in Figure 1.12.

Figure 1.12: Schematic cross-section of the inside of a PID (not to scale).

The movement of the ions and electrons generates an electrical current between the two

electrodes, which can be measured. The output is often given instead as a voltage; i.e.
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the potential difference between the electrodes. The ionisation process itself takes place

in less than milliseconds, and the overall response time of a PID - which is of the order

of a few seconds - is almost entirely dependent on how quickly the analyte gas enters and

leaves the detection chamber [85].

The energy of the ionising photons is the important parameter in the design of a PID, as

this determines which gases can be ionised inside its chamber: in general, any gas with an

ionisation energy (IE) lower than the UV lamp’s photon energy. Different combinations of

inert fill gas inside the UV lamp, and salt-crystal lamp window material, provide different

photon energies. For example, the most common and robust lamp consists of krypton fill

gas and a MgF2 window, resulting in a photon energy of 10.6 eV [85].

Most PIDs are designed to have photon energies lower than 12 eV. This is because a

majority of VOCs can be ionised below 12 eV, while all the main compounds in air (N2,

O2, CO2, H2O) cannot, and nor can other small inorganic gases such as CO and N2O,

or methane. This means a PID is an ideal VOC gas sensor to use in ambient conditions,

since none of the major components of ambient air will interfere with the measurement;

they pass through the sample chamber without being ionised.

An expression for the response current of a PID was derived by Freedman in 1982: [86]

i = JFησNl[AB] (1.14)

where i is the current, J is the initial photon flux, F is the Faraday constant, η is the

photoionisation efficiency, σ is the absorption cross-section, N is Avogadro’s constant, l

is the path length and [AB] is the concentration of the ionisable species.

For a specific PID, J and l are constant, as of course are F and N , so Equation 1.14

above can be simplified to the following (where k is a constant):

i = kησ[AB] (1.15)

The values of η and σ, which define the probability that a molecule will absorb a photon

and consequently be ionised, are constant for a specific gas with a specific PID. Therefore,

for a given PID, the output current (or voltage) is proportional to the concentration of the

VOC, with a constant of proportionality that depends on which VOC is being measured.

These relative response factors of a PID to difference VOCs are generally measured and

tabulated by the manufacturer [87].

It is important to note that a PID is a non-selective VOC sensor; if a mixture of VOCs is

present which all have an IE lower than the PID’s photon energy, they will all be ionised,
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and the resultant PID response will be a linear summation of the responses to each VOC

(so long as the VOCs do not interact) [85].

1.2.5 Gas-phase Infra-Red Spectroscopy & Infra-Red Laser

Gas-phase infra-red spectroscopy is used in Chapter 3 in combination with a pSiO2 pre-

concentrator to investigate the detection of explosive compounds. IR spectroscopy is an

extremely well-understood and widely-used technique. Briefly, when radiation in the IR

frequency range is absorbed by a molecule, this can cause the molecule’s vibrational en-

ergy state to increase. These energy states are quantised, and therefore only radiation of

a certain wavelength will excite a molecule from one vibrational energy state to another.

Consequently, the wavelengths of IR radiation absorbed by the molecule are specific to

the functional groups it contains, and can be diagnostic of which molecules are present.

In traditional IR spectroscopy, a range of wavelengths are passed through the solid,

liquid or gaseous sample, in order to produce a spectrum, typically of either absorbance

or transmittance against frequency. However, if the specific frequency of the vibrational

transition of interest is known, an IR laser can instead be used to illuminate the sample,

while a detector measures the intensity of the laser beam after passing through the sample.

The measured transmitted intensity follows the Beer-Lambert law:

A = log
I0
I

= ϵl[AB] (1.16)

where A is the absorbance, I0 and I are incident and transmitted intensities respectively,

l is the optical path length, ϵ is the molar attenuation coefficient of the specific VOC and

[AB] is its concentration.

Since l is a constant and ϵ is also constant for a specific species, the absorbance is propor-

tional to the concentration of a compound within the sample chamber, and therefore if

the constant of proportionality is known, the concentration can be measured. Meanwhile,

any interferent molecules which do not absorb at the specific laser wavelength used will

not be excited and therefore will not affect the signal [9].

1.3 Summary

This Introduction has highlighted the need for smaller, cheaper and more portable VOC

vapour sensors for a multitude of applications in industry, health and defence. Current

state-of-the-art gas detection systems are large, expensive and laboratory-based, and

the various types of small commercially available gas detectors have problems such as

poor sensitivity, little to no selectivity, and other difficulties such as baseline drift and
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sensitivity to humidity and temperature.

Therefore, the work described in this thesis aims to address these challenges, using the

nanoporous materials silicon and silica as preconcentrators - a very promising and rel-

atively new area of research, where a porous material is used to collect an analyte gas

before releasing it for detection. The use of nanoporous silicon/silica for this purpose

in the literature so far is extremely limited, and this thesis aims to explore the utility

of these materials for this purpose. In Chapter 3, a nanoporous silica preconcentrator

is investigated for improving vapour-phase explosives detection - a challenging area of

research, since explosives’ vapour pressures tend to be very low - using a variety of ana-

lytical methods including IR and GC-MS. In Chapter 4, a thorough parametric study of

pSi/pSiO2 preconcentrators for VOCs is carried out, with the aim to better understand

the mechanisms of adsorption and desorption and achieve good sensitivity enhancements

of a small, portable PID sensor by studying the preconcentration conditions.

In Chapter 5, the focus is on using nanoporous silica to introduce some selectivity to

the PID, by performing temperature-resolved desorption of a variety of VOCs. The

effect of humidity is also investigated, and functionalisation of the pSiO2 is carried out

to form a hydrophobic surface. Chapter 6 ties this work together by investigating the

simultaneous sensitivity enhancement and temperature-resolved selectivity of mixtures

of VOCs, including a mixture of the industrially important BTEX compounds benzene,

toluene, ethylbenzene and xylene.

Finally, Chapter 7 presents some initial investigation into the formation of composites of

nanoporous silicon with metal-organic cages and frameworks, for direct sensing of VOCs

by reflectance spectroscopy.
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Chapter 2

Materials and Methods

In this chapter, the fabrication, modification and characterisation of nanoporous sili-

con and silica layers on silicon wafers is described. The system by which vapours of

organic compounds to be analysed were produced, measured and transported to the pre-

concentration and detection devices under test is also explained. Finally, the various

preconcentration and sensing systems used in this work are illustrated.

2.1 Porous Silicon and Silica Fabrication

2.1.1 Silicon Etching

To obtain nanoporous silicon, a crystalline silicon wafer must be electrochemically etched

in hydrofluoric acid to form the pores. The chemistry behind the etching process has

been discussed in Section 1.2.1.

Boron-doped p-type polished silicon wafers of 0.01 - 0.02 W cm resistivity and <100 >

crystal orientation were purchased from Virginia Semiconductor. These wafers, of 0.525

mm thickness, were cleaved into pieces of approximately 25 x 25 mm in size, and cleaned

thoroughly before being placed directly on top of a flat aluminium anode housed inside

a home-made Teflon cell, as illustrated in Figure 2.1. This cell has a rubber O-ring to

contain the etching solution to a circular area of the silicon surface, 15 mm in diameter.

The cell cavity is filled with a mixture of aqueous 48% HF solution and ethanol, and

a platinum loop cathode is dipped into the solution. A voltage is applied between the

aluminium anode and the platinum cathode, to cause a current to flow through the HF

solution and the silicon to carry out the etch. A galvanostat maintains a constant current

density for a defined amount of time. For some etches, the current was repeatedly cycled

on for 2 seconds and off for 3 seconds during the etch. This has been found to create a

more uniform etch with less chance of the porous layer cracking, especially during longer
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Figure 2.1: Photograph of electrochemical cell used for etching porous silicon.

etch times. This is believed to be because the concentration of HF can become depleted

at the etching front, and the time off allows more HF to diffuse down the pores.

The etch solution is then removed from the etch cell and the porous sample rinsed thor-

oughly with ethanol and pentane before being dried under a stream of N2. The final

product consists of a square crystalline silicon wafer, shiny and ‘silver’ in colour, with a

circular porous layer in the centre. This layer generally appears black due to interference

of reflected light from the bottom of the layer, but very thin layers - closer to the wave-

length of visible light - sometimes appear coloured. The thickness of this layer depends

on the etch time, but is a small proportion of the full depth of the silicon wafer. In this

work the porous layers used were approximately 1 - 30 µm thick. A photograph and a

schematic cross-section of a typical pSi sample are shown in Figure 2.2.

(a) Top-down photograph

(b) Schematic cross-section (not to scale)

Figure 2.2: Images of a typical etched pSi sample.

It is noted here that HF was used because it is the only known method for etching porous

silicon of this type. However, HF is an extremely dangerous chemical, and appropriate

steps were taken to ensure safety while working with it, including use of the correct

personal protective equipment and following an approved Safe Operating Procedure.
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2.1.2 Oxidation

The freshly-etched porous silicon surface is hydride-terminated, with Si–H bonds, and

is therefore hydrophobic. For some applications, a hydrophilic surface is preferred; in

addition, the hydride-terminated surface is unstable and will form a thin layer of native

oxide if left in air. Therefore, surface oxidation was carried out, in one of two ways.

The first is exposure to UV/ozone in a Bioforce Nanosciences UV/Ozone Pro-Cleaner Plus

for 30 minutes to create a thin oxidised surface layer, mainly terminated with Si–OH

bonds [12]. The second is thermal oxidation in a Lenton furnace under a constant 10

cm3 min-1 flow of O2 gas, to fully oxidise the porous layer into porous silica, with mainly

Si–O–Si bonds on the surface [12]. The procedure used for the latter was as follows:

temperature increased at a rate of 5°C min-1 from room temperature to 400°C; hold for

1 hour; temperature increased at 1.6°C min-1 to 800°C; hold for 16 hours; temperature

decreased at 1.6°C min-1 to room temperature.

The holding of the silicon at a lower temperature of 400°C in a ‘preoxidation’ step helps

to avoid pore coalescence [88]. Thermal oxidation occurs very slowly; the equation for

the oxide layer thickness achieved from this method is as follows in Equation 2.1 [89]:

x2
0 + Ax0 = B(t+ τ) (2.1)

x2
0 + 0.370x0 = 0.0011(t+ 9.0) (2.2)

where x0 is the oxide layer thickness in µm, t is the time in hours, and A, B and τ are

constants. These constants have been calculated empirically for oxidation in dry oxygen

at 800°C, as shown in Equation 2.2 [89]. Inputting t = 16 and solving Equation 2.2 gives

x0 = 0.058 µm, or 58 nm. Since the average pore diameter is 23 nm (see Section 2.1.4

below) and the porosity is approximately 50% (see Table 2.1), we can assume that the

thickness of the pore walls is also roughly 20 - 30 nm on average. Given this, and the

fact that oxidation occurs from both sides of the pore walls, we can safely assume that

the entire porous structure is oxidised during this 16-hour oxidation time.

A photograph of an oxidised pSiO2 sample is shown in Figure 2.3a, alongside a non-

oxidised sample in Figure 2.3b for comparison. On the oxidised sample, the non-porous

area is slightly blue in colour, and some reflectance fringes are visible on the porous area.
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(a) Oxidised pSiO2 sample (b) pSi sample

Figure 2.3: Comparison top-down photographs of oxidised and non-oxidised porous silicon
samples.

Table 2.1 gives details of the etching parameters and oxidation process used to produce

various pSi and pSiO2 preconcentrators and sensors. These parameters were chosen based

on information from [12] and previous (unpublished) investigation done by a colleague;

errors in layer thickness and porosity were also estimated from repeat etching data taken

by the same colleague. The tabulated layer thicknesses were determined from SEM

images, and the approximate porosities from the spectroscopic liquid infiltration method

(see Section 2.1.4 below).

Table 2.1: Etching parameters and resulting properties. ‘P’ denotes preconcentrator
samples and ‘S’ denotes direct sensing samples.

Porous sample HF : EtOH Current density Etch Cycles
Oxidation

Layer thickness Porosity /
type ratio / mA cm-2 time / s / s / ± 0.4 µm ± 2% (approx.)

P1 1:1 120 229 2 on / 3 off none 21.2 48
P2 1:1 120 229 2 on / 3 off thermal 21.0 48
P3 1:1 120 115 2 on / 3 off none 12.2 48
P4 1:1 120 115 2 on / 3 off thermal 13.2 48
P5 1:1 120 57 2 on / 3 off none 5.9 48
P6 1:1 120 57 2 on / 3 off thermal 6.1 48
P7 1:1 120 12 2 on / 3 off none 1.3 48
P8 1:1 120 12 2 on / 3 off thermal 1.8 48
S1 3:7 20 711 none none 7.7 45
S2 3:7 20 711 none UV/ozone 7.7 45
S3 3:7 20 711 none thermal 11.8 43

Some approximately 50 µm thick pSi layers were also fabricated, but unfortunately de-

formed in the oxidation process. This is due to the strain that occurs during this process;

as explained in Section 1.2.1, silica is less dense than silicon, so the porous layer expands

as it is oxidised. However, the non-porous part of the substrate beneath does not expand

as it is not fully oxidised; this generates strain between the two layers. This effect is

greater the thicker the porous layer is, causing the whole wafer to buckle. Therefore, for

oxidised pSiO2 samples, 21 µm is the greatest viable thickness attempted.
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2.1.3 Silane Functionalisation

Some of the work presented in this thesis involves an investigation of different surface

chemistries. For this, a silane functionalisation process was followed as explained in Sec-

tion 1.2.1: a pSiO2 sample, after the thermal oxidation step described above, was subse-

quently also treated with UV/ozone for 30 minutes to form mainly Si–OH bonds on the

surface rather than the majority Si–O–Si bonds that exist after the thermal oxidation.

The sample was immediately placed in a 2:1 mixture by volume of anyhydrous toluene

: silane in a sealed container overnight. The silanes used were trimethoxy(propyl)silane

and methoxy(trimethyl)silane, both purchased from Sigma. The sample was rinsed with

ethanol and pentane and dried under a stream of N2.

2.1.4 Characterisation

Scanning electron microscopy

A Tescan MIRA3 FEG-SEM was used to take high-resolution images of the pSi and pSiO2

layers. Typical images are shown in Figure 2.4. Figure 2.4a presents a top-down image of

the porous surface; the grey regions are the silicon structure while the small black holes

visible are the openings of the pores. This image makes clear the random, disordered

nature of the pores and the distribution of diameters.

(a) Top-down view of pores (black) in silicon
(grey) surface

(b) Cross-section of long, narrow pores (growth
direction top to bottom)

Figure 2.4: SEM images of a typical porous silicon sample with approx. 20 nm diameter
pores, extending several µm in the vertical direction.

Figure 2.4b shows a cross-sectional image of the pores after the silicon wafer was cleaved

through the porous area. This image demonstrates the general growth direction of the

pores vertically downwards, but also highlights their disordered, fractal nature.
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SEM can be easily and accurately used to measure the thickness of the porous layer; this

has been done for all the pSi and pSiO2 sample types listed in Table 2.1, and the images

presented in Figures 2.5 (S1 & 3)and 2.6 (P1-8). Note that, in general, the oxidised pSiO2

layers tend to be slightly thicker than the pSi layers etched under identical conditions; this

is likely due to the slight expansion that occurs during oxidation, as discussed in Section

2.1.2. However, variation in thickness across the porous layer and small variations (e.g.

in doping) between silicon wafer batches may also contribute to these differences.

(a) S1 (non-oxidised) (b) S3 (oxidised)

Figure 2.5: Cross-sectional SEM images of pSi and pSiO2 layers, to measured the thick-
ness of each porous layer (textured) etched into the crystalline silicon (smooth).
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(a) P1 (non-oxidised) (b) P2 (oxidised)

(c) P3 (non-oxidised) (d) P4 (oxidised)

(e) P5 (non-oxidised) (f) P6 (oxidised)

(g) P7 (non-oxidised) (h) P8 (oxidised)

Figure 2.6: Cross-sectional SEM images of pSi and pSiO2 layers, to measured the thick-
ness of each porous layer (textured) etched into the crystalline silicon (smooth).
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Nitrogen isotherm analysis

Nitrogen isotherm analysis was carried out using a 3Flex analyser from Micromeritics. A

porous layer of 200 µm thickness was etched in order to produce a sample of large enough

mass for the measurement; the same etching parameters were used as for P1-8 in Table

2.1 above, but the etch time was increased to create the thicker layer. Because the same

parameters were used, the porosity and pore size is expected to remain roughly the same,

so the calculated surface area per gram of this porous layer can reasonably be assumed to

be the same as that of P1-8. The porous layer was detached from the crystalline silicon

beneath in this case, so the analysis would produce an accurate estimate of the surface

area. This was done as described in Section 1.2.1, by reducing the HF concentration in the

etching solution so that water (instead of fluoride) oxidises the silicon under an applied

current. This forms an oxide layer at the bottom of the pores which is subsequently

dissolved by HF, causing the porous layer to ‘lift off’. This porous silicon layer was then

thermally oxidised using the process described in Section 2.1.2 before analysis.

The nitrogen isotherm obtained is plotted in Figure 2.7a; it shows the shape and hysteresis

loop of a Type IV(a) isotherm, as expected for mesoporous materials. Beginning from low

pressure, monolayer and then multilayer coverage occurs as described in Section 1.2.2.

The hysteresis loop at higher relative pressures is indicative of capillary condensation,

and occurs because the condensed phase is lower-energy than the adsorbed multilayer

[90]. The surface area per gram was found by Brunauer-Emmett-Teller (BET) adsorption

isotherm analysis to be 120.4 m2 g-1. The Barrett-Joyner-Halenda (BJH) adsorption pore

size distribution, which is shown in Figure 2.7b, gave the average pore diameter as 23

nm.

(a) BET adsorption isotherm (b) BJH adsorption pore size distribution

Figure 2.7: Nitrogen isotherm data for 200 µm thick porous layer.

It should be noted that these values are approximate; the BET and BJH methods were

designed for materials with well-defined pore sizes (e.g. zeolites), while here, the main,
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approximately cylindrical mesopores are interconnected with much smaller branching mi-

cropores (see Figure 2.4b). BJH analysis is known to be unreliable for smaller mesopores

[90]. In addition, the oxidation of the material from silicon to silica is accompanied by a

slight volume expansion, as discussed above; this may lead to the blocking off of some of

the smallest pores, as the pore void volume decreases. Therefore, the surface area of the

porous silicon pre-oxidation may be larger than the value determined here from an oxi-

dised layer. Finally, the surface area measured here is likely to be an overestimate of the

area accessible to the VOC molecules used throughout this thesis, as nitrogen molecules

may access some of the smallest pores which the larger VOC molecules cannot.

Fourier transform infra-red spectroscopy

To ascertain the level of oxidation that had taken place after the treatments described in

Section 2.1.2, attenuated total reflection-Fourier transform infra-red (ATR-FTIR) spec-

troscopy was carried out using a Bruker Vertex V70 FT-IR with a Golden Gate Single

Reflection Diamond ATR accessory by Specac. Surface spectra for a sample of each of

type S1, S2 and S3 (see Table 2.1) are given in Figure 2.8. Table 2.2 gives assignments

for the major peaks in pSi and pSiO2 [91, 92, 93].

Figure 2.8: ATR-FTIR spectra of the porous surface.

In the spectrum of the freshly etched sample S1, only the Si–Si surface peak at around

620 cm-1 and the peaks at 906 cm-1 and 2073 cm-1 due to surface Si–H bonds are seen.

For the UV/ozone treated sample S2, the Si–Si surface peak has decreased significantly

and the Si–H peaks at 906 and 2073 cm-1 have almost disappeared. This implies that

there are fewer of such bonds on the surface, but they are not altogether gone. Meanwhile,

the silica Si–O–Si stretch at approximately 1020-1030 cm-1 is now visible, and a peak

due to a Si–O stretch can be seen at 866 cm-1. This demonstrates that some oxidation

of the surface has taken place, though it is not fully oxidised.
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The spectrum of the thermally oxidised sample S3 shows no Si–Si surface peak or Si–H

peaks; the surface has been fully oxidised. The Si–O–Si peak is larger than that in the

spectrum of S2, and the Si–O stretch has shifted to 796 cm-1. This shift can be attributed

to the fact that there are mainly Si–O–Si bonds on a thermally oxidised surface, whereas

on a UV/ozone treated surface there are more Si–OH terminated groups. These two bond

types will have different Si–O stretching frequencies.

Table 2.2: ATR-FTIR peak assignments in pSi and pSiO2.

Peak location / cm-1 Assignment

545 - 550 Bulk Si–Si
617 - 623 Surface Si–Si
790 - 870 Si–OH / Si–O stretches

906 Si–H2 scissor mode
1018 - 1030 Si–O–Si antisymmetric stretch

2073 Si–H stretch

Contact angle measurements

As described above in Section 2.1.3, some modifications to the surface chemistry of the

porous silicon/silica wafers were carried out. As a measure of the effectiveness of this

functionalisation, contact angle analysis was carried out. For this, a 5 µl droplet of

de-ionised water was deposited onto the porous surface via pipette in front of a Point

Grey FL3-U3-88S2C-C camera connected via USB to a computer, where the images

were processed using Point Grey FlyCap software. Subsequent analysis to determine the

contact angle was done using ImageJ software.

Spectroscopic liquid infiltration method

The porosities detailed in Table 2.1 were determined by the ‘spectroscopic liquid infil-

tration method’, for which the procedure described in Section 5.3.4 of [12] was followed.

Briefly, in this method the change in refractive index of the porous silicon when a liquid

infiltrates the pores is measured by reflectance spectroscopy; from this, the fractional

porosity can be calculated.

The refractive index of the porous layer, nl, is a composite value which depends on the re-

fractive indices of the silicon matrix ns and the filling medium inside the pores nf , as well

as the fractional porosity P . The relationship between these quantities is not straightfor-

ward, but is most often approximated by the Bruggeman effective-medium model, given

in Equation 2.3 [12]. This equation gives the general case for two components, assuming

the pores are completely filled with the filling medium. When no analyte is present,

nf = na, the refractive index of air.
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P
n2
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l
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n2
s + 2n2

l

= 0 (2.3)

To determine the porosity of the porous layer, measurements of the optical thickness 2nlL

were made by reflectance spectroscopy: the pSi was illuminated by a Thorlabs S120-SMA

white-light source and the reflected light collected by an Ocean Optics USB4000 spec-

trometer; the spectral data were collected and analysed by the Ocean Optics SpectraSuite

software to obtain the optical thickness 2nlL (as detailed in Appendix A.1). Optical thick-

ness measurements were taken first in air and then with liquid ethanol inside the pores,

and equation 2.3 was solved for P by obtaining simultaneous equations in na
l (in air) and

nb
l (in liquid), since both nf and ns are known in each case.

It should be noted that this method only provides an estimate of the porosity, however

unlike other methods it has the advantage of being non-destructive. As shown in Table

2.1, porosities of the pSi and pSiO2 used in this thesis were approximately 50%.

2.2 Vapour Generation

2.2.1 Gravimetric Calibrations

In order to carry out testing of the various vapour preconcentration and detection systems

in this work, it is necessary to obtain a reliable source of the analyte vapour. This work

is focussed on detection of volatile organic compounds, many of which are liquid at room

temperature. Therefore, an Owlstone Vapour Generator (OVG) was used to produce

known concentrations of the analyte VOC gases from their liquid or solid states, by

heating them under a constant flow of an inert carrier gas, most often nitrogen.

Two different types of tubes were used to contain the liquid or solid VOCs. A diffusion

tube (Figure 2.9a) is a metal cylinder with an open top; the organic analyte is placed

inside the tube, with the carrier gas flowing across the top of it. The number of VOC

molecules that are transported away in the flow of carrier gas - in other words, the vapour

concentration - is governed by the rate of diffusion of the molecules from the bottom of

the tube to the top.

The second type of tube is a permeation tube (Figure 2.9b); this is made of polytetraflu-

oroethylene (PTFE) of approximately 0.5 mm thickness, stoppered at both ends after

filling with the organic liquid or solid. Analyte molecules pass through the walls of the

PTFE tubing at a certain permeation rate, and are transported away by the carrier gas

that flows along the outside of the tube. In both cases, the vapour concentration depends

on the temperature to which the tube is heated.
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(a) Diffusion tube (b) Permeation tube

Figure 2.9: Photographs of the two types of tube used to contain liquid or solid VOCs
for analysis.

In order to determine this vapour concentration, gravimetric calibrations were carried out

for each VOC of interest, during which the diffusion or permeation tube is placed inside

the OVG and heated to a known temperature T under a constant flow rate G of N2. The

tube is periodically removed and its mass recorded on a balance of 0.1 mg precision. The

slope of the straight-line plot of mass against time provides the diffusion or permeation

rate D. The concentration C in ppm of VOC in the N2 carrier gas is then calculated

using Equation 2.4 [94]:

C =
D

G
× Vm

M
(2.4)

where the flow rate G is in ml min-1 and diffusion/permeation rate D is in ng min-1; Vm

is the molar volume, in L mol-1; and M is the molar mass of the VOC in g mol-1. Here,

the molar volume of an ideal gas at 25°C and atmospheric pressure, Vm = 24.5 L mol-1, is

used; it is assumed that the analyte gas behaves ideally - which, at the low concentrations

present, is acceptable.

It is possible to calculate the permeation rate D2 at a second temperature T2 if the

permeation rate D1 at temperature T1 is known, using the empirical relationship in

Equation 2.5 [94]. Note that this is only appropriate for permeation tubes, not diffusion

tubes.

lnD2 = lnD1 − 6794

(
1

T2

− 1

T1

)
(2.5)

However, this equation is only typically accurate to ± 5% for a 10°C change in temper-

ature [94], so its use was limited and, where possible, a new gravimetric calibration was
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done at the new temperature instead.

Plots of mass lost over time are presented in Appendix A.2 for all VOCs tested, alongside

a table detailing all the calibrations carried out and vapour concentrations produced.

2.2.2 Gas-flow System

Throughout this work, VOC vapours were produced in an OVG as described above. The

OVG was connected to the preconcentration/sensor systems under test via a series of

Bronkhorst mass-flow controllers (MFCs) and a VICI 4UWE four-way valve by Valco

Instruments Co; a typical setup is shown schematically in Figure 2.10. By switching the

valve between states ‘A’ and ‘B’, gas from the vapour generator either passes through

the sensor system (‘B’), or simply goes directly to vent (‘A’).

Figure 2.10: Schematic of setup used to transport known concentrations of VOC vapour
in N2 carrier gas to the sensor system under test.

MFC 1 provides a constant flow of clean N2, so that when the VOC-containing gas goes

to vent, clean N2 flows through the sensor system, and vice versa. Throughout the

experiments, MFC 1 and MFC 2 were kept at the same flow rate, so that the N2 gas flow

into the sensor system was constant whilst the VOC content of that gas could be rapidly

switched ‘on’ or ‘off’.

MFC 3 provides an exhaust channel; for the vapour calibrations described in Section 2.2.1

its flow rate was zero, but it can be varied between 0 and 2000 ml min-1. This exhaust

flow allows for dilution of the VOC-containing vapour, which can be used to lower the
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concentration of VOC passing through the sensor system without re-calibrating at a lower

temperature.

Figure 2.11: Photograph of setup used to transport known concentrations of VOC vapour
in N2 carrier gas to the sensor system under test.

Figure 2.11 shows a photograph of the vapour generation setup. Note that in the photo-

graph, the system is set up for preconcentration studies with a photoionisation detector

(see Figure 2.13a below), and therefore the PID is visible, as well as control modules for

it and for the heating/cooling system. Other flow cells and sensing equipment was used

during other parts of this investigation.

2.3 Preconcentration and Sensing Systems

2.3.1 Basic Preconcentration Cell

A majority of the work in this thesis focusses on pSi and pSiO2 as preconcentrators in

conjunction with various sensor systems. Throughout, the porous sample is contained

within a flow cell and attached via a piece of thermally conducting rubber sheet to a Peltier

thermoelectric heating/cooling device from European Thermodynamics Ltd, which sits

atop a heat sink and is controlled by a direct current control module from Meerstetter

Engineering. The temperature range of the Peltier is from 5°C to is 70°C; the temperature

can be set to change at specified rates up to approximately 3°C s-1. Schematics of the

flow cell are shown in Figure 2.12.
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(a) Three-dimensional view (b) Cross-section

Figure 2.12: Schematic diagrams of the flow cell containing the pSiO2 preconcentrator
(not to scale).

This cell is placed in the gas-flow setup as shown in Figure 2.10, upstream of a detection

system, so that the output from the preconcentration cell flows into the detector. De-

tectors used in this manner include a Protea atmosFIR gas analyser, which is an FT-IR

spectrometer with a multi-pass gas cell, and GC-MS. Each of these will be described in

more detail in Chapter 3.

2.3.2 Preconcentration Cell with Photoionisation Detector

In Chapters 4, 5 and 6, testing was carried out on a preconcentration/thermal separation

device. This device is similar to the cell shown in Figure 2.12 above, but also contains

a 10.6 eV PID from Alphasense; instead of incorporating the sensor downstream of the

preconcentrator, the flow cell was built to contain both. The PID is mounted above the

porous layer with a small amount of headspace (approx. 1 mL) for gas to flow in between,

as shown in Figure 2.13a, which is a schematic cross-sectional diagram of this flow cell.

Figure 2.13b shows an annotated photograph of the assembly.

The following chapters describe the experimental results obtained from testing the func-

tionality of these preconcentration systems for various applications.
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(a) Schematic cross-section (not to
scale)

(b) Side-on photograph

Figure 2.13: Preconcentration/thermal separation device including a flow cell containing
pSi/pSiO2 and a PID, and the heating & cooling system.
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Chapter 3

Nanoporous Silica Preconcentrator

for Explosives Detection

3.1 Introduction

The Introduction to this thesis presented an overview of the current state of vapour-

phase sensing of volatile organic compounds, including a discussion of the most widely

used detection methods as well as some recent developments in scientific research in this

field. In this chapter, the focus will be on one specific subsection of the broad class of

VOCs - namely explosives.

With the rise of global terrorism, as well as for other security and military applications,

the reliable detection of explosives is becoming ever more important. Although most

explosives are solid at room temperature and therefore solid-phase detection involving

swabbing has traditionally been most common, vapour-phase detection is the subject

of increasing research, due to its advantages such as the potential for longer-range and

continuous measurement, and less human involvement. The main challenge of vapour-

phase detection, however, is that many explosives have very low vapour pressures, so

their concentration in the air tends to be correspondingly low [5].

Commonly used trace-detection techniques include colorimetric sensors, where swabbed

solid or liquid explosives cause a colour change of a chromophore which can be visualised

by eye. These sensors have the advantage of being portable and hand-held, however

they also have significant disadvantages, such as the high incidence of false positives and

negatives caused by operator error as well as chemical interferents [95, 96]. Another

widely used technique is ion-mobility spectrometry (IMS), currently employed for trace

particle detection of explosive compounds. Here, the swabbing and transfer of particles

into the spectrometer is done manually, providing a potential for human error [97]. The
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use of IMS in the vapour phase is becoming more widespread [98]. Another common

vapour-detection method is the use of dogs, whose detection limit is very low; however,

they have high through-life costs in comparison with equipment [95].

All the current methods have specific disadvantages, and therefore development of novel

technologies for vapour-phase explosives detection is an active area of scientific research.

Various methods have been recently under investigation, including improved colorimetric

sensor arrays utilising image processing and recognition to reduce operator error [95].

The addition of polymers and other coatings to small sensors such as micro-cantilevers

and surface acoustic wave devices to enhance binding of the explosives has also been

investigated [99]. ‘Electronic nose’ sensing, a technique where the output of an array

of sensors are all monitored and processed simultaneously to detect multiple analytes,

is another popular method [95, 99]. This chapter focusses on the combination of two

promising technologies, namely infra-red detection and preconcentration.

Infra-red detection is promising because it is selective; many explosives have char-

acteristic absorption peaks in the infra-red region. A modest amount of previous work

has been done in this area. IR spectrometers and lasers in the mid- and near-IR regions

have been used to successfully obtain vapour-phase IR spectra of nitro-based explosives

[100, 101]. The peroxide-based explosive triacetone triperoxide (TATP) has also been

detected in the vapour phase using an IR laser, spectrometer and quantum-cascade laser

at concentrations below 1 ng m-3 [102, 103]. One group found that different nitro-based

explosives had unique IR peak shapes in the 7 - 8 µm range, and after preconcentra-

tion onto a cooled surface followed by flash heating, ppb levels could be detected [104].

Vapour-phase IR detection is more challenging than in the solid or liquid phase, due to

the necessarily low concentrations and interference from atmospheric constituents such

as water and CO2, and the research so far has been limited. However, when coupled with

a preconcentration step such as in [104], it has good potential.

Preconcentration techniques for enhancement of a sensor’s response to a vapour-phase

analyte have been discussed in general in Section 1.1.3. Such techniques are particu-

larly useful in the case of explosives detection, where the vapour-phase concentration is

generally low. Many instances of preconcentration systems for explosives detection have

already been summarised in that section, but a few key recent developments will be noted

here. One example is adsorption onto a polymeric coating before thermal desorption into

an IMS system, which has been found to improve the limit of detection by approximately

an order of magnitude for various explosives [97, 105, 106]. Another promising method

is the use of a portable GC column combined with a preconcentrator, which has been

reported to detect explosives at sub-ppb concentrations, although high desorption tem-

peratures of around 250°C are required [64, 107, 108]. As noted in the Introduction,

the use of nanoporous silicon or silica as preconcentrators is scarce, though it has been
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occasionally used as a scaffold for other adsorbent materials [109, 43, 110]. Combining

preconcentration with vapour-phase IR detection is also rare; the research presented in

this chapter aims to investigate this novel combination of methods.

To that end, nanoporous silica is here assessed for its use as a preconcentrator for detection

of explosive compounds in the vapour phase. In Section 3.2, the preconcentrator is

combined with an IR spectrometer for various explosive compounds, and some initial

work towards a portable IR system based on a laser, multi-pass cell and detector is

reported. The focus was narrowed to the taggant molecule 2,3-dimethyl-2,3-dinitrobutane

(DMNB), which is added by law to all plastic explosives and has a higher vapour pressure

than explosives themselves [111, 112]; in Section 3.3, a compact preconcentration device

including a photoionisation detector was developed and assessed for DMNB. Finally, in

Section 3.4, gas chromatography-mass spectrometry was used to accurately quantify the

performance of the pSiO2 preconcentrator.

3.2 Infra-Red Spectroscopy

As noted in Section 3.1, IR spectroscopy is a highly selective detection method, as every

IR-active molecule has a unique spectrum of peaks. Nitrogen-based explosives, in partic-

ular, have characteristic stretches of NO2 in the 1250 - 1700 cm-1 wavelength range [104],

while the peroxide-based explosive TATP absorbs in the 1150 - 1350 cm-1 region [113].

Figure 3.1: Molecular structures of explosives and explosive analogues.

This section, therefore, will focus on these classes of explosives. Figure 3.1 presents the

molecular structures of the explosives and explosive analogue molecules discussed here.

Trinitrotoluene (TNT) is a common nitro-based explosive, while TATP is of particular

interest as it is easily synthesised using off-the-shelf chemicals, is highly explosive and

has been used in many recent terrorist attacks. DMNB, as mentioned earlier, is the

most widely-used of four detection taggants added by law to plastic explosives, with a

higher vapour pressure that makes it easier to detect in the gas phase [5]. Meanwhile,

2,4-dinitrotoluene (DNT) and nitrobenzene are non-explosive compounds with similar
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structures to TNT, often used as analogues in research for safety reasons. Some key

information about these compounds is given in Table 3.1.

Table 3.1: Key data for explosives and explosive-like compounds. Data from [5, 79]. *no
temperature given because compound decomposes before boiling/melting. **depends on
purity and manufacturing method

Name
State at Melting point Boiling point Decomposition Vapour pressure

room temp. / °C / °C temp. / °C at 25°C / Pa

TATP solid 95-96 [114] N/A* 40-95** [115] 6.4
TNT solid 80 N/A* 240 0.00093
DMNB solid N/A* N/A* 210-214 1.4
2,4-DNT solid 71 N/A* 300 0.042

Nitrobenzene liquid 5.7 211 356 [116] 33

Vapour-phase IR spectra of explosives are not particularly well-documented in the lit-

erature, mainly due to the very low limits of detection required to measure compounds

with low vapour pressures. Therefore, a Protea atmosFIR gas analyser - an FT-IR spec-

trometer with a multi-pass gas cell - was first used to obtain vapour-phase spectra of the

explosives and analogues discussed above. This analyser has a long optical path length

of 4.2 m, which enables its low detection limits of less than 0.2 ppm, depending on the

gas under test [117].

Solutions of TATP, TNT and DMNB were obtained from AccuStandard. TATP and

DMNB were both 0.1 mg ml-1 solutions in acetonitrile (ACN); TNT was a 1 mg ml-1

solution in 50:50 acetonitrile:methanol. It was not possible to purchase pure TATP or

TNT due to restrictions on explosive compounds based on safety concerns. Throughout

these experiments, the solutions, liquids and solids to be analysed were heated in diffusion

tubes inside a vapour generator, and resultant vapours directed into the spectrometer, as

described in Section 2.2. Spectra were taken at 1 cm-1 resolution throughout.

Attempts to obtain IR spectra of the explosives TNT and TATP, both in solution and

after evaporation of the solvent, are described in detail in Appendix A.3. Unfortunately,

no peaks were visible in the spectrum of TNT due to its extremely low vapour pressure

(see Table 3.1), and while TATP peaks were briefly observed during sublimation, its low

sublimation and decomposition temperatures make it impractical to use in solution form.

However, after evaporating the solvent and heating the remaining solid DMNB to 100°C

in the OVG, a vapour-phase IR spectrum was obtained and is plotted in Figure 3.2. The

peak at 1564 cm-1 is assigned to the antisymmetric stretch of the NO2 group, with a

smaller peak at 1347 cm-1 assigned to the symmetric stretch [118].

The explosive analogues nitrobenzene and DNT were purchased in their pure forms from

Sigma-Aldrich. Gravimetric calibrations were carried out as described in Section 2.2.1

for nitrobenzene in a permeation tube at 50°C and DNT in a diffusion tube at 100°C,
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Figure 3.2: Vapour-phase IR spectrum of DMNB, expanded to the relevant region (the
negative peaks are from H2O and CO2 interferents).

yielding vapour concentrations of 0.9 ppm for both compounds. A temperature of 70°C

was also used to produce a higher nitrobenzene concentration of approximately 3 ppm,

calculated using Equation 2.5 in Section 2.2.1. IR spectra of these vapours were taken

and are plotted in Figure 3.3.

(a) approx. 3 ppm nitrobenzene (b) 0.9 ppm DNT

Figure 3.3: Vapour-phase IR spectra of explosive analogues, expanded to the relevant
region.

For nitrobenzene (Figure 3.3a), the main peaks are at 1355 cm-1 and 1554 cm-1 and are

assigned to the symmetric and antisymmetric stretches of the NO2 group [119]. Very

similar peaks are seen in Figure 3.3b for DNT at 1353 cm-1 and 1555 cm-1. These agree

well with the peaks at 1564 cm-1 and 1347 cm-1 in the DMNB spectrum (Figure 3.2).

In summary, initial IR spectral data suggest that the taggant DMNB and the explosive

analogues nitrobenzene and 2,4-DNT show the most promise for further development of

a vapour-phase IR-based sensor, due to the practical difficulties in purchasing and using
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the explosives TNT and TATP.

3.2.1 Preconcentration of Explosives for Infra-Red Detection

Having decided upon the analytes to use, the next step was to test the effect of a pSiO2

preconcentrator system. The analyte-containing carrier gas is first allowed to flow over

the preconcentrator for a fixed period of time at a low temperature (5 - 20°C), before

the pSiO2 temperature is raised rapidly to 70°C to desorb the collected analyte from the

pores, as described in Section 1.2.3. As a large amount of analyte is released, this is

expected to manifest as an increase in the intensity of the NO2 peaks in the IR spectrum.

A nanoporous silica sample of porous layer thickness 21.0 µm (type P2 from Table 2.1 in

Section 2.1.1) was fabricated and placed inside a flow cell with a heating/cooling system

(Section 2.3.1) upstream of the FT-IR spectrometer.

DMNB and DNT

As discussed above, DMNB seems to be one of the most viable candidates for further

development of an IR-based explosive detection system. Therefore, as a proof-of-concept,

a preconcentration measurement procedure was carried out with the vapour produced

from heating the DMNB-residue-containing diffusion tube to 100°C, as in Figure 3.2.

Spectra were taken continuously as the procedure below was followed. In order to achieve

a good time resolution (of approximately 20 seconds), only one scan was used per spec-

trum instead of averaging over several as usual. This has the disadvantage, however, of

causing the data to appear noisy.

� Baseline established: temperature of pSiO2 set to 70°C for 15 minutes to stabilise

concentration in cell and ensure pSiO2 is clean

� Loading phase: temperature of pSiO2 set to 5°C for 60 minutes to collect vapour

� Release phase: temperature of pSiO2 set to 70°C for 25 minutes to release vapour

The intensity of the peak at 1564 cm-1 (see Figure 3.2) was calculated for each spectrum by

subtracting an averaged baseline of the spectrum. This peak intensity over time during

the measurement cycle is presented in Figure 3.4. The first thing to note is that the

preconcentrator clearly functions as desired; a significant increase in the peak intensity

is seen when the pSiO2 temperature was increased.

A preconcentration factor was calculated from the ratio of the maximum IR peak intensity

during the release phase to the average IR peak intensity during the loading phase, as

discussed in Section 1.2.3. Although the peak intensity during the loading phase was not

very consistent here, an average was taken and the preconcentration factor was calculated
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to be approximately 2.3 ± 0.3 (error calculated from variation/noise in peak intensity

during loading phase).

Figure 3.4: Variation in DMNB peak intensity over time during preconcentration cycle
with P2 pSiO2.

The same measurement procedure was followed with 0.9 ppm DNT vapour, as well as

with vapour from the TNT-residue-containing diffusion tube, but in both cases no sig-

nificant change in IR peak intensity was seen after preconcentration (plots in Appendix

A.4). In the case of TNT, this is attributed to the low vapour pressure; no peaks in the

spectrum were seen without preconcentration, and the preconcentrator clearly did not

improve the concentration enough to be above the limit of detection. For DNT, where

a vapour spectrum was obtained, the lack of a preconcentration effect is attributed to

its very low vapour pressure causing it to get ‘stuck’ in the pSiO2; it would require a

desorption temperature higher than 70°C to release it. Therefore, it appears that for

the development stages of this preconcentration/detection system, a different explosive

analogue is required.

Nitrobenzene

The research described in this section has been presented at the OSA Optical Sensors and

Sensing Congress 2021 and published as conference proceedings [120].

Nitrobenzene is a non-explosive compound similar in structure to many nitrogen-based

explosives (Figure 3.1), and has already been shown to have very similar IR peaks (Figure

3.3). However, it has a much higher vapour pressure than TNT and DNT (Table 3.1),

which suggests it will useful for preconcentrator development.

As seen in Figure 3.3a, nitrobenzene has two main NO2 peaks at 1355 cm-1 and 1554

cm-1. To decide which of these peaks to monitor throughout the following experiments, IR
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spectra were measured approximately every minute whilst the vapour flowing through the

spectrometer was cycled between pure N2 and N2 containing nitrobenzene. The variation

in the intensity of each peak over time during these flow cycles is plotted in Figure 3.5,

which clearly shows the peak intensity decreasing to zero when no nitrobenzene is present

and increasing when the nitrobenzene vapour is introduced, as expected.

Figure 3.5: Peak intensity of the two characteristic NO2 stretches while approx. 3 ppm
nitrobenzene was switched on and off.

The trace for the peak at 1355 cm-1 is less noisy and more reproducible over three cycles

than the peak at 1554 cm-1; this is because the latter coincides with an interfering water

vapour peak, parts of which can be seen in the spectrum in Figure 3.3a. Hence, from

here onwards, the peak at 1355 cm-1 will be used for analysis.

In order to calibrate the response of the spectrometer (i.e. the IR peak intensity) to dif-

ferent concentrations of nitrobenzene, the nitrobenzene vapour concentration was varied

by both changing the OVG temperature and diluting the flow with extra N2 as described

in Section 2.2.2. At each concentration, three cycles of switching nitrobenzene on and off

were performed; the data are plotted in Figure 3.6a.

The peak intensity at each concentration was then calculated by subtracting the baseline

value under N2 (before nitrobenzene was added) from the maximum peak intensity. The

mean peak intensity of the three cycles is plotted against concentration in Figure 3.6b,

with the standard deviation plotted as error bars. This figure shows that IR peak intensity

increased approximately linearly with nitrobenzene concentration, with an R-squared

value of 0.98.

The next step was to study the effect of the preconcentrator on the spectrometer response.

The preconcentration cell described in Section 2.3.1 was once again included upstream
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(a) Peak intensity over time (b) Peak intensity against concentration

Figure 3.6: The effect of varying nitrobenzene concentration on IR peak intensity.

of the spectrometer, and the same measurement procedure described above for DMNB

was applied. Multiple measurements were taken to investigate the effect of different

preconcentration parameters: the pSiO2 was held at different temperatures between 5

- 20°C during adsorption of the vapour (‘loading temperature’), the length of time for

which vapour was loaded into the pSiO2 (‘loading time’) was also varied between 15 -

60 minutes, and a range of nitrobenzene vapour concentrations between 40 - 900 ppb

were tested. The cycle was also carried out under pure N2 as a control; this is plotted

in Figure 3.7a alongside the peak intensity during a typical preconcentration cycle with

nitrobenzene in Figure 3.7b.

(a) Pure N2, 15 minutes, 5°C (b) 0.9 ppm nitrobenzene, 60 minutes, 10°C

Figure 3.7: Variation in peak intensity over time during preconcentration cycles with P2
pSiO2.

Figure 3.7a clearly demonstrates that the preconcentrator causes no response without

nitrobenzene, as expected. Figure 3.7b shows a steady IR peak intensity during the

loading phase, which increases sharply as the temperature is increased, as seen in Figure
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3.4 for DMNB, demonstrating that the preconcentrator is effective for nitrobenzene as

well.

A preconcentration factor was calculated for each measurement cycle as described above,

and is plotted against loading time and temperature in Figure 3.8. Error bars are esti-

mated from the variation (noise) in peak intensity during the loading phase.

(a) Varying loading time at 5°C (b) Varying loading temperature at 60 min

Figure 3.8: Effect of P2 pSiO2 preconcentrator on IR peak intensity for 0.9 ppm nitroben-
zene.

Figure 3.8a shows that preconcentration factor increases with loading time at 5°C, as

more molecules are adsorbed in the pores. As discussed in Section 1.2.2, after a certain

length of time, an equilibrium will form between nitrobenzene molecules in the gas phase

and those adsorbed on the surface, at which point no more net adsorption takes place.

At that point, the preconcentration factor would be expected to plateau: the fact that it

increases with loading time - in what appears to be an essentially linear fashion in this

region - therefore suggests that the system has not yet reached equilibrium. Note that,

as discussed in Section 1.2.2, the nitrobenzene concentration is sufficiently far below

its saturation vapour pressure that capillary condensation is not expected to occur in

the pores, therefore only physical adsorption of the molecules onto the pore walls is

considered.

The results in Figure 3.8b suggest that the temperature at which the pSiO2 is held does

not have a significant impact on the preconcentration factor after 60 minutes’ loading.

Although the three data points vary slightly, there does not seem to be any trend. (Note

that although the data at 5°C were taken on a different day to those at 10 and 20°C:

every effort was made to keep conditions the same, but it is possible that the nitrobenzene

concentration, or the air temperature, was slightly different.)

Finally, the effect of the initial nitrobenzene vapour concentration is plotted in Figure 3.9.

Figure 3.9a shows how the intensity of the IR peak varies over time during the measure-
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(a) Peak intensity over time during preconcen-
tration cycles

(b) Preconcentration factor and desorption
peak height during gas release

Figure 3.9: Effect of nitrobenzene concentration on preconcentration cycles with P2
pSiO2, with 60-minute loading at 5°C.

ment, while Figure 3.9b presents both the preconcentration factor and the straightforward

desorption peak height (i.e. the increase in intensity of the IR peak during the release

phase). Once again, the noise in the peak intensity during heating is used to estimate the

error. Figure 3.9b does show that the desorption peak height increases with nitrobenzene

concentration, as might be expected, although the trend in the preconcentration factor

is less clear and the error at both lower concentrations is very high. This is due to the

ill-defined desorption peaks at low concentrations as seen in Figure 3.9a; the increase in

peak intensity upon heating is small compared to the noise. At 0.04 ppm in particular,

no significant increase is seen upon heating, suggesting that 0.04 ppm is below the limit

of detection.

In summary, the conclusions from Section 3.2 so far have been that the taggant molecule

DMNB and the explosive analogue nitrobenzene appear to be the most promising an-

alytes for development of a preconcentration system, due to difficulties in procurement

and measurement of the explosives TATP and TNT. The effectiveness of a pSiO2 precon-

centrator has been demonstrated for DMNB and nitrobenzene, and an initial parametric

study carried out with the latter, achieving a maximum preconcentration factor of ap-

proximately 3. This is significant, but still fairly low, in part due to the spectrometer’s

large gas cell with a volume of around 300 ml - this causes the concentrated molecules re-

leased from the preconcentrator to be spread out spatially, reducing the preconcentration

factor. A smaller measurement cell should show improved results.
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3.2.2 Multi-Pass Cell with Tunable Laser

Thanks are due to Dr Mike Casford for the loan of the lasers and significant help with

the alignment process and subsequent testing in this section.

IR spectrometers are generally bulky, expensive laboratory-based pieces of equipment,

so while useful for development and testing of a preconcentration system, they are not

a good choice for a portable detector. A potential solution to this problem is the use of

an infra-red laser: once the location of a peak in the spectrum of the analyte of interest

is known, a laser can be chosen at that specific wavelength and used to monitor the IR

absorption at that peak, which can be related to vapour concentration as shown in Section

3.2.1 above. A detection system based on a single laser, pSiO2 preconcentrator, gas cell

and detector could be significantly smaller than a full vapour-phase IR spectrometer.

In addition, as noted above, the large volume of the flow cell in the Protea FT-IR gas

analyser reduces the achievable preconcentration factor. Therefore, in this section, a much

smaller multi-pass flow cell was purchased from IRsweep, with a long path length of 3.49 m

and a volume of only 38 ml, making it ideal for use in conjunction with a preconcentrator

[121]. A laser can be coupled into the circular cell; when aligned properly, it bounces off

mirrors around the inside edge and completes a total of 45 passes through the cell.

Alignment of the cell is challenging, requiring precise horizontal and vertical angles of

the laser beam, as well as a focal point in an exact location. The cell was first aligned

using a red laser, which could be visualised by scattering from a piece of paper, before

being re-aligned with a borrowed tunable Ekspla Nd:YAG laser. This laser was used for

proof-of-principle before a measurement laser was to be purchased. The laser beam was

coupled into the cell using a series of mirrors and lenses, and an optical detector was

placed at the output of the cell. A schematic of the setup is shown in Figure 3.10. The

cell was filled with CO2 and the tunable laser scanned across the CO2 peak to confirm

the alignment; spectra are presented in Appendix A.5.

DMNB solid was purchased from Sigma-Aldrich and a gravimetric calibration was carried

out at 100°C as detailed in Section 2.2.1, yielding a vapour-phase concentration of 4.1

ppm. The multi-pass cell was then filled with 4.1 ppm DMNB in N2, and a series of spectra

were taken by scanning the region of the DMNB peak at 1564 cm-1. Unfortunately, these

spectra were indistinguishable from background spectra taken with the cell filled with N2,

even once several spectra were averaged and a background subtraction carried out. This is

almost certainly due to the fact that the DMNB peak at 1564 cm-1 falls in the middle of an

absorption band of water vapour between around 1300 - 2000 cm-1 (see plots in Appendix

A.6). The relatively high concentration of water vapour in the 1 - 2 metres of ambient

air through which the laser beam passes on the bench before and after entering the cell

means these water peaks are dominant. Even when the laser beam area was covered
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Figure 3.10: Schematic of laser beam path from source, into and out of multi-pass cell
and to detector.

and purged with dry air, the relative humidity was only decreased to approximately 24 -

25%, and the DMNB peak still could not be seen. A much more rigorous purging/drying

procedure would be required to reduce the water vapour concentration sufficiently.

In summary, this section has shown that the IRsweep multi-pass cell can be aligned suc-

cessfully with a laser and the IR peak from the vapour-phase contents of the cell detected.

However, the presence of water vapour is a significant challenge, as the dominant charac-

teristic peak of DMNB, a NO2 stretch at 1564 cm-1, falls in the middle of a strong water

absorption band; the same is true for other nitrogen-based explosives. Further testing

of DMNB vapour with 20% relative humidity in a multi-pass gas cell with a full FT-IR

spectrometer, documented in Appendix A.6, confirmed that DMNB peaks could not be

seen in the presence of water vapour.

A possible solution would be to remove water vapour from the detection system by

pumping with a dry inert gas and/or the use of desiccants or similar. However, such

systems are complicated, bulky and often not entirely effective, as seen above: the work

described in Section 3.2.1 was done in a closed system with dry N2 as the carrier gas;

despite this, trace amounts of water inside the apparatus caused water peaks to be seen

in the spectra (present as negative peaks in Figure 3.2).

A more reasonable possibility may be to choose a different peak which is not in the water

band. The difficulty in the case of DMNB is that the other peaks, as well as being low-

intensity and therefore difficult to measure, are mainly C–C and C–H stretches. These

are not unique to DMNB, and would be susceptible to interference from a variety of

other molecules. Therefore, further work in this avenue will not be pursued with DMNB

as the analyte, but future research could be undertaken with a different VOC whose

characteristic peaks do not coincide with atmospheric interferents.
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3.3 Photoionisation Detector

Although the interference from atmospheric water was found to cause significant chal-

lenges in vapour-phase IR detection of nitrogen-based taggant and explosive molecules,

the previous Section 3.2 nevertheless demonstrated the efficacy of a pSiO2 preconcentrator

for DMNB and nitrobenzene. The aim of this section, therefore, was to further investigate

the preconcentrator’s effectiveness for these analytes using a different detection system.

A photoionisation detector (PID), described in Section 1.2.4, is small, low-cost, simple

to operate and provides rapid measurements, which makes it ideal for testing the pre-

concentrator. The downside to the PID is that it is non-selective, reporting a total VOC

concentration equivalent, which reduces its utility for real-world applications. Here, how-

ever, it was only exposed to the known VOC of interest, so it remains a good choice for

lab-based testing. A flow cell containing the PID was incorporated into the gas generation

system, as described in Section 2.3.2. DMNB and nitrobenzene vapours were generated

at known concentrations as described previously.

3.3.1 DMNB Calibration Curve

First, the response of the PID to DMNB at different vapour concentrations must be

established and a calibration curve constructed. For this, a piece of un-etched, non-

porous silicon wafer with a thin native oxide layer on the surface was placed inside the

flow cell, in place of the pSiO2 preconcentrator. The vapour concentration of DMNB

was varied mainly by introducing an exhaust flow as described in Section 2.2.2, but also

by decreasing the OVG temperature to 75°C for a second gravimetric calibration which

resulted in a concentration of 0.5 ppm.

The voltage output of the PID was monitored continuously whilst the gas through the cell

was switched from pure N2 to N2 containing DMNB. Interestingly, although the detector

registered a response to the presence of DMNB - the voltage increased significantly -

it was found that, in most cases, even after 20 minutes under DMNB the voltage still

had not plateaued. An initial sharp increase in voltage was followed by a second, much

more shallow increase, as can be seen for a typical plot in Figure 3.11. It should also be

noted that the PID displays a constant non-zero voltage under the nitrogen carrier gas,

which indicates good detector stability. For ease of comparison, this baseline voltage will

be subtracted from all plots hereafter, after being established at the beginning of each

measurement.

To account for the slow increase in voltage, a curve of the form given in Equation 3.1

was fitted to the part of the curve with the shallower increase, and extrapolated to its

plateau value (equal to a+ d). The fitted curve is shown in Figure 3.11, where it can be
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Figure 3.11: Change in PID voltage over time as valve is switched from pure N2 to N2

containing 4.1 ppm DMNB and back. A curve fitted to the data is also shown (pink
dashed line). The R-squared value for the curve fitting was 0.9537.

seen that it fits well, with an R-squared value above 0.95. This method was used for all

experiments in this section, and the plateau values obtained are used in plots throughout.

y = a(1− e−bx+c) + d (3.1)

Unfortunately, the response of the PID was not reproducible, even when exposed to an

identical concentration of DMNB, as can be seen clearly in Figure 3.12a, which shows the

PID response to the same concentration of DMNB passed over it three consecutive times.

The sensitivity of the PID appeared to be decreasing over time. For non-consecutive

measurements taken on different days, the variation was even greater.

(a) PID voltage over time as 4.1 ppm DMNB
is introduced and removed from cell.

(b) PID voltage under DMNB at different con-
centrations. Data were taken on different days.

Figure 3.12: PID voltage response to DMNB vapour.
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Figure 3.12b shows a scatter-plot summary of all the data taken for different DMNB

concentrations during these experiments. Although the points do show a general trend

of increasing voltage with increasing concentration, the variation is clearly very large.

Nevertheless, an interesting piece of information that can be taken from Figure 3.12b

is that the limit of detection of the PID for DMNB is approximately 0.05 ppm; at this

concentration, no response was seen.

A possible cause of the decrease in sensitivity of the PID over time is a build-up of a

deposit on the window of the lamp inside the device. This can cause less light to be

allowed through into the ionisation chamber, therefore decreasing the voltage output.

To investigate this, firstly the response to 0.5 ppm DMNB was recorded as above. This

PID (1) was then removed from the cell and replaced with an identical, unused PID (2);

the response of this device to the same DMNB concentration was measured. PID 1 was

then taken apart and the window carefully cleaned using some ethanol and acetone on

a small piece of tissue. The response of PID 1 was then re-recorded twice on successive

days.

Figure 3.13: Effect of cleaning PID window on voltage achieved under 0.5 ppm DMNB.

The data are presented in Figure 3.13. The new PID 2 clearly has a greater response than

the used PID 1; also, the cleaning process appears to have worked, as the response of PID

1 immediately after cleaning is very similar to that of PID 2. However, after repeated

exposure to DMNB, the response of PID 1 dropped rapidly again. Taking apart the PID

is time-consuming and, since it would have to be done very often, is not a long-term

solution. It can be concluded that the PID is not an appropriate sensor for optimisation

of the preconcentrator performance for DMNB. Direct comparison of different loading

times and temperatures would not be possible, as the PID’s response to DMNB might

change in between measurements.
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3.3.2 Effect of Preconcentrator on DMNB

Despite this lack of reproducibility, a single preconcentration test was carried out to

confirm the preconcentrator’s effectiveness for DMNB. A pSiO2 preconcentrator of the

type P4 (13.2 µm thick; see Table 2.1 in Section 2.1.1) was placed into the flow cell with

the PID, and the procedure below was carried out with DMNB at 0.5 ppm:

� Baseline established: valve on N2; temperature of pSiO2 at 22°C for approximately

25 minutes to ensure pSiO2 is clean

� Loading phase: valve switched to DMNB; temperature of pSiO2 remains at 22°C

for approximately 5 hours to collect vapour

� Release phase: temperature of pSiO2 increased to 70°C; valve still on DMNB for

approximately 30 minutes to release vapour

� Cleaning phase: valve switched back to N2; temperature still at 70°C for approxi-

mately 40 minutes to remove any remaining DMNB and ensure pSiO2 is clean

� Baseline re-established: temperature of pSiO2 decreased back to 22°C; valve still

on N2 for approximately 5 minutes to allow voltage to return to baseline

A long loading time of 5 hours was chosen because, in a potential real-world application

of this device for DMNB, the preconcentrator may be left in a room for several hours

- even up to days - to collect trace vapour from the air. For the same reason, the

preconcentration step was carried out at 22°C, i.e. room temperature, instead of cooling

the pSiO2.

In addition, results from Section 3.2.1 suggested that loading temperature has little effect

on the amount of nitrobenzene adsorbed in the porous material, but longer loading times

produce a better preconcentration effect. Although these results might not necessarily

carry over to DMNB, which has different properties, they may provide an indication. The

effect of loading time and temperature on preconcentration of DMNB itself is investigated

in Section 3.4 later in this chapter.

Figure 3.14a shows a plot of the PID voltage over time as this procedure was carried

out. Figure 3.14b shows the same data, but with the scale enlarged to focus on the

release phase. These figures clearly show a significant increase in the PID voltage when

the temperature of the pSiO2 was increased, corresponding to a release of DMNB; the

preconcentration factor in this case was 5.9 ± 0.9 (error estimated from the percentage

error of three repeat measurements in Figure 3.12a). It can therefore be concluded that

the preconcentrator successfully acted in the manner hoped for and expected.
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(a) Full data (b) Zoomed in on release phase

Figure 3.14: Effect of P4 pSiO2 preconcentrator on PID response to 0.5 ppm DMNB

3.3.3 Nitrobenzene Calibration Curve

As a next step, preconcentration of nitrobenzene was once again investigated, this time

with the PID, as a point of comparison with the IR-based preconcentration system dis-

cussed in Section 3.2.1. Nitrobenzene has a much higher vapour pressure than that of

DMNB and is a liquid at room temperature, which should decrease the likelihood of it

depositing on the PID window in the same manner as DMNB. For this work, the new,

clean PID 2 was used.

Repeat measurements of nitrobenzene, as shown in Figure 3.15a, did not show the de-

crease in sensitivity over time as seen for DMNB, although like with DMNB, the PID is

slow to respond. Plateau values were calculated as in Figure 3.11 above; the average of

these across the three repeat measurements had a percentage deviation of approximately

3%, which is reasonably low.

(a) Change in PID voltage over time as 0.9 ppm
nitrobenzene is introduced and removed.

(b) PID voltage response to nitrobenzene
vapour at different concentrations.

Figure 3.15: PID voltage response to nitrobenzene vapour.
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A calibration curve of PID response against nitrobenzene concentration was constructed

in the same manner as described in Section 3.3.1, using a piece of un-etched, non-porous

silicon wafer once again. This is shown in Figure 3.15b. The concentration was varied

by dilution of the vapour with additional N2; the measurement at 0 ppm was made by

removing nitrobenzene from the OVG altogether, but keeping the temperature and flow

rate the same.

The curve in Figure 3.15b is approximately linear at high concentrations but seems to

plateau at low concentrations, leading to a non-zero value at 0 ppm. This is likely to

be due to the temperature; gas that has passed though the OVG oven, at 50°C, will be

at a higher temperature when it reaches the PID flow cell than the purge gas, which

has not passed through the oven. A small amount of this heat will be transferred to

the PID, which is temperature-sensitive, causing this small voltage increase even at 0

ppm. The detection limit for nitrobenzene was determined to be below 0.09 ppm, as at

this concentration a greater-than-zero response was seen. The detection limit, therefore,

appears to be comparable to the detection limit for DMNB of approximately 0.05 ppm,

as found in Section 3.3.1.

Figure 3.15b shows that the higher-concentration data (missing out 0 and 0.09 ppm)

fit well to a linear trendline, with an R-squared value of 0.998, implying that the PID

response to nitrobenzene is linear within this concentration range.

3.3.4 Effect of Preconcentrator on Nitrobenzene

In order to demonstrate the efficacy of the pSiO2 preconcentrator, a comparison was

made between the porous silica and a piece of non-porous silicon with a native surface

oxide layer. Both in turn were subjected to the same loading temperature and time, and

then the same release conditions, detailed in the following procedure:

� Baseline established: valve on N2; temperature of substrate at 20°C for 5 minutes

to ensure substrate is clean

� Loading phase: valve switched to nitrobenzene; temperature of substrate set to 5°C

for 30 minutes to collect vapour

� Release phase: temperature of substrate increased to 70°C; valve still on nitroben-

zene for 30 minutes to release vapour

� Cleaning phase: valve switched back to N2; temperature still at 70°C for 30 minutes

to remove any remaining nitrobenzene and ensure substrate is clean

� Baseline re-established: temperature of substrate decreased back to 20°C; valve still

on N2 for 10 minutes to allow voltage to return to baseline

64



Nanoporous Silica Preconcentrator for Explosives Detection

The same procedure was additionally followed with no nitrobenzene added, to determine

any separate temperature-based response of the PID. The results are all presented in

Figure 3.16: Figure 3.16a shows the response when exposed to pure N2; Figure 3.16b

shows the response to 0.9 ppm nitrobenzene. Each graph shows the PID response from

the pSiO2 preconcentrator (solid line) and the non-porous silicon (dashed line).

(a) Response to pure N2 (b) Response to 0.9 ppm nitrobenzene

Figure 3.16: Effect of porous P4 pSiO2 preconcentrator and flat surface on PID response.

Several pieces of information may be deduced from these graphs. Firstly, Figure 3.16a

shows that there is some response of the PID during the release phase of the pSiO2

preconcentrator, even just under pure N2. This is evident as a sudden rise in PID voltage

at 35 minutes, when the temperature increases, followed by a gradual decline. This

suggests that the pSiO2 contains some VOCs, possibly from the nitrogen source (which

has an impurity level of 0.1 ppmv), or residual nitrobenzene from previous measurements,

which are released when the temperature increases. This increase is nevertheless small

compared to the true response seen in Figure 3.16b. There is no response at all of the

PID under N2 with the non-porous silicon, as expected: the dashed line in Figure 3.16a

is flat.

From Figure 3.16b, first of all it should be noted that the PID response to nitrobenzene

during the loading phase - from 5 to 35 minutes - is lower for the porous substrate than for

the non-porous one. This phenomenon has been explained in Section 1.2.3 and is due to

the fact that, during this phase, the pSiO2 is constantly adsorbing a significant amount of

the nitrobenzene from the flow of gas, meaning the actual concentration to which the PID

is exposed is lower. Secondly, the desorption peak height for the pSiO2 is demonstrably

higher than for the non-porous silicon: the ratio between these two peaks, here called

the ‘response increase factor’, was 2.5 ± 0.1 (error estimated from the percentage error

of three repeat measurements in Figure 3.15a). This confirms the functionality of the

porous preconcentrator.
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The preconcentration factor can be calculated as previously from the ratio of the height

of the desorption peak to the stable response during the loading phase: here the fac-

tor is 8.1 ± 0.2 (once again, error estimated from the percentage error of three repeat

measurements in Figure 3.15a). This is significantly higher than the preconcentration

factor of 2.0 ± 0.1 obtained after the same 5°C, 30-minute loading of 0.9 ppm nitroben-

zene with the Protea FTIR gas analyser in Section 3.2.1. This difference can be mainly

attributed to the size difference between the respective gas measurement cells: the PID

cell is much smaller, so the large number of molecules desorbed during the release phase

are not ‘spread out’ as much, and a higher peak concentration is observed.

Finally, when the nitrobenzene is removed from the flow, the PID response for the non-

porous substrate returns almost to baseline at 70°C, whereas the response with the porous

silica does not, although it decreases. This is in line with the results in Figure 3.16a;

the porous material appears to host some residual VOCs which continue to be released

slowly when it is heated at 70°C. This suggests a possible difficulty with the use of the

preconcentrator for these relatively low vapour pressure analytes; temperatures higher

than 70°C may be required to remove all the adsorbed material.

To summarise, in this section a PID was used to demonstrate that the pSiO2 precon-

centrator works well for both nitrobenzene and DMNB, substantially increasing the PID

voltage response upon release. A test with a long loading time of 5 hours at room temper-

ature for 0.5 ppm DMNB gave a preconcentration factor of 5.9±0.9, which is considerable.

The preconcentrator also performed well for nitrobenzene, with a preconcentration factor

of 8.1± 0.2 for a shorter loading time of 30 minutes at 0.9 ppm, and a response increase

factor of 2.5± 0.1 in comparison to a non-porous surface. The ability of the pSiO2 sub-

strate to enhance the response of a broadband VOC sensor to these taggant and explosive

analogue molecules has been clearly demonstrated.

However, DMNB was found to contaminate the window of the light source, leading to a

decrease in PID sensitivity over time. In conclusion, although this PID detection system

shows promise for investigating preconcentration of different VOCs with higher vapour

pressures (which will be the focus of Chapter 4), an alternative detection method is

required to quantify the pSiO2 preconcentrator for use with DMNB.

3.4 Gas Chromatography-Mass Spectrometry

The work presented in this Section 3.4 was carried out in collaboration with Nathan

Rowe from the Defence Science and Technology Laboratory, who performed the thermal

desorption gas chromatography mass spectrometry (TD-GC-MS) analysis. This research

has been previously published and is reprinted with permission from [37]. Copyright 2020
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American Chemical Society.

Having encountered challenges in studying the preconcentration of DMNB using a PID,

in this section, gas chromatography-mass spectrometry (GC-MS) was used to quantify

the pSiO2 preconcentrator for DMNB vapour. While not feasible for a final sensor system

due to the large and expensive equipment, this technique provides a precise and accurate

measure of the mass of analyte stored inside the pSiO2. This is invaluable information

to assist with forming a picture of the mechanism and capacity of preconcentration. In

future, the same preconcentration device could instead be used in conjunction with a more

portable sensor, for example IMS, as the output of the preconcentration cell could easily

be attached to any such detector. Here, the effects of the loading time and temperature

of the preconcentrator were investigated, as well as the vapour concentration of DMNB

to which the preconcentrator was exposed.

(a) View of the whole gas generation setup (b) Close-up of the flow cell outlet

Figure 3.17: Photographs of gas generation and preconcentration system

A pSiO2 preconcentrator of the type P4 was used here (13.2 µm thick; see Table 2.1 in

Section 2.1.1); a piece of un-etched, non-porous silicon wafer with a thin native oxide

layer on the surface was used as a control, as above in Section 3.3. These were housed

inside a flow cell as used above in Section 3.2.1 (described in Section 2.3.1). The cell was

connected into the gas generation system and DMNB vapour generated as previously

described. During the release phase of the measurement when the pSiO2 temperature

is increased, Tenax TA sorbent tubes from Markes International were attached to the

outlet of the flow cell, and a Sidekick pump (SKC Ltd) was used to draw gas at a rate

of 1000 ml min-1 through the sorbent tube in order to collect the desorbed molecules;

the excess was made up with environmental air. Photographs of the setup are given in

Figures 3.17a and 3.17b and the whole setup is illustrated in Figure 3.18.

One sorbent tube was used for each set of experimental conditions; after being filled,

they were sealed at either end and stored in a refrigerator at approximately 4°C. GC-
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Figure 3.18: Schematic of setup used to fill GC-MS sorbent tubes with output from
preconcentrator.

MS analysis was carried out off-site at the Defence Science and Technology Laboratory

(DSTL); a description and the parameters for this analysis, which measured the mass of

DMNB in each sorbent tube, are given in Appendix A.7 .

The preconcentration procedure followed is outlined below:

� Output of flow cell connected directly to exhaust; no sorbent tube attached

� Loading phase: valve switched to DMNB vapour (0.5 or 4.1 ppm); temperature of

substrate set to 5, 10 or 20°C for 15, 30 or 60 minutes to collect vapour

� Release phase: valve switched to N2; sorbent tube and pump attached to output

from cell. Substrate temperature increased to 70°C and pump switched on for 10

minutes to release vapour into sorbent tube

� Pump switched off and sorbent tube removed and immediately capped; output of

flow cell connected back to exhaust

� Cleaning phase: substrate kept at 70°C for a further 50 minutes to fully clean

The combinations of parameters tested are summarised in Table 3.2.

An example of a chromatogram obtained from GC-MS analysis of Sample 2 is shown in

Figure 3.19. DMNB was the only compound present in a significant quantity, although

traces of limonene and silicon-containing species were also found in some samples. These

are likely due to cleaning materials and contamination from the sorbent material respec-

tively. In addition, two samples of the environmental air used to make up the flow into
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Table 3.2: Summary of experimental parameters

Sample Substrate DMNB vapour Loading Loading
no. type conc. / ppm time / min temp. / °C

1 porous 0 30 5
2 porous 0.5 15 5
3 porous 0.5 30 5
4 porous 0.5 60 5
5 porous 0.5 30 10
6 porous 0.5 30 20
7 porous 4.1 30 5
8 porous 4.1 30 20
9 non-porous 0.5 30 5
10 non-porous 0.5 30 10
11 non-porous 0.5 30 20
12 non-porous 4.1 30 5
13 non-porous 4.1 30 20

the pump were taken, to assess any impurities it may contain. No impurities were found

with peaks near those of DMNB, so no interference from the air is expected.

Figure 3.19: Example chromatogram from Sample 2 (pSiO2 substrate, 0.5 ppm DMNB,
5°C loading temperature, 15 min loading time) (taken by Nathan Rowe at DSTL).

3.4.1 Capacity and Collection Efficiency of pSiO2

An initial objective was to estimate the total amount of DMNB collected within the

pSiO2 over a given loading time, to calculate the percentage of DMNB which passes

through the cell that is captured by the pSiO2. To that end, for Samples 2 and 3, the

procedure above was modified slightly: six sorbent tubes (rather than just one) were filled

as the DMNB was released from the pSiO2, one for every 10-minute interval. The mass
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of DMNB collected from each is plotted in Figure 3.20. Figure 3.20a shows the raw data

for both loading times; unfortunately, the first 10-minute-interval sorbent tube of Sample

2 (15-minute loading time) leaked, so that data was lost. The analysis below, therefore,

was based only on the data from Sample 3 (30-minute loading time).

(a) Raw data (b) Fitted exponential decay curve (Sample 3)

Figure 3.20: Mass of DMNB released over time from P4 pSiO2

To quantify the total amount of DMNB contained in the pSiO2, an exponential decay

curve of the form y = aebx was fitted to the data from Sample 3; the values of a and b from

this fit are given in Equation 3.2. This curve, shown in Figure 3.20b, was integrated to

obtain the total area underneath (shaded grey), which is 2780 ng. This analysis assumes

a 100% collection efficiency of the sorbent tube.

y = 2578× e−0.09273x (3.2)

Integration of this curve between 0 and 10 minutes (shaded dark grey in Figure 3.20b)

determined that the amount released in the first 10 minutes was 1680 ng, which is 60%

of the total amount of DMNB within the pSiO2. 84% was released within the first 20

minutes, and 94% in the first 30 minutes.

Consideration of the flow of DMNB-containing gas from the OVG to the preconcentration

cell gives Equation 3.3, which enables calculation of the total mass m, in ng, of DMNB

that passes over the pSiO2 preconcentrator during a certain loading time t in minutes.

The parameters used to calculate this are G, the flow rate in ml min-1, which is set using

the flow controllers; C, the concentration in ppm of DMNB in the carrier gas, determined

by the gravimetric calibration; Vm is the molar volume, in L mol-1, of an ideal gas at room

temperature and pressure; and M is the molar mass of DMNB in g mol-1. This equation

includes the assumption that DMNB behaves ideally, which is a reasonable assumption

given its low concentration.
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m = G× t× C × M

Vm

(3.3)

The collection efficiency of the preconcentrator, therefore, is defined as the ratio between

the amount of DMNB collected by the pSiO2 and the amount of DMNB that passed over

it:

efficiency =
total mass collected by silica (measured by GC-MS)

total mass passed over silica (calculated using Equation 3.3)
× 100% (3.4)

Using the total DMNB collected from Sample 3 measured above, from this equation the

collection efficiency is approximately 2780/14380 = 20% (1 s.f.) for this particular set

of conditions. Once the pSiO2 began to become ‘full’ (i.e. at long loading times or high

concentrations), the efficiency would be expected to decrease significantly.

It is also of interest to calculate the approximate mass of DMNB which the pSiO2 can

theoretically adsorb. The porous part of the silicon sample is a cylinder of diameter 1.5

cm (determined by the dimensions of the etch cell) and height 13.2 µm (from SEM; see

Section 2.1.4). Therefore, the area of the porous layer is 1.77 cm2 and its volume is

2.33× 10−3 cm3. Since the porosity of the layer is approximately 50% and the density of

silica is 2.65 g cm-3, the mass of the layer is roughly 3.1± 0.2× 10−3 g.

Nitrogen isotherm analysis, as described in Section 2.1.4, found the surface area per gram

of the porous silica to be 120.4 m2 g-1. Multiplying this by the mass of the layer, calculated

above, gives an estimate for the total surface area of the porous layer of 0.37± 0.2 m2.

The structure of DMNB is shown above in Figure 3.1. Using several simplifying as-

sumptions - such as that all the bonds are 1.5 Å long, and that the molecules lie flat

and immediately adjacent to one another - the area of the surface covered by a single

molecule is approximately 25 Å2 (as an order-of-magnitude estimate).

Using this value, the number of molecules needed to completely cover the available surface

area of the porous silica is about 1.5× 1018. The molar mass of DMNB, 176.172 g mol-1,

can be used to convert this into a mass: about 440,000 ng of DMNB would be required

to fully cover the internal surfaces of all the pores in a monolayer. By comparison, the

same calculation indicates that a flat surface of the same area would require only about

200 ng of DMNB to cover it.

For a 60-minute loading (Sample 4), which was the longest time investigated, the aver-

age mass of DMNB collected during the first 10 minutes of the release phase was 4818

ng. From the analysis above, this corresponds to approximately 60% of the total mass
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collected, so the total mass stored during the 60-minute loading is approximately 8000

ng. This indicates a surface coverage of only around 2%. This approximate calculation

does not take into account the fact that some pores may be inaccessible to DMNB due

to its larger size compared with the N2 used to perform the surface area calculation. The

disordered nature of the pores and distribution of pore sizes mean that there may be

blockages, bottlenecks and some pores with simply too small a diameter for DMNB to

pass through. Despite this, it still appears that only a small fraction of the surface is

covered.

3.4.2 Optimisation of Preconcentration Parameters

As discussed above, parameters such as the loading time and temperature were varied in

order to carry out an investigation similar to that in Section 3.2.1 for nitrobenzene, to

determine how these affect the amount of DMNB collected by the pSiO2. The procedure

detailed above was used throughout; the DMNB released in the first 10 minutes was

collected in a sorbent tube. Each sample collection was repeated twice, to check repro-

ducibility, and the average and standard deviation calculated - the latter is shown on the

plots below as error bars. However, there were two samples (2 and 9) where only one

collection was made; in these cases, the error was estimated from the percentage error of

other similar samples. For sample 2, the mean of the percentage errors of samples 3 and

4 was applied (Figure 3.21). For sample 9, the percentage error of sample 12 was applied

(Figure 3.22).

Loading time

Figure 3.21 shows the effect of loading time on the mass of DMNB collected. The mass

adsorbed increases with time, as expected and in keeping with Figure 3.8a for nitroben-

zene above; it also does not appear to begin to plateau even after 60 minutes. This

suggests that an equilibrium has not yet been reached between the vapour-phase DMNB

and the DMNB adsorbed on the surface.

The error in the mass of DMNB collected was fairly high, especially for the 60-minute

loading time, although the percentage error is roughly equal between the 30-minute and

60-minute loading. This is probably due to human error: though every effort was made

to attach the sorbent tube and pump to the flow cell as quickly as possible, some DMNB

may nevertheless be lost in this step.

DMNB concentration

The results presented in Figure 3.22 show the effect of different vapour concentrations

of DMNB; these are also compared with the amount of DMNB collected on a piece of
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Figure 3.21: The effect of loading time on DMNB mass collected in the first 10 minutes
of desorption from P4 pSiO2, after loading 0.5ppm DMNB at 5°C (Samples 2,3,4). The
error bar for the 15-minute loading time is an estimate.

non-porous silicon under the same conditions.

For adsorption on pSiO2, the mass collected increases with the initial DMNB vapour

concentration, as would be expected, although the three data points appear to show

a non-linear relationship, suggesting that at high concentrations of DMNB the mass

collected by the preconcentrator may plateau. For adsorption on a flat surface, the mass

of DMNB collected was overall much smaller, highlighting the importance of using a

porous material as the preconcentrator. Additionally, the mass collected at the higher

concentration was only slightly greater than at the lower concentration, suggesting that

the surface may be ‘saturated’.

Interestingly, the mass of DMNB required for monolayer coverage of the flat surface is

only about 200 ng (calculated in Section 3.4.1). However, the actual maximum mass of

DMNB collected was higher than this; approximately 1000 ng, as shown in Figure 3.22.

This suggests that multiple layers of DMNB build up on the flat surface during loading.

Loading temperature

Figure 3.23 shows the effect of varying the loading temperature of the preconcentrator.

Once again, this is compared to a flat surface over the same temperature range, and two

different DMNB concentrations are investigated.

Firstly, considering the data from the flat surface, the temperature variation does have

an effect: at both concentrations, approximately five times more DMNB was collected

at 5°C than at 10 and 20°C. At both 10 and 20°C, approximately 200 ng of DMNB was

collected, which equates to a monolayer coverage of the surface according to the rough
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Figure 3.22: The effect of DMNB vapour concentration on mass of DMNB collected in the
first 10 minutes of desorption from porous (P4 pSiO2) and non-porous substrates, after
loading at 5°C for 30 minutes (Samples 1,3,7,9,12). The dashed line denotes the expected
decrease in mass collected by the flat surface to 0 g at 0 ppm; this data point was not
actually taken. The error bar for 0.5 ppm DMNB on the flat surface is an estimate.

calculations in Section 3.4.1. At 5°C, however, it appears that multiple layers of DMNB

build up on the surface during the loading phase.

This suggests that, with a surface temperature of 5°C, the DMNB gas may be above its

saturation vapour pressure, and therefore there is a driving force for deposition onto the

surface. At the higher temperatures, it seems that the DMNB gas is below its saturation

vapour pressure, and therefore only physical adsorption of approximately a monolayer

occurs. The situation is not as straightforward as this, however: since there is a constant

flow of DMNB in the carrier gas over the surface, it will never come to thermal equilibrium

with the surface. Only the DMNB molecules that pass very close to the cold surface are

likely to ‘feel’ the effect of the surface as regards their saturation vapour pressure.

An additional challenge in forming an explanation of Figure 3.23 is that both the actual

temperature of the DMNB gas passing through the flow cell, and its saturation vapour

pressure, are not accurately known. The DMNB solid is heated to 75 or 100°C in the

oven of the OVG, but the nitrogen that flows over it is at room temperature; additionally,

it passes through tubing, flow controllers and a valve, probably cooling it down, before

it reaches the flow cell. Its temperature, therefore, it not well-defined, although it is

assumed to be close to room temperature. The saturation vapour pressure is difficult to

determine accurately, and therefore values from the literature vary. One equation suggests

it is 12.5 ppm at 20°C [122], while another source gives 2.7 ppm at 25°C [123]. Despite

this uncertainty, the concentrations used here are clearly of the order of magnitude of the

saturation vapour pressure at room temperature, so this does not preclude the explanation
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Figure 3.23: The effect of loading temperature on DMNB mass collected in the first
10 minutes of desorption, for porous (P4 pSiO2) and non-porous substrates, at different
DMNB concentrations, with a 30-minute loading time (Samples 3,5,6,7,8,9,10,11,12,13).

given above.

Now considering the pSiO2 surface, the situation is different. The first thing to note from

Figure 3.23 is that significantly more DMNB was collected on the porous surface than

on the flat surface at all temperatures, demonstrating the effectiveness of the pSiO2 as

a preconcentrator. However, the amount of DMNB adsorbed in the pores did not vary

with the temperature of the pSiO2.

Since the saturation vapour pressure of the DMNB over the porous surface is not higher

than over the flat surface - in fact, it may be effectively lower, due to the Kelvin equation

(Section 1.2.2) - this must be explained by considering kinetics. The surface area of the

pSiO2 is much larger, and, as previously calculated, only a small percentage of the surface

was covered even after 60 minutes’ loading. It seems that loading phase was simply not

long enough for DMNB molecules to penetrate fully through the pores and completely

cover the surface; it would have to be significantly longer for multilayers to begin to build

up on the surface at 5°C. In addition, while more molecules may be expected to adsorb on

the surface at equilibrium at a lower temperature, rates of adsorption are generally slower

at lower temperatures. The adsorbed amounts after 30 minutes presented in Figure 3.23

are, therefore, caused by a balance between these thermodynamic and kinetic factors.

In summary, the work presented in this section has demonstrated the effectiveness of a

pSiO2 preconcentrator for DMNB; at 20°C, the porous surface collected approximately 12

times more DMNB than a flat surface of the same material at 0.5 ppm and approximately

16 times more at 4.1 ppm. The collection efficiency of the pSiO2 was estimated at around

20%, and longer loading times were found to collect more DMNB, while the loading
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temperature did not have a significant effect within the ranges tested.

3.5 Conclusions

In this chapter, the effectiveness of a pSiO2 preconcentrator for enhancing explosives

detection has been investigated. One aim was to work towards an infra-red laser based

vapour-phase detection system; initial tests using an FT-IR spectrometer with a multi-

pass gas cell suggested that the taggant molecule DMNB and the explosive analogue

nitrobenzene would be the most appropriate analytes for further development, as diffi-

culties were encountered in procurement and measurement of the explosives TNT and

TATP.

A pSiO2 preconcentrator was used in combination with the FT-IR spectrometer for

DMNB vapour as a proof-of-concept, resulting in a preconcentration factor of 2.3± 0.3.

This is a significant result, as preconcentration has rarely been used in conjunction with

vapour-phase IR previously, and never with this material. The same preconcentration

system was also shown to be effective for nitrobenzene, and an investigation of the effect

of different parameters was carried out: longer loading times were found to improve the

preconcentration factor, while the loading temperature did not appear to have a signifi-

cant effect. The best preconcentration factor obtained for nitrobenzene using the FT-IR

spectrometer was 3.0±0.2, with the relatively low value believed to be due in part to the

large volume of the IR measurement cell.

Working towards a more portable IR-based detection system, a multi-pass gas cell was

successfully aligned with a tunable laser. Unfortunately, however, interference from a

water vapour IR peak which coincides with the NO2 peak of DMNB meant that DMNB

vapour could not be detected using this system, and it was concluded that this would

make sensing in a real-world environment very difficult. This is in line with discoveries

made by other groups [103]. Nevertheless, there is potential here for future work with an

alternative analyte with a characteristic peak that is not in the water region; for example,

TATP was found to have a peak attributed to the C–O ring stretch at 1195 cm-1.

In the second half of this chapter, the focus was therefore on preconcentration of DMNB

for other detection systems. The same pSiO2 preconcentrator was used with a PID; pre-

concentration factors of 5.9±0.9 for DMNB and 8.1±0.2 for nitrobenzene were achieved,

higher than those achieved using FT-IR. However, DMNB was found to contaminate the

PID window. GC-MS was then used to quantify the mass of DMNB collected by the

pSiO2 under different conditions.

The porous preconcentrator performed significantly better than a flat surface, collecting

up to 16 times more DMNB within the ranges tested, while the results imply that this
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would improve over longer loading times. Only approximately 2% of the large porous

surface area of the pSiO2 was covered with DMNB even after an hour, which is promising

for possible applications of this technology as a permanent location-based device. Future

development could work towards a system where a pSiO2 preconcentrator is placed to

passively collect any DMNB in a space such as a room or other venue where there is a

risk of an explosive being planted. Collected DMNB could then be periodically desorbed

by heating into an existing portable detector such as an IMS, giving an instantaneous

concentration much higher than background levels in the room.

Decreasing the loading temperature below room temperature did not appear to have an

impact on the collection ability of the preconcentrator; a significant finding for potential

future applications, as it eliminates the need for a cooling system, which would make

a commercial device cheaper and simpler to produce. A different heating system could

achieve higher temperatures than the maximum here of 70°C (limited by the Peltier used)

to improve the measurement time, as well as potentially improving the preconcentration

factor; pSiO2 is robust and can withstand much higher temperatures.

In conclusion, the pSiO2-based preconcentration system tested here shows good promise

for enhancing the sensitivity of vapour-phase detectors. In the following chapter, the same

system will be tested for a broader range of non-explosive VOCs, with a more in-depth

focus on the effect of the parameters (such as loading time and temperature) tested in this

chapter. Characteristics of the porous material itself will also be investigated, including

porous layer thickness and different surface chemistries such as non-oxidised pSi and

hydrophobic surface functionalisation.

Thanks are due to Andrew Marr and Stephen Nicklin at the Defence Science and Tech-

nology Laboratory, and Dan Wood at the Metropolitan Police Service, for their helpful

advice and expertise in the field of explosives provided throughout this project.
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Chapter 4

Parametric Study of Nanoporous

Preconcentrator for Volatile Organic

Compound Sensing

4.1 Introduction

In the previous chapter, the use of a nanoporous silica preconcentrator in conjunction with

various sensor systems was explored for the specific application of explosives detection.

However, as discussed in the Introduction, preconcentration of volatile organic compounds

to improve the sensitivity and limit of detection is useful for a wide range of applications

and gas sensors. Therefore, in this chapter, preconcentration of different types of VOC will

be investigated. A parametric study of the preconcentration conditions will be carried

out, and some surface modifications will be explored, to determine the effects of the

affinity between the porous surface and the VOC.

The aim of this work was to characterise and systematically study the performance of

nanoporous silicon and silica preconcentrators using three common classes of VOC: an

alkane, an alcohol and an aromatic compound. These are chosen because they have

different polarities and types of intermolecular bonding, so can be expected to interact

differently with the pSi and pSiO2 surfaces, in a way that is indicative of other VOCs in

their class.

To study the preconcentration, the loading temperature at which the adsorption of the

VOCs occurred was varied, as was the loading time. The ‘time to saturation’ was also

investigated, i.e. the loading time after which no more adsorption occurs. A range

of vapour-phase concentrations of the VOCs were examined, and preconcentrators with

various porous layer thicknesses were assessed. The heating rate at which desorption takes
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place was also varied. In the later part of this chapter (Section 4.3.2), preconcentration

on an unoxidised pSi sample and on a hydrophobic pSiO2 surface, modified by a silane

functionalisation procedure, were also investigated.

4.2 Oxidised Nanoporous Silica

A 10.6 eV photoionisation detector (PID-AH, Alphasense), as described in Section 1.2.4

and used previously in Section 3.3, was once again chosen as the detector for this study,

as it is small, cheap, easy to operate and readily integrated into the gas-flow system. It

provides real-time, immediate results so is perfectly suited for this work, where kinetics

and time-dependent measurements play a part. Larger, more time-consuming detection

methods, such as GC-MS, would not be suitable for measuring such responses. The PID

has the disadvantage of not being selective; the voltage output increases when exposed

to any VOC. Although some VOCs are more easily ionised than others and so produce

a larger signal, there is no ability to distinguish between them. However, for this initial

stage of research, only one VOC will be passed across the PID at a time, so the lack

of selectivity is unimportant. Its simplicity of operation means that a broad range of

experiments can be performed, ideal for achieving the aim of a thorough study of the

preconcentrator and its working conditions.

Heptane (99%), toluene (anhydrous, 99.8%) and isopropanol (IPA) (99.5%) were pur-

chased from Sigma-Aldrich. These compounds were chosen because of their similar vapour

pressures and boiling points. The permeation rate and hence the concentration produced

by the Owlstone vapour generator (OVG) is dependant on these properties; ideally, the

same OVG temperature will produce comparable concentrations of the three gases. A

gravimetric calibration was carried out for each gas as described in Section 2.2.1 to deter-

mine the generated vapour-phase concentrations; these were 6.3 ppm heptane, 2.3 ppm

toluene and 1.1 ppm IPA. The PID-containing preconcentration cell was added to the

gas generation system as described in Section 2.3.2, and the gas flow rate through the

cell was maintained at 100 ml min-1 throughout.

4.2.1 VOC Calibration Curves

It is necessary to construct calibration curves for the PID voltage response to each of the

three VOCs studied, at various known concentrations. To that end, the same technique

was used as in previous calibrations, for example those in Sections 3.3.1 and 3.3.3. A

piece of un-etched, non-porous silicon wafer with a thin native oxide layer on the surface

was placed inside the flow cell, in the place of the preconcentrator (see Figure 2.13a in

Section 2.3.2). This was to provide a flat “wall” to the inside of flow cell, of the same

material as the porous membrane.
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An exhaust flow was used as described in Section 2.2.2 to vary the concentration of VOC

in the N2 carrier gas, without changing the flow rate through the cell. By this method,

five concentrations of each VOC - between 100% and 10% of the maximum concentrations

reported above - were generated. For each, the PID voltage was continuously recorded

every 2 seconds whilst the VOC gas passing through the flow cell was switched ‘on’ and

‘off’. This was repeated three times, to determine the average PID response to that

concentration. Throughout the measurement, a Peltier device maintained the flat silicon

surface at 20°C.

An example of the set of PID voltage traces obtained in this manner for heptane are

given in Figure 4.1. As explained in the previous PID work in Section 3.3, all plots are

baseline-corrected for the constant non-zero voltage the PID produces under N2. For each

trace, the PID voltage was averaged in time across the top of each plateau; these three

values were then themselves averaged to obtain a mean PID voltage response to each

gas concentration. These mean responses for all three gases at all five concentrations

are shown in Figure 4.2; the standard deviation of the three repeats in each case are

presented as error bars.

Figure 4.1: PID voltage against time as valve is changed between clean N2 and N2

containing heptane, at varying concentrations.

Figure 4.2 shows a good linear correlation between PID response and VOC concentration,

reflected in the regression coefficients, confirming the linear behaviour expected of the

PID. Although the concentration of IPA is overall lower, the calibration curves of it

and heptane fall almost on the same line, while the curve for toluene is much steeper.

This is because the PID has different sensitivity to different gases; these sensitivities

are tabulated by the manufacturer [87]. The relative sensitivity, as a percentage, is

measured relative to that of isobutylene (100%). Percentages less than 100% mean that

the PID is less sensitive to that gas, and vice-versa. From the documentation, the relative
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sensitivity of heptane is 45%, IPA is 25%, and toluene is 179%. Despite the fact that

the manufacturer’s values are approximate and calculated under different experimental

conditions, they nevertheless agree well with Figure 4.2, where the relative slopes are 29,

26 and 157 respectively.

Figure 4.2: Calibration curves of PID response against varying concentrations of three
VOCs.

4.2.2 Varying Loading Temperature and Time

Initial tests of the effectiveness of the pSiO2 preconcentrator under different loading times

and temperatures were carried out, to gauge their effect on its functionality. Firstly,

these tests were carried out with the same unetched piece of silicon in the flow cell as

was used for the calibration curves in the previous section. This provides a background

measurement against which the preconcentrator can be compared. Subsequently, in all

the tests in this section, a pSiO2 preconcentrator of 13.2 µm thickness (type P4 from

Table 2.1 in Section 2.1.1) was used.

The procedure carried out was as follows:

1. Baseline established: valve on N2; temperature of substrate at X°C for 5 minutes

2. Loading phase: valve switched to VOC vapour; temperature of substrate remains

at X°C for Y minutes to collect VOC vapour

3. Release phase: temperature of substrate increased to 70°C at a rate of Z°C s-1; valve

still on VOC for 10 minutes to release vapour

4. Cleaning phase: valve switched back to N2; temperature still at 70°C for 10 minutes

to remove any remaining VOC and ensure substrate is clean
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5. Baseline re-established: temperature of substrate decreased back to X°C; valve still

on N2 for 5 minutes to allow voltage to return to baseline

6. Steps 2-5 repeated twice more

An example trace of PID voltage over time during this procedure is given in Figure 4.3

for IPA vapour, with loading temperature X = 5°C, loading time Y = 5 minutes and

heating rate Z = 0.5°C s-1. Other loading temperatures used were 10°C and 20°C, other

loading times were 15 and 30 minutes, and heating rates up to 2.0°C s-1 were later tested

in Section 4.2.6.

Figure 4.3: PID voltage against time during three measurement cycles with 1.1 ppm IPA,
comparing a non-porous surface to the P4 pSiO2 preconcentrator.

Firstly, it must be noted that the preconcentrator has the desired effect: a sharp increase

in PID voltage occurs as the temperature of the pSiO2 is raised from 5°C to 70°C, demon-

strating a release of collected IPA molecules from the pSiO2. It is immediately clear that

the preconcentrator functions as desired, and increases the PID voltage significantly.

A much smaller, almost insignificant increase is seen for the flat silicon. This is due to the

much lower number of molecules which adsorb onto and are released from the non-porous

surface (whose surface area is approximately 2000 times smaller than that of the porous

surface; see Section 3.4.1). The difference between the two demonstrates the importance

of using a porous medium as the preconcentrator. The ratio between these two peaks -

the ‘response increase factor’ - is calculated for each cycle and averaged; this average is

used in Figure 4.4 below. The standard deviation of the three measurements is plotted

as error bars.

A second point of note is that, during the loading phase, the PID voltage is lower when

the cell contains the preconcentrator. This has been explained in Section 1.2.3 and seen
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in previous results; it is attributed to the fact that the pSiO2 is collecting a significant

proportion of the VOC molecules from the gas flow, leaving fewer to be ionised by (and

thus create a response in) the PID. After the release, when the temperature is at 70°C,

the PID voltage above the two different surfaces is the same, giving further evidence that

the porous surface does not collect VOC molecules at this elevated temperature.

The preconcentration factor is calculated from the ratio of the height of the desorption

peak to the baseline response during the loading phase (as discussed in Section 1.2.3), and

is also plotted in the figures below. This factor was calculated for each cycle, averaged

and the standard deviation plotted as error bars.

Isopropanol

Firstly, the loading time was held at 5 minutes while the loading temperature was varied;

the response increase factor and preconcentration factor at these different temperatures

are shown in Figure 4.4a. Second, the loading temperature was held at 5°C while the

loading time was varied; the same factors calculated from this data are plotted in Figure

4.4b.

(a) Varying loading temperature at 5 min (b) Varying loading time at 5°C

Figure 4.4: Effect of P4 pSiO2 preconcentrator on PID response to 1.1 ppm IPA

The two figures are plotted on the same y-axis scale, so it can be seen that the loading

temperature makes much less difference than the loading time within the ranges tested.

Figure 4.4a shows that the preconcentration factor decreases slightly at higher tempera-

tures. The response increase factor, which compares the porous and non-porous surfaces,

does not appear to have any significant variation with temperature. However, from Figure

4.4b, the loading time can be seen to make a substantial difference: the longer the loading

time, the greater both the response increase factor and the preconcentration factor.

Any variation of the amount of VOC adsorbed with loading temperature and time may

be due to a combination of kinetic and thermodynamic effects. For example, the rate of
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adsorption is generally expected to be faster at higher temperatures, while the amount

adsorbed at equilibrium is generally less at higher temperatures. Therefore, the data

in this figure, and in subsequent figures in this section, arise from a mixture of these

sometimes competing factors. The trends observed will depend on whether or not the

system has reached equilibrium, as discussed in Section 1.2.2 in the Introduction.

Here, Figure 4.4b shows that, the longer the loading time, the more IPA collects inside

the porous material, implying that an equilibrium between the adsorbed IPA on the

surface and the IPA vapour has not yet been reached, and therefore kinetic factors may

also be significant. The time taken for equilibrium to be reached will be explored later

in this chapter, in Section 4.2.4. The amount of IPA adsorbed at equilibrium would

depend on various factors including the surface temperature, adsorption enthalpy and

the vapour-phase concentration of IPA.

Another thing to note from Figure 4.4 is that, in this case, the trends in response increase

factor and preconcentration factor are similar, and the response increase factor does not

provide much additional information. This is because amount of gas released from the

flat surface is small-to-negligible, as evidenced both here and in the previous work on

preconcentration of DMNB and nitrobenzene in Section 3.3. Therefore, comparison to

the flat surface will not be undertaken for further work in this section, as its usefulness

is limited. From here onwards, only preconcentration factors will be calculated and

presented.

Heptane and toluene

Similar measurements to those taken above for IPA were repeated for heptane and toluene.

The loading time was held at 5 minutes while the loading temperature was varied, and

then the loading temperature was held at 5°C while the loading time was varied. Three

cycles were performed in each case as before, and preconcentration factors were calculated.

Their averages and standard deviations were taken and are plotted for each of these

scenarios in Figures 4.5 and 4.6 for heptane and toluene respectively.

From Figures 4.5a and 4.6a, it can be seen that, as for IPA, the preconcentration factor for

both heptane and toluene decreases slightly at higher temperatures. As discussed above,

this may be due to a combination of kinetic and thermodynamic factors. Unlike for

IPA, however, in the cases of heptane and toluene, the loading time does not have much

impact on the preconcentration factor within the ranges tested. For heptane, Figure 4.5b

suggests a slight decrease in the preconcentration factor at longer loading times. This

seems very unlikely, and the error bars indicate that this variation is not significant.

In the case of toluene, shown in Figure 4.6b, the preconcentration factor increases very

slightly at longer loading times, but appears to be reaching a plateau by 30 minutes.
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(a) Varying loading temperature at 5 min (b) Varying loading time at 5°C

Figure 4.5: Effect of P4 pSiO2 preconcentrator on PID response to 3 ppm heptane

(a) Varying loading temperature at 5 min (b) Varying loading time at 5°C

Figure 4.6: Effect of P4 pSiO2 preconcentrator on PID response to 2.3 ppm toluene

Therefore, both heptane and toluene seem to come to an equilibrium between the vapour

phase and adsorption on the porous surface much more quickly than IPA does. In these

cases, the decrease in preconcentration factor seen at higher temperatures in Figures

4.5a and 4.6a may be attributed mainly to the smaller amount of VOC adsorbed at

equilibrium, as the rate of adsorption appears to be fast.

In order to compare the VOCs, the variation in the preconcentration factors for all three

gases with loading temperature and time have been plotted on the same axes in Figures

4.7a and 4.7b respectively. From both these graphs, it can clearly be seen that the

preconcentration factor for IPA is significantly higher than that for toluene, which is in

turn higher than the preconcentration factor for heptane. It should be noted that the

concentrations of the three compounds were not identical, which may have an effect;

however, the preconcentrator clearly functions significantly better for IPA than for the

other two.
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(a) Varying loading temperature at 5 min (b) Varying loading time at 5°C

Figure 4.7: Effect of P4 pSiO2 preconcentrator on PID response to the three different
VOCs

The calculation done in Section 1.2.2 in the Introduction demonstrated that the VOCs

used here are present at partial pressures multiple orders of magnitude lower than their

saturated vapour pressures. Consequently, there is no driving force for capillary conden-

sation, and only physical adsorption of VOC molecules onto the surface is expected to

occur. The differences in adsorption between the VOCs may therefore be explained by

considering the strength of interaction with the pSiO2 surface: as a polar molecule, IPA

will have much stronger intermolecular bonds, such as hydrogen bonding with Si–OH

groups present on the SiO2 surface. Toluene, an aromatic molecule, is better able to in-

teract - through pi-interactions and dipole-dipole interactions - than heptane, which can

only form weak van der Waals type interactions. This means that, at equilibrium, more

IPA molecules are adsorbed in the pores than toluene or heptane molecules, as there is a

greater energy benefit to adsorption.

The data shown in Figure 4.7b imply that it takes longer for the IPA vapour to come

to equilibrium with the surface; this may be due to the greater number of molecules to

be adsorbed, the activation energy for adsorption, or mass transport factors such as the

permeability of the porous silica material to the VOCs. Longer loading times for IPA

were subsequently measured and are discussed in Section 4.2.4 below.

As Figure 4.7a shows, the preconcentration factor for each of the three VOCs was im-

proved at lower temperatures, particularly for IPA and toluene, within the ranges of

loading temperature and time tested. This may not be the case at very short loading

times when the rate of adsorption might become the dominant factor. However, at the

loading times used in practice, the thermodynamic effect causing an increased number of

adsorbed molecules at low loading temperatures appears to dominate, and therefore 5°C

loading is favourable.
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4.2.3 Effect of VOC Concentration

The next set of tests were to compare the effectiveness of the preconcentrator at sequen-

tially lower VOC concentrations. Going forward, only IPA and heptane were used for

further tests, since data obtained so far (see Figures 4.5 and 4.6) demonstrate that the

preconcentrator has a similar effect on heptane and toluene, while the results for IPA are

quite different. Testing IPA (polar) alongside one of the non-polar compounds therefore

produces the most interesting comparison. As seen in Figure 4.2, IPA and heptane have

a very similar PID response per concentration, so heptane was chosen for further com-

parison. Toluene will be discussed in more detail alongside the other BTEX compounds

in Chapter 6.

The same procedure as above was carried out, with a loading time of 15 minutes as a

balance between effective preconcentration and time efficiency, the most effective loading

temperature of 5°C, and the same heating rate of 0.5°C s-1. The same 13.2 µm thick pSiO2

sample was used. The concentration of the VOCs was decreased by utilising the exhaust

flow as described above in Section 4.2.1. Both the peak height and the preconcentration

factor are plotted in Figure 4.8 for IPA.

Figure 4.8: Effect of P4 pSiO2 preconcentrator on PID response to varying concentrations
of IPA at 5°C loading temperature and 15 minute loading time

From Figure 4.8, it can be seen that the peak height increases linearly with concentration.

Since the response of the PID itself to IPA is also linear with concentration (see Section

4.2), this implies that there is a linear relationship between the original concentration of

IPA passed over the porous silica and the amount adsorbed in the pores during loading.

Since only a small fraction of the surface is covered and the system has not yet reached

equilibrium, as discussed above, this adsorbed amount can be considered as an approxi-

mate measure of the kinetics of adsorption. The variation of the rate of adsorption with
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concentration can be used in general to determine the order of the adsorption reaction;

here, the linear dependence of rate with concentration indicates that the process is first

order with respect to the VOC concentration. This is a reasonable result for adsorption

of an intact molecule.

The preconcentration factor, on the other hand, decreases in what seems to be a non-

linear fashion as concentration increases. The preconcentration factor is a ratio between

the desorption peak height and the ‘normal’ PID response to the gas before desorption.

Although the peak height is of course smaller at lower concentrations, the ‘normal’ PID

response is also much lower, which means the preconcentration factor is larger. This

implies that a greater proportion of the IPA molecules are adsorbed from the flow at

low concentrations than at higher concentrations, and is promising, as it suggests the

preconcentrator would function better at the low concentrations that are typical in real-

world applications. However, at the lowest IPA concentration, the PID voltage was very

noisy as it was so close to baseline, hence the large error bar. This may set a limit on the

usefulness of this device at low concentration.

Figure 4.9: Effect of P4 pSiO2 preconcentrator on PID response to varying concentrations
of heptane at 5°C loading temperature and 15 minute loading time

The same procedure was carried out with heptane at a series of five concentrations. The

peak height and preconcentration factor are plotted against heptane concentration in

Figure 4.9. By comparing the y-axis scales of this figure and Figure 4.8, it is very clear

that the preconcentration factor for heptane is far lower than for IPA; in fact, it is barely

above 1 (i.e. the preconcentrator almost has no effect at all), as opposed to IPA where

the factor is between 5 and 20.

In addition, there are only three points plotted because the lowest two concentrations

produced no peak at all in PID output voltage when the temperature was increased;
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in those cases, a negligible amount of heptane was stored in the preconcentrator. As

discussed above, this is attributed to the much stronger bonding between IPA molecules

and the SiO2 surface compared with heptane molecules on the surface. However, the

preconcentration factor does still appear to increase slightly at lower concentrations,

which agrees with the results in Figure 4.8 for IPA.

4.2.4 Time to Preconcentrator Saturation

Since a plateau in preconcentration factor was not reached in the loading time tests

conducted previously with IPA (Figure 4.4b), this suggests that the pSiO2 would continue

to collect more IPA if left longer. In order to better understand the mechanism of

adsorption, long loading time tests were carried out with IPA to determine how long it

would take for the adsorbed IPA in the pSiO2 to reach an equilibrium with the vapour-

phase IPA.

Figure 4.10: Effect of P4 pSiO2 preconcentrator on PID response to 1.1 ppm IPA over
long loading times at 5°C loading temperature

To this end, loading times of 3 and 6 hours (180 and 360 minutes) were used. All other

parameters were the same as in Section 4.2.2. The preconcentration factor is plotted

against loading time in Figure 4.10. For comparison, the height of the desorption peak is

also plotted, on the left-hand axis of Figure 4.10. This clearly shows that the peak height

flattens after approximately 180 minutes’ loading time. The preconcentrator seems to

reach equilibrium at around this loading time.

In Figure 4.10, it seems that the preconcentration factor decreases slightly at the longest

loading time. This is not due to a decrease in the peak PID voltage reached upon release,

but instead is due to a slow increase in the PID voltage during the loading phase. This

can be seen in Figure 4.11, which presents the PID voltage trace throughout the 6-hour
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measurement: during the loading phase, the PID voltage can be seen to gradually increase

up until about 3 hours have elapsed.

Figure 4.11: PID response over time during a measurement cycle with 1.1 ppm IPA, over
a 6 hour loading time with P4 pSiO2

This can be attributed to the fact that an equilibrium is being reached between IPA in

the vapour phase and IPA in the pores. Therefore, the pSiO2 is not taking as many

IPA molecules from the flow as it did at the beginning of the loading phase. The PID,

therefore, is exposed to a greater IPA concentration towards the end of the loading phase,

and the preconcentration factor appears smaller.

This phenomenon highlights an issue with this method of measuring preconcentration

factor, which is that the ‘normal’ PID response used to calculate the ratio is in fact

itself slightly affected by the presence of the preconcentrator. Calculating a ‘response

increase factor’, which compares the preconcentrator to a flat surface as done above in

the beginning of Section 4.2.2, would avoid this problem. However, this method has

its own difficulties, such as changes in the PID voltage induced by physically opening

up the flow cell to switch out the preconcentrator and therefore changing the system

configuration slightly. It requires every measurement to be repeated twice, often with

these variations in PID response caused between the preconcentrator and flat-surface

measurements, which make comparison difficult. As discussed in Section 1.2.3 in the

Introduction, the chosen method of calculating preconcentration factor is used frequently

in the literature and, despite this downside, is the simplest and most easily comparable

method.

It would also be instructive to know how this equilibrium varies with temperature, so

another set of tests were carried out under identical conditions, but at a 20°C loading
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temperature rather than 5°C. The peak heights and preconcentration factors at both

temperatures are plotted against loading time in Figure 4.12.

(a) Peak height (b) Preconcentration factor

Figure 4.12: Comparison of peak height and preconcentration factor at 20°C and 5°C
loading temperatures, for 1.1 ppm IPA over long loading times with P4 pSiO2.

Figures 4.12a and 4.12b both show the same trend: at 20°C, the system reaches equi-

librium quicker - in roughly 60 minutes, rather than 180 minutes (at 5°C) - and also

plateaus at a significantly lower peak height and preconcentration factor. This confirms

that the cooling of the preconcentrator during loading increases the equilibrium amount

of IPA which collects in the pores. This behaviour may be explained by considering ad-

sorption isotherms such as the Langmuir and BET isotherms discussed in Section 1.2.2

in the Introduction. In both these isotherms, there is a constant (called b or c) which

determines the strength of adsorption and therefore the position of equilibrium between

gas-phase molecules and surface-adsorbed molecules. These constants are of the form

exp(Eads/RT ), where Eads is the adsorption enthalpy, R is the gas constant and T is

temperature. At higher temperatures, the value of the constant is smaller and the equi-

librium is shifted towards the gas phase, resulting in less adsorbed VOC (attributed to

the greater entropy of the gas phase molecules). While these isotherms represent an ideal

case and the porous system studied here is much more complex, its behaviour nevertheless

seems to follow this general pattern.

Figure 4.12a also presents exponential association curves which have been fitted to the

data from a simple first-order kinetic model of adsorption, the form of which is given below

in Equation 4.1 [124]. Here, the peak height is taken as an analogue for the amount of

VOC adsorbed, which is acceptable for this approximate calculation since peak height

has been shown to be directly proportional to VOC concentration (see Figure 4.8).

y = a(1− e−kt) + b (4.1)
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Here, t is time and k represents a rate constant for adsorption. The modelled parameters

for the two temperatures are given in Table 4.1, along with time constants τ calculated

from 1/k. These data confirm that the rate of adsorption at 5°C is slower than at 20°C,

while the maximum amount adsorbed at equilibrium is significantly higher at 5°C. The

model fits well to the data, with high R-squared values of roughly 0.999.

Table 4.1: Details of curves fitted to peak height vs loading time data.

Temperature / °C a / V b / V k / min-1 τ / min R2

5 0.388 0.026 0.018 56.3 0.9996
20 0.112 0.022 0.043 23.0 0.9981

In general, the activation energy Ea for a reaction can be determined from the rate

of reaction using an Arrhenius equation, Equation 4.2. In this case, Ea represents the

activation energy for adsorption.

k = A exp

(
− Ea

RT

)
(4.2)

ln(k) = −
(
Ea

R

)
1

T
+ C (4.3)

Equation 4.3 has the form y = mx + c; a plot of ln(k) against 1/T should produce a

straight line with gradient −Ea/R. From this, an estimate of Ea can be determined.

Here, only two sets of k and T values are available, however the plot in Figure 4.13 can

be used to estimate Ea as 40 kJ mol-1. This approximate value is of the expected order

of magnitude if non-covalent interactions such as van der Waals and hydrogen bonding

are involved.
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Figure 4.13: Arrhenius plot to determine activation energy of adsorption.

Finally, a similar series of tests were carried out at a lower IPA concentration of 0.3 ppm,

this time at 5°C once again, to compare with the initial concentration of 1.1 ppm. These

data are plotted in Figure 4.14.

(a) Comparison of peak height (b) Comparison of preconcentration factor

Figure 4.14: Comparison of peak height and preconcentration factor at 0.3 ppm and 1.1
ppm IPA concentrations, over long loading times at 5°C loading temperature with P4
pSiO2.

Figure 4.14a shows that the plateau peak height reached at the lower concentration of 0.3

ppm is smaller than the peak height at 1.1 ppm, although both seem to reach a plateau at

roughly the same loading time of 180 minutes. Figure 4.14b, on the other hand, demon-

strates that the lower concentration of 0.3 ppm reaches a much higher preconcentration

factor of approximately 80, compared with less than 20 at the higher concentration of

1.1 ppm. This is a very significant increase, as it could potentially reduce the limit of
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detection of a sensor by almost two orders of magnitude. This agrees with the data shown

in Figure 4.8, where the preconcentration factor was improved at lower concentrations.

Figure 4.14b also shows a decrease in the preconcentration factor at the longest loading

time for 0.3 ppm IPA, much like that seen for 1.1 ppm IPA in Figure 4.10 above. There

is no decrease in the peak height, however (Figure 4.14a); therefore, as before, this is

attributed to the slow increase in the steady-state PID voltage during the loading phase

as the pSiO2 is reaching equilibrium. In the later stages of loading it is not taking as

many IPA molecules from the flow as it did at the beginning of the loading phase, making

the denominator of the preconcentration factor larger and hence the factor itself smaller.

4.2.5 Varying pSiO2 Thickness

As described in Section 2.1.1, pSiO2 layers were fabricated in a range of thicknesses, from

1.8 µm to 21.0 µm (sample types P2, P4, P6 and P8 from Table 2.1). In all previous

experiments in this chapter, a pSiO2 preconcentrator of 13.2 µm thickness had been used

for consistency; here, the effect on preconcentration of different thicknesses is investigated.

The loading time and temperature were kept at 15 minutes and 5°C respectively and the

heating rate at 0.5°C s-1 as in Section 4.2.3, and the same measurement procedure was

followed. The resulting preconcentration factors for IPA and heptane are plotted against

porous layer thickness in Figure 4.15.

(a) 1.1 ppm IPA (b) 1.4 ppm heptane

Figure 4.15: Effect of thickness of porous layer of preconcentrator on PID response to
VOCs at 5°C loading temperature and 15 minute loading time.

Figure 4.15 shows that generally, thicker porous layers produce a greater preconcentration

effect for both VOCs. The pores are expected to have approximately the same diameter

regardless of layer thickness, as pore growth mainly occurs in the vertical direction (see

Section 2.1.1). Therefore, the internal pore surface area scales approximately with pore

length (i.e. layer thickness). Surface area is one of the main factors determining how
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much VOC is adsorbed, and therefore this causes the increase in preconcentration factor

with layer thickness seen in Figure 4.15. However, the increase does not appear to be

particularly linear in either of Figure 4.15a or 4.15b; there may be other factors causing a

more complex dependence, such as some possible coupling between pore length and pore

diameter, and permeability and other mass transport factors. Unfortunately, as discussed

in Section 2.1.1, layers thicker than around 20 µm tend to deform during oxidation, so

increasing the thickness significantly is not feasible.

4.2.6 Varying Heating Rate

An additional factor that may have an impact on preconcentration is the rate at which

the temperature is increased, from 5°C during loading up to 70°C for release. Like the

temperature limits, this heating rate is also constrained by the Peltier heating and cooling

device and the thermal inertia of the system. To test this, the heating rate was set to

increase as fast as possible and the actual temperature of the Peltier was monitored

throughout to determine what this maximum heating rate is. The measured Peltier

temperature is plotted against time in Figure 4.16a, which also includes a linear trendline

fitted to the temperature data during heating. It is clear from this figure that the heating

rate was not constant in this case; the temperature ramp is curved and does not fit

particularly well to the trendline. From the slope, this maximum heating rate is found

to be approximately 3°C s-1.

(a) Maximum heating rate (b) Various heating rates

Figure 4.16: Measured Peltier temperature over time and linear trendlines during tem-
perature ramping.

Subsequently, preconcentration tests of 1.1 ppm IPA were carried out with various speci-

fied heating rates, from 0.5°C s-1 up to 2°C s-1. All five measured temperature ramps are

plotted in Figure 4.16b. In each case, it is clear that the temperature exhibits a smooth

curve at the onset and end of heating, rather than a sharp change. However, in contrast
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with the maximum heating rate case, the four specified heating rates remain reliably

constant during the majority of the heating period. This is visible by eye in Figure 4.16b,

and is also demonstrated by the R-squared values of each linear trendline, which are very

high. In addition, the slopes of these trendlines show that the measured heating rates

match the set heating rates exactly to 2 d.p. in each case.

The preconcentration factors achieved for 1.1 ppm IPA at these four set heating rates -

after a loading time of 15 minutes at 5°C, on a pSiO2 preconcentrator of type P2 (21.0 µm

thick porous layer) - are plotted in Figure 4.17. This figure shows that preconcentration

factor increases with heating rate, in what appears to be a linear fashion within this

range. This is because the faster temperature increase causes more of the IPA molecules

to be desorbed within a shorter time period, leading to a narrower, sharper desorption

peak.

Figure 4.17: Preconcentration factor at various heating rates, for 1.1 ppm IPA with P2
pSiO2.

These results demonstrate that even faster heating rates would provide higher preconcen-

tration factors and therefore improve the performance of the preconcentrator. As shown

in this section, the heating rate is limited by system, so this is not possible using the

current setup; a different heating system could be used in future to improve preconcen-

tration factors. However, the relatively slow, controlled heating of the Peltier device may

prove to be an advantage for selectivity; further work in the next chapter will investigate

if different VOCs desorb at different times during this controlled temperature rise.
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4.3 Unoxidised Nanoporous Silicon and Hydropho-

bic Surface Functionalisation

4.3.1 Unoxidised pSi

In Section 4.2.3, the effectiveness of the pSiO2 preconcentrator was tested for one polar

VOC (IPA) and one non-polar one (heptane). It was found that the preconcentrator was

far more effective for IPA than for heptane, most likely due to the superior bonding of

IPA with the surface. This is a promising finding, as it suggests that the preconcentrator

would be able to selectively enhance the response of a broadband VOC sensor, such as

the PID used here, for certain types of compounds over others. As the selectivity of the

PID is very poor, this would be a marked improvement.

It is also possible that different types of surface on the porous preconcentrator could

enhance the preconcentration of different types of VOC. To test this hypothesis, a 12.2

µm thick unoxidised porous silicon (pSi) sample of type P3 (see Table 2.1 in Section

2.1.1) was used as a preconcentrator, etched in identical conditions to the type P4 pSiO2

sample used in the majority of the tests in Section 4.2, with the only change being the

lack of an oxidation step at the end. This freshly-etched pSi sample is terminated mainly

with Si–H bonds on the surface.

The downside to using unoxidised silicon, as discussed in Section 1.2.1 in the Introduction,

is that a thin native oxide layer forms on the surface in the presence of humid air within

hours of etching. To combat this, the pSi sample was dipped in HF for approximately

thirty seconds to remove the oxide layer and restore the hydride-terminated surface, then

cleaned with ethanol and pentane, dried under nitrogen and stored inside a vacuum

desiccator until its use. Once inside the flow cell, the pSi is under a constant stream of

dry N2.

The preconcentration factor for this pSi preconcentrator was tested using the same pro-

cedure outlined in Section 4.2.2 that has been used throughout this chapter. Tests were

carried out with both IPA and heptane, at the same series of five concentrations used in

Section 4.2.3. The results are shown in Figure 4.18.

In all cases, the preconcentration factor is higher at lower concentrations, which agrees

with previous results. For heptane, the preconcentration factor with pSi is higher than

with pSiO2. Heptane only forms weak van der Waals interactions with either surface;

this result implies that its interactions with the Si–H terminated surface are slightly

stronger than those with the Si–OH surface. Due to heptane’s weak interactions, how-

ever, the preconcentration factor is still not very large in magnitude: only around 3 at

best, compared to 15 - 20 for IPA.
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(a) IPA (b) Heptane

Figure 4.18: Comparison of preconcentration factors for P4 pSiO2 and P3 pSi preconcen-
trators, at 15 minutes loading time and 5°C loading temperature, for different concentra-
tions of VOCs.

The case of IPA is not as expected, however: the preconcentration factor appears to

be almost exactly the same for the two different surfaces. IPA would be expected to

have a better interaction with the oxidised pSiO2 surface. One possible explanation for

this behaviour is that, despite the precautions taken to minimise native oxide formation

on the surface of the pSi, some oxide may have formed anyway, enhancing the surface

interactions with IPA.

In order to test this theory, contact angle measurements were carried out, as described in

Section 2.1.4, on both the pSi preconcentrator that was used for the tests described in this

section and a second, identical pSi preconcentrator that had not been used but had been

stored under vacuum since being stripped of oxide. Contact angle measurements were

taken on both the porous area of the preconcentrator and the non-porous edge (which

is outside the O-ring of the flow cell, and therefore not subject to the VOCs). All four

images are shown in Figure 4.19, along with contact angle images taken on an oxidised

pSiO2 sample for comparison.
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(a) Unused P3 pSi sample, porous cen-
tre

(b) Unused P3 pSi sample, non-porous
edge

(c) P3 pSi sample after use as a
preconcentrator for heptane and IPA,
porous centre

(d) P3 pSi sample after use as a
preconcentrator for heptane and IPA,
non-porous edge

(e) Oxidised P4 pSiO2 sample, porous
centre

(f) Oxidised P4 pSiO2 sample, non-
porous edge

Figure 4.19: Photographs with contact angles marked of water droplets on various porous
and non-porous silicon and silica surfaces.

From Figure 4.19a, it is clear that the unused porous silicon surface is strongly hydropho-

bic, with a contact angle of 130°. This is due to the effect of the ‘roughness’ of the

porous surface, which increases hydrophobicity [125]; the non-porous, flat part of the

sample (Figure 4.19b) is less hydrophobic. Comparing Figures 4.19a and 4.19c makes it

very clear that the use of the pSi as a preconcentrator has had a significant impact on

the surface, completely removing the hydrophobicity and causing the contact angle to de-

crease to 25°, close to the contact angle on the oxidised pSiO2 surface, which is 17°(Figure

4.19e). The contact angle on the non-porous region, meanwhile, remains essentially the

same (Figures 4.19b and 4.19d).
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These observations corroborate the explanation provided above: the process of testing

the preconcentrator has enabled an oxide layer to form on the porous area, which is in

contact with the VOCs, while the non-porous part outside the flow cell is unaffected.

Although the N2 source used is dry, it may not be 100% free of water, and traces of

water along with the heating/cooling cycles may therefore have caused the oxidation.

Alternatively, it is possible that the silicon surface has been oxidised by reaction with the

–OH group of IPA [126].

It should be noted that measurements with heptane were carried out first, which may

explain why there is a greater difference between the results for pSi and pSiO2 with

heptane (Figure 4.18b) than with IPA (Figure 4.18a). The process causing the surface

oxidation of the pSi would have been less far along during heptane measurements.

Another observation from Figure 4.19f is that the contact angle on the non-porous region

of the thermally oxidised sample is not as low as on the porous region. This can be

explained by the fact that, if the surface energy is low, a porous surface can present greater

wetting than its flat counterpart, due to the water filling the pores (known as the Wenzel

regime) [125]. Secondly, thermal oxidation only oxidises a thin layer - approximately 58

nm - of the non-porous surface (see Section 2.1.2), while the pore walls in the porous region

are thin enough that they are fully oxidised all the way through. The unoxidised silicon

under the thin oxide layer on the non-porous surface may have an influence, reducing the

hydrophilicity.

The consequence of these results is that an unoxidised pSi preconcentrator is not appropri-

ate for use in these conditions, as its use causes a native oxide layer to form, significantly

reducing the hydrophobicity of the surface. Alternative methods for making the porous

surface hydrophobic must be investigated instead.

4.3.2 Hydrophobic surface functionalised pSiO2

Due to the observations above of the unstable oxide-forming nature of porous silicon, it

is necessary to alter the surface in a different, more stable way in order to change its

chemistry and increase hydrophobicity. Silane chemistry was employed for this purpose,

which is a means of attaching a different functional group to a Si–OH terminated surface,

discussed in Section 1.2.1 in the Introduction. In this case, two different silanes were

investigated to make the surface hydrophobic.

The process is described in Section 2.1.3; briefly, two identical pSiO2 samples both of the

type P4 - the same type as used for the majority of the work earlier in this chapter -

were ozone treated so the surfaces are terminated with Si–OH bonds [12]. The pSiO2

samples were then each functionalised with a different silane; trimethoxy(propyl)silane

and methoxy(trimethyl)silane, the structures of which are shown in Figure 4.20.
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Figure 4.20: Structures of silane molecules.

Contact angle measurements were taken to check the functionalisation had been successful

in improving the hydrophobicity; images of a non-functionalised pSiO2 surface and the

trimethyl-functionalised porous surface are compared in Figure 4.21. Figure 4.21b shows

that the newly functionalised porous surface is indeed hydrophobic, with a contact angle

of 110°, compared to the non-functionalised surface contact angle of 17° in Figure 4.21a.

(a) Non-functionalised P4 pSiO2 (b) Trimethyl-functionalised P4 pSiO2

Figure 4.21: Photographs with contact angles marked of water droplets on porous pSiO2

surfaces.

Preconcentration tests were carried out with IPA with the newly propyl-functionalised

sample; the results are shown in Figure 4.22. It is clear that the hydrophobic surface

provides a much lower preconcentration factor for IPA than the pSiO2 surface does.

Once again, the preconcentration factor is higher at lower concentrations, where the

preconcentrator has a greater effect, but the maximum is more than three times lower for

the hydrophobic surface. This is due to the lack of potential for hydrogen bonding between

the IPA and the functionalised surface, leaving only weaker dipole-dipole interactions, and

therefore less IPA collected in the pores.
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Figure 4.22: Comparison of preconcentration factors for P4 pSiO2, P3 pSi and propyl-
functionalised pSiO2 preconcentrators, at 15 minutes loading time and 5°C loading tem-
perature, for different concentrations of IPA.

Upon attempting to replicate the data in Figure 4.22 with heptane, it became immedi-

ately clear that the same problem would be encountered as in Section 4.2.3; the peak

in PID voltage upon release of the heptane was so low that it would likely be unmea-

surable at lower concentrations. The adsorption of heptane on both surfaces is poor,

probably due to its weak interactions with the surfaces. Therefore, data was only taken

at the maximum heptane concentration of 1.4 ppm. This was repeated for the trimethyl-

functionalised preconcentrator, with both heptane and IPA. The preconcentration factors

obtained under these circumstances are plotted as bars in Figure 4.23, along with the pre-

concentration factors achieved by the non-functionalised pSiO2 and pSi surfaces. Sketches

of the inside of a single pore, showing the terminal bonds on the internal surfaces of the

three types of preconcentrator, are presented in Figure 4.24.

Several pieces of information can be taken from Figure 4.23. Firstly, there does not

seem to be much of a difference between the surfaces functionalised by the two different

silanes. Secondly, these hydrophobic silanes decrease the uptake of IPA, roughly halving

the preconcentration factor. However, they do not have much effect on the uptake of

heptane, which remains very low. This can be attributed to the fact that the bonding

between the –OH group on the IPA molecule and the –OH groups on the pSiO2 surface

is strong, probably hydrogen-bonding. However, the bonding between –CH2 and –CH3

groups on the silane-functionalised surfaces and the same groups on the heptane molecule

are weaker van der Waals type interactions.

Further contact angle analysis was used to provide more understanding of how the prop-

erties of the trimethyl-functionalised surface may be affected by use as a preconcentrator,
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(a) IPA, 1.1 ppm (b) Heptane, 1.4 ppm

Figure 4.23: Comparison of preconcentration factors for different surface functionalised
preconcentrators, at a 15 minute loading time and 5°C loading temperature, for different
VOCs.

(a) Nanoporous silicon (b) Nanoporous silica (c) Trimethyl-functionalised

Figure 4.24: Sketches showing the terminal bonds on the inside of a single pore in the
three types of preconcentrator.

first for heptane and then for IPA. All images are shown in Figure 4.25.

Figure 4.25a reproduces Figure 4.21b above, demonstrating that the newly functionalised

porous surface is hydrophobic. As above with pSi, the non-porous region of the surface

(Figure 4.25b) is less hydrophobic, with a contact angle of only 75°. This suggests that

the silane on the surface may be disordered, or there may not be full coverage. Figures

4.25c and 4.25d show that use as a preconcentrator for heptane does not appear to affect

the surface, as the contact angles remain the same.

However, the actual act of measuring the contact angle does seem to have had an impact:

Figure 4.25e shows a water droplet placed in exactly the same location as the previous

water droplet shown in Figure 4.25a (Figure 4.25c shows a water droplet in a slightly

different location on the same porous surface). The contact angle in the spot where a

previous droplet was placed has decreased to 41°, suggesting that the water has wetted

that part of the surface and was not entirely removed by the stream of N2 used to dry

the pSiO2.
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After the preconcentrator was used for IPA, the contact angle on the porous area de-

creased to 50°(Figure 4.25f; repeated in multiple locations). However, due to the effect of

the water used for analysis, it is not entirely clear whether this decrease is due to wetting

by the IPA or by water. What is clear is that, again, the contact angle on the non-porous

region was unchanged, as can be seen in Figure 4.25g.

These contact angle measurements show that the silane surface functionalisation produces

a hydrophobic surface which is more robust than the unoxidised pSi surface; however, its

hydrophobicity does still appear to be negatively affected by contact with liquid water.

This may be because the random, disordered nature of the pores and their narrowness

mean that a complete, ordered silane layer cannot form on the internal pore surfaces.
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(a) Unused, porous centre (b) Unused, non-porous edge

(c) After use as a preconcentrator for
heptane, porous centre

(d) After use as a preconcentrator for
heptane, non-porous edge

(e) After use as a preconcentrator for
heptane, same spot in porous area as
previous measurement

(f) After use as a preconcentrator for
heptane and IPA, porous centre

(g) After use as a preconcentrator for
heptane and IPA, non-porous edge

Figure 4.25: Photographs with contact angles marked of water droplets on trimethyl-
functionalised P4 pSiO2 porous and non-porous surfaces after various usage.
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4.4 Conclusions

This chapter has described the investigation of nanoporous silica as a preconcentrator

material; an area of research which is so far underdeveloped, as discussed in Section

1.1.3. The preconcentrator is housed in a small, portable assembly with a photoioni-

sation detector, and its effectiveness in increasing the output voltage of the PID was

tested. Three gases were chosen for this purpose; it was found that, in general, the pSiO2

preconcentrator was significantly more effective for the polar gas IPA than for non-polar

toluene and heptane gases.

For IPA, a maximum preconcentration factor of approximately 80 was achieved at a low

IPA concentration after a long loading time, which could significantly reduce the limit

of detection of a sensor. In addition to that, results throughout the chapter consistently

showed that the preconcentration factor was higher at lower concentrations, so the factor

could potentially be even larger in that case. These findings confirm the utility of pSiO2

as a preconcentrator for certain VOCs.

The loading times and temperatures of the preconcentration step were systematically

varied. A low loading temperature of 5°C produced better preconcentration factors for

all three gases than the higher temperatures up to 20°C. This result contrasts with the

findings of the previous chapter, where for DMNB, decreasing the temperature was not

found to have an effect. This is likely due to the interactions of the different analytes

with the surface. Longer loading times significantly increased the preconcentration factor

for IPA, up to a maximum at around 3 hours (at 5°C; around 1 hour at 20°C). This

corresponds to the amount of time taken for the IPA molecules in the carrier gas to

equilibrate with the IPA molecules adsorbed onto the surface.

pSiO2 layers of different thicknesses were tested as preconcentrators, with thicker layers

improving the preconcentration of both IPA and heptane. Unfortunately, layers thicker

than around 20 µm could not be tested, as they deform during the oxidation process.

Faster heating rates were also found to increase the preconcentration factor.

Finally, an investigation of different surface functionalities was carried out. Firstly, an

unoxidised nanoporous silicon preconcentrator was used; this did improve the precon-

centration factor for heptane from barely above 1 (with pSiO2) to around 3, and had

little effect on preconcentration of IPA. However, pSi is unstable and forms a native ox-

ide layer rapidly in ambient conditions. Despite precautions taken to avoid this, contact

angle analysis confirmed that the process of using the pSi sample as a preconcentrator

did significantly reduce the contact angle, implying oxide formation. Therefore, pSi as-is

does not appear to be suitable for this application, as the material is too unstable.

An alternative hydrophobic surface was investigated in the form of silane functionalisation
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of the pSiO2 surface. Two different silanes were found to produce similar results; contact

angle analysis was used to confirm the hydrophobicity. The hydrophobic surface decreased

the preconcentration factors achieved for IPA, but had little effect on preconcentration

of heptane.

It is likely, therefore, that the main utility of hydrophobic functionalisation would be

to avoid interference from water. The effect of atmospheric water vapour has not been

considered in this chapter, as all experiments were carried out in dry nitrogen. Although

the PID does not ionise water vapour (its ionisation energy is 12.6 eV, while the PID’s

limit is 10.6 eV), and therefore it does not produce a voltage response, water vapour

may be expected to collect in the pSiO2 pores and potentially inhibit adsorption of VOC

molecules. This will be investigated in the following chapter.

It should be noted that, throughout this investigation, a Peltier device with temperature

limits of 5 - 70°C and a maximum heating rate of approximately 3°C s-1 was used to

cool and heat the preconcentrator. This is a much lower maximum temperature and

slower heating than is usually used in the preconcentrator literature. The device has

some significant advantages over other heating methods - for example, it is small, easy

to operate and safer, and has the ability to cool as well as heat, which has been clearly

demonstrated to improve the preconcentration. Although good preconcentration factors

were achieved with this system, more rapid heating to higher temperatures - as is done

in most preconcentration applications - may produce a sharper, taller peak.

However, the slower heating used here may cause different VOCs to be desorbed from

the surface at slightly different times, a functionality that may allow some differentiation

between different VOCs. This effect would have the potential to improve the selectivity

of a gas detector, as well as the sensitivity improvement demonstrated here. This slow

thermal desorption effect will be the focus of the next chapter, alongside an investigation

into the effects of humidity.
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Chapter 5

Temperature-Resolved Desorption of

Volatile Organic Compounds from

Nanoporous Preconcentrator

5.1 Introduction

The work described in the previous chapter demonstrated that nanoporous silicon and

silica preconcentrators can be effective at increasing the sensitivity of a sensor - in this

case, a photoionisation detector - to volatile organic compounds. There, the key principle

was that a dilute vapour can be concentrated and then released, to increase the signal

output from a detector. However, as discussed in Section 1.1.1 in the Introduction, the

lack of selectivity of the commercially available small, low-cost VOC sensors is perhaps

as great a problem as their sensitivity issues. The majority of these technologies sim-

ply output a total VOC concentration, with little to no differentiation between VOCs.

Since a preconcentrator constitutes a device which is added on to a sensor to improve

its sensitivity, a logical next step is to consider how such a device might also improve

the selectivity. Thus far, there has been very little focus on selectivity in the realm of

preconcentration research, as was also discussed in the Introduction in Section 1.1.3.

The preconcentration device investigated in the previous chapter includes a Peltier for

temperature control, which heats the pSiO2 substrate relatively slowly - and to relatively

low temperatures - in comparison with other heating devices. This chapter will inves-

tigate whether it is possible to harness this controlled heating to differentiate between

different VOCs, and therefore provide a pathway towards enhancing the selectivity of

the PID. After adsorption on a cooled pSiO2 surface, different VOCs are expected to

present different desorption profiles with temperature (i.e. with time) as the surface is

slowly heated. These differences between VOCs will depend on their activation energy

108



Temperature-Resolved Desorption of Volatile Organic Compounds from
Nanoporous Preconcentrator

for desorption, which is due to factors such as their strength of interaction with the pSiO2

surface, boiling point and other properties.

The aim, therefore, of the first half of this chapter was to characterise the desorption

curves of a set of six different VOCs with varying structures and properties, at a range of

concentrations. Thus far, experiments have all been carried out in an inert atmosphere of

dry N2; therefore a second aim was to carry out an investigation of the effect of humidity

on the measurement. Although the PID does not respond to water, the pSiO2 surface

is hydrophilic, so it is reasonable to expect that water vapour molecules will also be

adsorbed onto the pore walls, perhaps competing with the VOCs of interest. This part of

the investigation also included a hydrophobic silane-functionalised pSiO2 surface, as used

in the previous chapter; its effect on desorption and ability to inhibit any interference by

water were tested.

This work draws on the conclusions from the previous chapter; a low loading temperature

of 5°C and thicker pSiO2 layers of 20 - 30 µm, both found to maximise preconcentration,

were used throughout. Although long loading times were also found to improve precon-

centration, there must be a balance with practicality; loading times of 5 - 15 minutes

were used here.

5.2 Thermal Desorption of a Range of VOCs

The experimental data in this section (Section 5.2) was collected by William Winter, a

colleague. The data plotting and analysis was done jointly in collaboration with him; the

discussion is my own. The work described in this section has been previously published

and is reproduced from [127] with permission from the Royal Society of Chemistry.

For this work, a pSiO2 preconcentrator of type similar to P2 in Section 2.1.1 was fabricated

with an etch time of 720 seconds, giving a porous layer thickness of 32.3 µm, determined

by SEM. The experimental setup in this work was very similar to that used in the previous

chapter and has been previously described; the flow cell containing the preconcentrator

and a PID shown in Section 2.3.2 was added to the gas generation system (see Section

2.2.2). Benzene, toluene, o-xylene, limonene, methyl ethyl ketone (MEK) and isopropanol

(IPA) were purchased from Sigma-Aldrich and their vapours generated and calibrated as

previously (described in Section 2.2.1). These VOCs were chosen to represent a range of

functional groups and molecular weights, in order to understand any general trends; in

the future, specific VOCs/isomers of interest would be chosen for particular applications.

The molecular structures of each of these compounds are shown in Figure 5.1. The

flow rate through the flow cell was kept constant at 50 ml min-1 throughout this set of

experiments.
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Figure 5.1: Molecular structures of VOCs.

5.2.1 VOC Calibration Curves

As in previous work, a first step was to determine the response of the PID to each of

the VOCs at various concentrations, to determine linearity and to serve as a point of

comparison. During these measurements, the temperature of the pSiO2 in the flow cell

was held at 70°C; pure N2 was passed through the cell for 600 s, then the VOC of interest

at a known concentration was introduced into the N2 flow for a further 600 s. The PID

voltage was measured every 2 seconds throughout.

Figure 5.2: PID response against time as o-xylene is introduced at various concentrations.
Grey shaded areas show the sampling regions used to calculate the PID voltage at each
concentration.
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Figure 5.2 shows an example of how the PID voltage changes over time during this

measurement cycle, in this case under o-xylene at various concentrations. In all the

figures in this section which display a PID voltage plotted against time, the voltage has

been normalised so that it is zero at the onset of heating, to aid comparison. In Figure

5.2, the PID voltage clearly increases as o-xylene is introduced, reaching a plateau value

after a certain period of time. This is very similar to results seen for other VOCs in

previous chapters (e.g. Section 4.2.1). The time taken for the PID voltage to plateau is

due to the time it takes for the VOC to pass through the tubing and enter the cell, and

for the PID to respond to it.

In order to construct a calibration curve, the PID response voltage at each concentration

was calculated by subtracting the baseline voltage under N2 (averaged over 150 s) from

the PID voltage under VOC (also averaged over 150 s). The sampling regions are shown

by grey shading in Figure 5.2.

This process was carried out for each of the six VOCs; the results are plotted in Figure

5.3 as PID voltage response against concentration. Linear trendlines are also plotted in

the figure; the high regression coefficients (listed in Table 5.1) clearly demonstrate that

the response of the PID to each VOC increases linearly with concentration, which agrees

with both the manufacturer’s information and previous results in this thesis. Figure 5.3

also shows that the PID has different sensitivities to different gases, as the slopes of the

trendlines vary significantly.

Figure 5.3: PID response vs concentration for six different VOCs.

The relative sensitivities of the PID to different gases are measured and tabulated by

the manufacturer [87]. Table 5.1 compares these sensitivities (relative to isobutylene at

100%) with the slopes of the calibration curves in Figure 5.3. The manufacturer’s values
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are approximate; nevertheless, the general trend seems to be as expected: the PID is

far more sensitive to o-xylene than IPA, for example. The deviations from this trend

are benzene and especially toluene, for which the PID’s sensitivity appears lower than

expected. This may be due to the approximate nature of the manufacturer’s values and

differences in experimental setup (for example the use of N2 rather than air as the carrier

gas).

Table 5.1: Data from PID voltage vs VOC concentration trendlines for different VOCs.
Relative sensitivities from [87].

VOC Slope (mV/ppm) Intercept (mV) R-squared Relative sensitivity (%)

benzene 83.2 1.67 0.9980 200
toluene 17.5 0.81 0.9905 179
o-xylene 303.3 3.75 0.9974 200
limonene 65.9 2.13 0.9836 111
MEK 55.5 1.58 0.9974 104
IPA 14.1 1.79 0.9583 25

5.2.2 Varying VOC Concentration

Having established the PID response to each VOC, a preconcentration cycle was next

carried out. The PID voltage was monitored during a relatively slow (0.5°C s-1) controlled

desorption of VOC molecules from the pSiO2 preconcentrator’s surface.

The measurement cycle included the following steps:

1. Cleaning: pure N2 flow; temperature of pSiO2 held at 70°C for 600 s

2. Baseline established: VOC vapour introduced; temperature remains at 70°C for a

further 600 s

3. Temperature reduced to 5°C at a rate of 0.5°C s-1

4. Loading phase: pSiO2 temperature remains at 5°C with VOC vapour flowing for

300 s; VOC adsorbs into pSiO2

5. Release phase: temperature increased at a rate of 0.5°C s-1 back to 70°C; VOC

begins to desorb from pSiO2

6. Release/cleaning phase: temperature held at 70°C for 600 s to remove any remaining

VOC

An example of the applied temperature profile and the measured PID voltage is shown

in Figure 5.4 for 452 ppb of o-xylene. This figure shows that, as the temperature of

the pSiO2 is decreased from 70°C to 5°C, there is a slight decrease in the measured PID
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voltage. This has been observed and discussed previously in this thesis; it is due to a

proportion of the VOC molecules in the flow being adsorbed into the porous network,

and therefore not reaching the PID.

Figure 5.4: An example trace of PID voltage and temperature over time during a mea-
surement cycle for 452 ppb of o-xylene.

As the pSiO2 is held at 5°C, VOC molecules continue to accumulate in the porous network

until an equilibrium is reached; results from the previous chapter found that the time to

reach this equilibrium depends significantly on the VOC in question. Upon heating, be-

ginning at 0 seconds in Figure 5.4, the VOC begins to desorb. These desorbing molecules

cause a peak in PID voltage at a certain temperature of the pSiO2 (and therefore at a

certain time), which then decreases towards the initial baseline as the VOC molecules

leave the system.

The measurement procedure was carried out for the same six VOCs at the same concen-

trations as in the calibration curves above. Figure 5.5 shows all the data collected for

o-xylene at various concentrations, as an example. This figure shows that as the temper-

ature is increased, a peak in the measured PID voltage is seen for all concentrations; as

expected, higher o-xylene concentrations produce higher peak voltages. In addition, it

can be seen that the peaks coincide and occur at approximately the same time (i.e. the

same temperature). This behaviour implies that the rate of desorption is first order with

respect to o-xylene concentration. This resembles temperature-programmed desorption

(TPD) analysis, discussed in Section 1.2.2 in the Introduction, in which this first-order

behaviour is associated with desorption of intact molecules. This agrees well with the

linear correlation between peak height (i.e. amount adsorbed) and initial VOC concen-

tration seen in Section 4.2.3 in the previous chapter, as well as below in Figure 5.6, which

suggests that the adsorption process is also first order and that the molecules remain

intact.
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Figure 5.5: Temperature profile and PID response against time during measurement
cycles for o-xylene at various concentrations.

Although the focus of this chapter is on how the desorption temperature may be different

for different compounds, the desorption peak height is nevertheless still interesting as a

point of comparison between the VOCs. This was calculated from the point at which

heating begins (0 seconds) to the top of the peak, and is plotted for all VOCs as a function

of concentration in Figure 5.6. This figure shows that desorption peak height increases

approximately linearly with concentration for all the VOCs tested; it can, therefore, be

used as an analogue for the amount of VOC adsorbed in the pores. It should be noted

that peak height does depend on heating rate, as shown in Section 4.2.6 in the previous

chapter. This will be explored further in the next chapter; here the heating rate was kept

constant to enable comparison. As in Figure 5.3, o-xylene produced the largest peak

PID response. Limonene and MEK showed the next-largest peak voltage, followed by

benzene, IPA and toluene. However, some of this difference in response is due to the

inbuilt sensitivity of the PID to different VOCs.

In order to de-convolute the ordinary PID response from the effect of the pSiO2 pre-

concentrator, the peak PID voltages from Figure 5.6 were each divided by the slopes

from Figure 5.3 which are tabulated in Table 5.1. These slopes represent a constant of

proportionality between PID voltage and concentration for each compound; therefore,

this process normalizes the results, to remove the effect of the PID’s sensitivity to each

specific VOC.
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Figure 5.6: Peak PID voltage upon desorption vs concentration for six different VOCs.

This normalized peak PID response is plotted against concentration of each compound

in Figure 5.7. The relative slopes of these lines give a qualitative measure of the relative

amount of each VOC released from the pSiO2; this is greatest for MEK and IPA, followed

by limonene, o-xylene, toluene and then benzene.

Figure 5.7: Normalised peak PID response vs concentration for six different VOCs.

This order can be explained by considering the interaction of the VOCs with the surface.

MEK and IPA are polar and so have strong interactions with the silica surface, such as

dipole-dipole intermolecular forces and hydrogen bonds, and therefore a larger amount of

these molecules is adsorbed in the pores for these common loading conditions of time and

temperature. This phenomenon was seen in the previous chapter in Section 4.2.2, where a

similar preconcentrator was found to collect more of polar IPA than of non-polar heptane
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and toluene. Here, the remaining four compounds are less polar hydrocarbons, and the

desorbed amount decreases with decreasing molecular size and boiling point (given in

Table 5.2 below). The lighter, more volatile compounds such as benzene have a greater

affinity to the gas phase and so less is adsorbed in the pores.

5.2.3 Desorption Time and Temperature

The next step was to determine the times - and therefore temperatures - of the desorption

peaks for each VOC. As noted above, these desorption profiles bear a resemblance to those

obtained from first-order temperature-programmed desorption (TPD); therefore, the peak

desorption temperature is expected to vary with heating rate (see Section 1.2.2 in the

Introduction). The peak temperatures obtained and discussed here are therefore not a

fundamental property of each VOC/pSiO2 system; however, with the heating rate kept

constant, their relative values for the different VOCs are instructive. Peak temperatures

obtained from different heating rates can in theory be used to determine true fundamental

parameters such as the activation energy for desorption, and this will be investigated

further in the next chapter.

Traces of PID voltage over time for each VOC at comparable concentrations are plotted

in Figure 5.8 for qualitative comparison. This figure clearly shows that the desorption

peaks do occur at different times; the peak for benzene, for example, appears before the

others.

Figure 5.8: Traces of PID voltage over time during measurement cycles for comparable
concentrations of all VOCs. Dashed grey line shows temperature (right-hand y-axis).

The times and temperatures of the maxima of the peaks in Figure 5.8 are presented in

Table 5.2, alongside some relevant properties of the VOCs. From this data we can see

that, upon heating, benzene desorbs first at 50.6 s, followed by toluene at 86.6 s, then
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o-xylene at 112.6 s and limonene at 143.2 s. IPA and MEK desorb last at almost the

same time, 149.4 and 149.9 s respectively.

Table 5.2: Selected properties (from [79]) and measurement results for different VOCs.

VOC
Molar mass Boiling Ionisation Concentration Peak Peak
(g mol-1) point (°C) energy (eV) (ppm) time (s) temp. (°C)

benzene 78.11 80.1 9.2 0.44 50.6 24.8
toluene 92.14 110.6 8.8 0.44 86.6 42.6
o-xylene 106.17 144.4 8.6 0.45 112.6 55.6
limonene 136.24 176.0 8.3 0.47 143.2 68.8
MEK 72.11 79.6 9.5 0.32 149.9 69.9
IPA 60.09 82.5 10.2 0.47 149.4 69.8

A significant correlation was found between the boiling point of each VOC and its tem-

perature of peak desorption from the pSiO2; this relationship is plotted in Figure 5.9.

Figure 5.9: Temperature of the desorption peak of each VOC (at 0.5°C s-1 heating rate)
as a function of its boiling point.

For the aromatic and double-bonded hydrocarbon compounds benzene, toluene, o-xylene

and limonene, the peak desorption temperatures increase, apparently linearly, with their

boiling points (at this heating rate). This follows the same trend as the amount of VOC

released from the porous silica, shown in Figure 5.7, and is believed to be because these

four compounds have similar affinities to the pSiO2 surface, as discussed above. On the

other hand, the polar compounds MEK and IPA form significantly stronger bonds to

the silica surface, so although their boiling points are similar to that of benzene, a much

higher temperature is required to desorb them from the surface. It should be noted that

MEK and IPA both desorbed at almost exactly at the maximum temperature of 70°C; it
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is possible that increasing the upper limit of the temperature range could result in better

separation of the desorption peaks of these compounds.

Nevertheless, this study has achieved the aim of demonstrating that the desorption pro-

files of different VOCs from the pSiO2 preconcentrator as it is heated in a controlled

manner differ significantly. At the heating rate of 0.5°C s-1 investigated here, the peak

desorption temperatures varied on the order of tens of degrees. This could form the basis

of a method for adding some selectivity capability to a commercially available sensor such

as a PID, after further investigation. One necessary area of investigation is the effect of

humidity on such measurements, which will be the focus of the following section.

5.3 Effect of Surface Functionalisation and Humidity

on Thermal Desorption of IPA and Octane

For the following work, the focus was narrowed to two VOCs: one polar alcohol, IPA,

and one non-polar alkane, octane. These were chosen because it will be instructive to

compare the effects of a water-vapour-containing environment on a hydrophilic compound

vs a hydrophobic one. These compounds were once again purchased from Sigma-Aldrich

and gravimetric calibrations carried out to determine their vapour-phase concentrations.

The experimental setup was very similar to that described in the previous Section 5.2;

here, however, a pSiO2 preconcentrator of type P2 (see Section 2.1.1) with a porous layer

thickness of 21.0 µm was used, and the gas flow rate through the cell was maintained at

100 ml min-1.

Throughout this section, a measurement procedure similar to the one used in the previous

section was carried out, as follows:

1. Cleaning: pure N2 flow; temperature of pSiO2 held at 70°C for 10 min

2. PID response established: VOC vapour introduced; temperature remains at 70°C

for a further 10 min

3. Steps 1 and 2 repeated twice more (cleaning time reduced to 5 mins during repeats)

to obtain three measurements of the PID response

4. Loading phase: with VOC flowing through cell, pSiO2 temperature reduced to 5°C

at a rate of 0.5°C s-1 and held there for 15 mins total; VOC adsorbs into pSiO2

5. Release phase: temperature increased at a rate of 0.5°C s-1 back to 70°C and held

there for 10 mins total; VOC desorbs from pSiO2

6. Steps 4 and 5 repeated twice more to obtain three measurements of the desorption

peak
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7. Cleaning: Valve switched back to pure N2 with temperature still at 70°C for 5 min

to remove any remaining VOC

This procedure was used to obtain both the ‘normal’ PID response to each VOC (steps

1-3) as well as to measure the peak PID response during a controlled thermal desorption

(steps 4-6). Measurements were first carried out with an oxidised but non-functionalised

pSiO2 preconcentrator. Subsequently, following on from the work in the previous chap-

ter, all measurements were repeated on a second, identical pSiO2 preconcentrator which

had undergone hydrophobic surface functionalisation following the procedure detailed in

Section 2.1.3 with methoxy(trimethyl)silane. The aim of this was to determine if the

hydrophobic functionalisation reduces the impact of water vapour on the adsorption and

desorption of the VOCs.

5.3.1 Thermal Desorption Without Humidity

First, the desorption peaks of IPA and octane were measured without any water present,

to provide a point of comparison. The measurement procedure detailed above was fol-

lowed with dry N2 as the carrier gas. This procedure was repeated at five different

concentrations of each VOC.

Figure 5.10: An example trace showing PID voltage and temperature over time during a
measurement cycle for 1.1 ppm of IPA on P2 pSiO2. The shaded areas show when IPA
was introduced into the flow.

An example measurement trace is given in Figure 5.10. In the first section, IPA (shown by

the shaded area) is introduced and removed from the flow repeatedly with the temperature

held at 70°C, causing the PID voltage to increase and decrease respectively. Subsequently,

the temperature of the pSiO2 is repeatedly lowered to 5°C and then raised back to 70°C
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with IPA flowing through the cell, causing peaks in the PID voltage. These occur as the

temperature is raised and IPA is desorbed from the pSiO2.

IPA and octane calibration curves

The PID response (without any preconcentration) to IPA and octane at a range of con-

centrations was calculated by averaging over the top of the plateaus in the first half

of Figure 5.10. For each VOC concentration, the mean of these three measurements is

plotted in Figure 5.11b, with the standard deviation plotted as error bars. Figure 5.11a

shows that the slope of the trendline of PID voltage vs concentration is greater for octane

than for IPA; this is due to the PID’s different sensitivity to the different VOCs as noted

earlier in Section 5.2.1 (25% relative sensitivity to IPA; 63% relative sensitivity to octane

[87]).

(a) With non-functionalised pSiO2 in flow cell
(b) With hydrophobic functionalised pSiO2 in
flow cell

Figure 5.11: PID response to varying concentrations of octane and IPA with no precon-
centration.

Interestingly, when the non-functionalised pSiO2 was replaced by hydrophobic function-

alised pSiO2, these slopes appear to be slightly different, as shown in Figure 5.11b where

all four cases are plotted together. For octane, the slope decreased from 0.054 to 0.046,

whereas for IPA it appeared to increase from 0.028 to 0.041. This may be due to a

number of factors; for example, in the case of IPA with the hydrophobic preconcentrator,

the R-squared value is less than 0.95 and there is clearly some deviation from the linear

trendline, so it may be caused by error. In addition, later work in the following chapter

suggests that VOC concentrations generated by the gas generation system are not always

reliable, especially in cases where a dilution step is used to decrease the concentration.

There is also the possibility that the act of opening up the flow cell to replace the pre-

concentrator caused some slight change to the PID; this seems possible, as previous work
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has demonstrated that the same nominal concentration of VOC may produce slightly

different PID voltages if the setup has been changed between measurements. Finally, it

is possible that the different pSiO2 surfaces do in fact have an impact on the measure-

ment. The distribution of VOC molecules between the pores and the vapour phase is an

equilibrium, meaning that some molecules may be collected in the pores even at the high

temperature of 70°C, which may contribute to this discrepancy.

Desorption peak heights and preconcentration factors

Figure 5.12 shows the peak PID voltage reached upon desorption of the VOCs from the

pSiO2 preconcentrator, i.e. the height of the sharp peaks shown in Figure 5.10. This peak

height was calculated from just before heating began, by averaging over a time period of

50 s immediately prior to heating and subtracting this from the maximum of the peak.

The mean of the three repeats in each case is plotted in Figure 5.12 and the standard

deviation plotted as error bars; this is the case for all the figures in this section.

(a) Non-functionalised P2 pSiO2 preconcentra-
tor

(b) Hydrophobic functionalised P2 pSiO2 pre-
concentrator

Figure 5.12: Peak PID response to varying concentrations of octane and IPA during
desorption.

Figure 5.12a demonstrates that the peak PID response in both cases appears to increase

linearly with VOC concentration, as seen in the first half of this chapter. The response to

IPA is slightly greater than the response to octane, despite the PID’s inbuilt sensitivity to

octane being larger (see Figure 5.11a). This echoes the results seen earlier in this chapter

in Section 5.2.2, and is attributed to the pSiO2 preconcentrator collecting more IPA than

octane, due to its enhanced affinity with IPA. This difference is shown even more clearly

in Figure 5.13 below, which plots the preconcentration factors.

Figure 5.12b shows the same data as Figure 5.12a, with the addition of the PID peak

heights after preconcentration on a hydrophobic functionalised pSiO2 preconcentrator.
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This figure shows that while the peak PID voltage during desorption of IPA is lower

with the hydrophobic preconcentrator, for octane it is higher. In fact, the hydrophobic

pSiO2 responds better to octane than IPA; the opposite of the non-functionalised pSiO2.

It should be noted that functionalisation will slightly decrease the pore size, which may

have effects such as a decrease in internal surface area and inhibiting transport within

the smallest pores.

These results are confirmed by Figure 5.13, which shows preconcentration factors plotted

against concentration. As in the previous chapter - and explained in detail in Section

1.2.3 in the Introduction - the preconcentration factor is calculated by dividing the peak

PID voltage upon desorption by an average of the voltage just before heating begins.

This provides a measure of the factor by which the preconcentrator increases the PID

voltage response, and removes some of the difference due to the inbuilt PID sensitivity

to different VOCs.

(a) Non-functionalised P2 pSiO2 preconcentra-
tor

(b) Hydrophobic functionalised P2 pSiO2 pre-
concentrator

Figure 5.13: Preconcentration factors for varying concentrations of octane and IPA.

For example, Figure 5.13a shows that the preconcentration factor for IPA is much larger

than for octane, especially at low concentrations, despite the fact that the peak heights

for both VOCs are similar (Figure 5.12a). This is because the PID’s inbuilt response to

IPA is lower, so the preconcentrator provides a more significant enhancement in this case.

Similarly, Figure 5.13a shows that preconcentration factor increases at lower concentra-

tions, the opposite trend to the peak height. This has been demonstrated in the previous

chapter in Section 4.2.3, and the explanation follows similar reasoning: the PID response

to low VOC concentrations is very small, so the preconcentrator has a greater effect.

Figure 5.13b compares the preconcentration factors from the two types of pSiO2 pre-

concentrator - non-functionalised and hydrophobic. Once again, this figure makes it

clear that the hydrophobic preconcentrator provides a poorer preconcentration factor
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for IPA than the plain pSiO2, while its preconcentration factor for octane is improved.

This implies that while more IPA is adsorbed onto the silica-terminated surface than the

methyl-terminated surface (due to the strong bonding between the IPA and the Si–OH

surface groups, as discussed previously), the opposite is true for octane. When the surface

is methyl-terminated, the interactions between the –CH2 and –CH3 groups on octane

with those on the methyl groups appear to be slightly stronger than between octane and

the silica surface.

Desorption temperature

Finally, the temperature at which the desorption peak occurs during heating of the pre-

concentrator (at 0.5°C s-1) is plotted in Figure 5.14. The first thing to note from this

figure is that, in all cases, there is little variation of the peak desorption temperature

with VOC concentration; the slopes of all the lines are approximately flat. As discussed

in Section 5.2.2 above, this suggests that the desorption process is first-order, i.e. non-

recombinative; the analytes are adsorbed onto the surface as entire molecules with no

chemical change having taken place, and so the surface coverage does not have an effect

on the desorption temperature.

(a) Non-functionalised P2 pSiO2 preconcentra-
tor

(b) Hydrophobic functionalised P2 pSiO2 pre-
concentrator

Figure 5.14: Temperature of the desorption peak for varying concentrations of octane
and IPA.

Figure 5.14a compares the peak temperatures for IPA and octane, which are clearly

significantly different: octane desorbs at around 38°C, while IPA desorbs at around 69-

70°C (note that this agrees very well with the IPA desorption temperature found in the

previous part of this chapter; see Table 5.2). Comparison with the hydrophobic pre-

concentrator, the results for which are shown in Figure 5.14b, indicates that while the

desorption temperature of IPA is not significantly different, octane desorbs at a temper-
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ature approximately 10°C higher, likely owing to its improved intermolecular bonding

with the alkyl-chain-terminated surface, which requires a higher temperature to break.

As noted above in Section 5.2.3, the IPA peak desorption temperature seen here is very

close to the maximum temperature of 70°C, so it is possible that heating to a higher

temperature would show a difference between the non-functionalised and functionalised

surfaces for IPA as well. Nevertheless, these results are promising in terms of developing

a device to enhance the selectivity of VOC detectors. Not only do different VOCs desorb

at different temperatures (and therefore different times), the surface type of the precon-

centrator also has an effect. This suggests that simultaneously analysing the signal from

a set of two (or more) preconcentrator/detector devices with different surface chemistries

may allow even better distinction between VOCs.

5.3.2 Thermal Desorption With Humidity

The previous section discussed the differences in desorption characteristics of IPA and oc-

tane from a non-functionalised silica preconcentrator and a hydrophobic alkyl-terminated

preconcentrator. In the following section, all the measurements discussed above were re-

peated, this time with water vapour present in the gas flow system. This was achieved by

placing an open, unsealed permeation tube of pure distilled water in the OVG alongside

the IPA/octane permeation tube. The open tube allowed a greater quantity of water

vapour to evaporate into the N2 flow, as it was not constrained by permeation rate. A

gravimetric calibration was carried out and found that the concentration of water vapour

was approximately 600 ppm. While this is lower than typical indoor humidity, it is still

400 - 500 times higher than the concentration of the VOCs under test, and therefore

provides a good initial indication of how the system will perform with a much larger pro-

portion of water molecules possibly competing with the VOC molecules for adsorption

sites.

An approximate calculation can aid understanding of this system. It is useful to know

an approximate coverage of adsorbed molecules on the internal surfaces of the pores, and

if a monolayer or a multilayer is present.

To that end, a calculation will be carried out similar to the one in Section 3.4.1 in a

previous chapter. To find the total number n of VOC molecules which pass over the

pSiO2 preconcentrator during loading, Equation 5.1 can be used. Here, G is the flow

rate in L min-1 during a loading time t in minutes; C is the concentration in ppm of the

relevant VOC in the carrier gas; N is Avogadro’s constant, and Vm is the molar volume,

in L mol-1, of an ideal gas at room temperature and pressure. This equation includes the

assumption that the VOCs behave ideally, which is a reasonable assumption given the

low concentrations present. These values have been input into Equation 5.1 for octane,
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at its maximum concentration used here of 1.6 ppm, giving a total of 6.0 × 1016 octane

molecules having passed through the cell .

n =
G× t× C × 10−6 ×N

Vm

(5.1)

In Section 3.4.1, it was found that the pSiO2 preconcentrator had a collection efficiency

of approximately 20% of the DMNB molecules passed over it. While different VOCs

are considered in this case, and the porous layer used has a greater thickness, this is

nevertheless a reasonable estimate of the collection efficiency to use for an approximate

calculation. Therefore, it can be estimated that 1.2× 1016 octane molecules are collected

by the preconcentrator during loading.

To determine the coverage of the surface by these molecules, the total surface area of

the porous layer must be calculated. The porous layer is a cylinder of diameter 15 mm

and height 21 µm, therefore its volume is 3.7× 10−3 cm3. Since the porosity of the layer

is approximately 50% and the density of silica is 2.65 g cm-3, its mass is approximately

4.9 ± 0.2 × 10−3 g. The surface area per gram of the porous silica has been found to

be 120.4 m2 g-1 by nitrogen isotherm analysis (see Section 2.1.4). Multiplying this by

the mass of the layer gives an estimate for the total surface area of 0.59± 0.2 m2. Note

that the N2 molecules used to determine the surface area are smaller than the VOCs

used here, so it is likely that the surface area available to the VOCs is slightly smaller

than the measured area (due, for example, to narrow pore openings). However, this value

represents a best estimate which is acceptable for an approximate calculation.

Determining the surface area each molecule covers is not trivial; among other prob-

lems, the orientation of the molecules on the surface is unknown. Assuming the octane

molecules lie flat (and immediately adjacent to one another), the surface area covered by

each octane molecule is approximately 180 Å2 [128]. For octane, therefore, the number

of molecules required to completely cover the surface in a monolayer would be approx-

imately 3.1 × 1017. Since an estimated 1.2 × 1016 octane molecules have been collected

by the pSiO2 at the maximum concentration, approximately 4% of the surface would be

covered. This percentage would of course be lower if the molecules were standing on end.

The polar surface area of IPA is 20 Å2 [129] (assuming the polar –OH part of the molecule

is in contact with the surface) and its maximum concentration is 1.1 ppm, so repeating

this calculation for IPA gives a coverage of around 0.3%.

A recent paper found that the area of a water molecule when adsorbed onto silica at

room temperature is 30 Å2 [130]. Here, water vapour is present at approximately 600

ppm; carrying out the calculation with these inputs gives a coverage of 240%. Therefore,

there is enough water vapour present to cover the surface in more than a monolayer,
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and possibly for multilayer formation to begin. (It must be noted that it is not known

whether this occurs or not; it will depend on the equilibrium conditions for adsorption of

water at the particular temperature.)

However, the conclusion from this approximate calculation is that, even at the maximum

concentrations used, the coverage of VOC molecules on the surface is significantly less

than a monolayer. On the other hand, the coverage by water molecules is likely to be

much higher, so it seems probable that water molecules might interfere with and inhibit

the adsorption of the VOCs.

IPA and octane calibration curves

Figures 5.15a and 5.15b show the ‘normal’ PID response (without preconcentration) to

octane and IPA respectively, in all four different scenarios (plain pSiO2 and hydrophobic

preconcentrators with and without water vapour present). Note that, in these and all the

following figures, the top x-axis marks the water vapour concentration.

(a) Octane (b) IPA

Figure 5.15: PID response to varying concentrations of octane and IPA with no precon-
centration.

Figures 5.15a and 5.15b show that although there are slight differences in the PID response

in these different situations, these are nevertheless very small, and the presence of water

does not have a significant impact. This is as expected, since the PID itself does not

respond to water vapour; the ionisation energy of water is higher than the PID lamp

energy. Possible reasons for the small variations in response were discussed above.

Desorption peak heights and preconcentration factors

The PID voltage peak heights during desorption of octane and IPA are plotted against

concentration, once again for all four scenarios, in Figure 5.16. For octane (Figure 5.16a),
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the presence of water vapour does decrease the peak height achieved from the plain pSiO2,

although not hugely so at most concentrations. At high octane and water concentration,

however, the difference is greater: in fact, the trend is no longer as linear in this case,

with a lower R-squared value of 0.95. Instead it appears to plateau, demonstrated by the

dashed line in Figure 5.16a. This suggests perhaps that at high water vapour concentra-

tion, competition for adsorption sites becomes significant and additional octane ceases to

be adsorbed.

(a) Octane (b) IPA

Figure 5.16: Desorption peak height from P2 pSiO2 at varying concentrations of octane
and IPA.

Upon desorption from the hydrophobic sample, the peak height is once again lower with

water vapour present, suggesting perhaps that the surface is not entirely hydrophobic.

However, the difference is not so great, so the hydrophobicity does appear to have coun-

teracted the effect of water to an extent.

In the case of IPA (Figure 5.16b), the peak height with water present after desorption

from plain pSiO2 appears slightly higher than without water present. For the hydropho-

bic preconcentrator, water vapour seems to make very little difference to IPA adsorption.

This may be due to the fact that IPA and water are miscible, while octane and water are

not; any water adsorbed on the surface is likely to have a negative effect on octane ad-

sorption, while IPA may continue to adsorb in the presence of water as the two substances

have favourable interactions.

The preconcentration factors, presented in Figure 5.17, show similar trends. For octane

(Figure 5.17a), preconcentration factors are lower on both preconcentrators when water

vapour is present; slightly less so on the hydrophobic sample. For IPA (Figure 5.17b),

however, the preconcentration factors are more similar with and without water in both

cases.
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(a) Octane (b) IPA

Figure 5.17: Preconcentration factors for desorption from P2 pSiO2 at varying concen-
trations of octane and IPA.

Overall, however, these results are promising: even when present at 400 - 500 times the

concentration of the VOCs of interest, water vapour does not make a significant difference

to the preconcentration of either VOC. In fact, it is clear from Figure 5.17 that the type

of preconcentrator surface used has a greater impact on preconcentration factor than the

presence or absence of water vapour.

Desorption temperature

The final analysis of this set of data is the desorption temperature, which is the most

important measure for selectivity applications. This is plotted against concentration for

the four different scenarios in Figure 5.18a for octane and Figure 5.18b for IPA (note

the different y-axis scales in the two figures). Both figures show that the presence or

absence of water vapour makes negligible difference to the desorption temperature. This

is promising for the applications of this thermal separator device; even in controlled

environments, water vapour concentration can fluctuate, so a device upon which this

does not have an impact is ideal. Of course, this would need to be tested at a wider

range of relative humidities closer to ambient conditions, but these initial results seem

promising.
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(a) Octane (b) IPA

Figure 5.18: Peak desorption temperature from P2 pSiO2 at varying concentrations of
octane and IPA.

5.4 Effect of Preconcentration Conditions on Des-

orption Peak Temperature

In order to improve understanding of thermal desorption from the pSiO2 preconcentrator,

it may be instructive to consider once again some of the data from the previous chapter.

Re-analysis of the desorption peaks of IPA at different loading times (from Section 4.2.4)

was done to determine if the desorption temperature changes depending on loading time.

It should be noted that, in this experiment, the loading temperature (5°C) and heating

rate (0.5°C s-1) were the same as used in this chapter, but a different pSiO2 preconcen-

trator was used; the porous layer was only 13.2 µm thick (as opposed to 21.0 µm) but it

was otherwise identical.

Figure 5.19 shows that there does in fact appear to be some variation in peak desorption

temperature with loading time. The trend is not smooth and the error bars are large

in places, but at shorter loading times, peak temperature is slightly higher, seeming to

decrease and then flatten off at high loading times. This plateau appears to occur at

roughly the same loading time - approximately 180 minutes - as a state of equilibrium

between IPA molecules in the air and on the surface is believed to be reached, as discussed

in Section 4.2.4. Therefore, it appears to be the case that once the system is in its

equilibrium state, a lower temperature is required to remove the IPA molecules from the

surface.

This is a phenomenon that is sometimes seen in TPD analysis, and may be attributed

to lateral intermolecular interactions between IPA molecules once the surface coverage

gets higher at longer loading times. Such lateral repulsion between molecules can pro-
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Figure 5.19: Peak desorption temperature from P4 pSiO2 at different loading times of
1.1 ppm IPA.

vide a driving force for desorption and reduce the desorption enthalpy and therefore the

temperature required.

One other thing to note from Figure 5.19 is that, even at short loading times, the peak

desorption temperature does not quite reach the 69 - 70°C found for IPA earlier in this

chapter. The main difference between the two measurements was the use of a thinner

pSiO2 layer, therefore this is likely to be the cause of the change. To test this hypothesis,

a second set of data from the previous chapter - namely, the desorption peaks at different

pSiO2 layer thicknesses described in Section 4.2.5 - was re-analysed to find the peak

temperatures. Once again, these data were taken at a 0.5°C s-1 heating rate.

Figure 5.20: Peak desorption temperature of 1.1 ppm IPA from pSiO2 layers of different
thicknesses after a 15-minute loading time at 5°C.
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This data is presented in Figure 5.20. This figure shows that there is a dramatic decrease

in the peak desorption temperature of IPA with porous layer thickness, down to approxi-

mately 23°C for a 1.8 µm thick porous layer. (Note the difference in y-axis scales between

Figures 5.19 and 5.20; the temperature variation in the latter figure is much greater.)

This figure makes it clear that the peak ‘temperature’ being measured in this chapter is

not purely due to the pSiO2 temperature. It is evident that complicating factors such

as the time taken to transport desorbed VOC molecules up the pores and out of the

nanoporous layer, and then to the PID, have a significant effect. Since temperature is

coupled with time, the much higher desorption ‘temperature’ measured for the thicker

pSiO2 layer is almost certainly in part due to the longer time taken for molecules to move

up the deeper pores.

This is supported by evidence from one study, where it was found that IPA (and other

alcohols) took a few minutes to diffuse through a porous silica layer around 200 µm thick,

with porosity 70% (higher than the approx. 50% porosity of the pSiO2 used in this work)

[131]. Therefore, in this case, delays of tens of seconds while the molecules diffuse through

these thinner porous layers seems reasonable.

This section has made it clear that preconcentration conditions have a significant effect

on the measured desorption temperature of the VOCs. This is not a problem for ap-

plications of the thermal separation device; as long as parameters such as heating rate

are kept constant, peak temperatures seem to be repeatable and predictable. In fact,

this could be investigated further and exploited in future to produce greater separation

between the peaks of different VOCs. Nevertheless, it will be useful to achieve a greater

understanding of the temperature profile and gas flow in the device, and to that end some

basic simulations of the system will be carried out in the next chapter.

5.5 Conclusions

In this chapter, the ability of a nanoporous silica preconcentrator to enhance the selec-

tivity of a commercially available VOC sensor (here a photoionisation detector) has been

investigated. The measurement approach includes adsorption of the VOC molecules by

the preconcentrator at low temperature, as is commonly done in preconcentration ap-

plications. However, the subsequent slow, controlled increase of the pSiO2 temperature

used here allows the desorption peaks of different VOCs to be separated in temperature

and therefore in time, providing a pathway towards selective detection.

In the first half of the chapter, the desorption peaks of of six different VOCs at a range

of concentrations was characterised. The peak height was found to increase linearly with

concentration, and the peak temperature during desorption was found to depend on the
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boiling point of the VOC, as well as its affinity to the porous silica surface. Desorption

temperature increased with boiling point for the non-polar VOCs, while the polar VOCs

tested had much higher desorption temperatures despite their low boiling points. In

addition, the relative quantity of VOC adsorbed in the pores depends on the same factors.

In the second half of the chapter, different surface chemistries were investigated, with

a hydrophobic functionalisation of the nanoporous silica surface found to improve ad-

sorption of a non-polar alkane, while it reduced the adsorption of a polar alcohol. The

different surface chemistries also caused a difference in desorption temperature, which is

promising for the development of a device which can differentiate between such VOCs.

Subsequently, these two types of preconcentrator were also tested in the presence of water

vapour. Although the water vapour, present at 400 - 500 times the VOC concentration,

did decrease the preconcentration factors slightly, it did not appear to have a significant

impact on desorption temperature, which is promising for the ultimate goal of a device

which can operate in ambient conditions.

In conclusion, the work presented in this chapter demonstrates that this nanoporous

silica based thermal separator device shows great promise for improving the selectivity

of VOC detection. Using the device together with a low-cost broadband VOC detector,

the peak desorption temperature and/or the profile of the desorption peak could be

analysed to discriminate between VOCs. Although the slow temperature ramp used here

results in a lower peak response than the fast increase to high temperatures commonly

used in preconcentration research, there is still some improvement in the sensitivity of

the detector, with preconcentration factors up to approximately 22 for 100 ppb of IPA.

Therefore, the device may perform two functions at once, potentially enhancing both

sensitivity and selectivity.

Further work on this device and its applications needs to be undertaken, however. First

and foremost, testing with mixtures of VOCs must be done, to determine whether the

desorption peaks from multiple compounds can be effectively separated and measured.

This will be the focus of the next chapter, including testing of this separation process

for the BTEX compounds (benzene, toluene, ethylbenzene and xylene), which are indus-

trially important. It has been found that preconcentration conditions have an effect on

the peak desorption temperature, so some basic simulations will be done to attempt to

improve understanding of the system; the heating rate will also be varied and optimised.
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Chapter 6

Separation of Mixtures of Volatile

Organic Compounds using

Nanoporous Silica

6.1 Introduction

The work presented in the previous chapter demonstrated that the technique of relatively

slow, controlled desorption of volatile organic compounds from a nanoporous silica pre-

concentrator can potentially allow discrimination between the VOCs. This results from

the separation in temperature/time of their desorption peaks, as measured by a photoion-

isation detector in this case; the ‘thermal separator’ device therefore has great potential

to add selectivity capability to the PID, which otherwise simply measures a total VOC

concentration.

A next step is to test this device with mixtures of VOCs, to investigate its ability to

detect each component; this is the aim of this chapter. Firstly, a mixture of two VOCs

which are quite different in chemistry - one polar and one non-polar - is studied over

a range of concentration ratios and heating rates. Mathematical analysis of the set of

desorption profiles is carried out to determine limits of detection for each compound in

the presence of the other.

In the second half of the chapter, a specific, industrially important vapour mixture case is

investigated: the ‘BTEX’ compounds benzene, toluene, ethylbenzene and xylene. These

VOCs, in particular benzene, are extremely harmful to human health; there are strict

guidelines in place across the world limiting their acceptable ambient concentrations, to

around 1 ppb in the case of benzene [6, 132]. While emitted by many anthropogenic

processes, their concentrations in industrial plants such as petrochemical processing may
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be especially high, and monitoring the amount to which workers are exposed is therefore

important.

The Introduction to this thesis (Section 1.1.1) has already discussed the lack of com-

mercially available small, portable, selective sensors for VOCs. This difficulty extends to

the BTEX compounds, which are very similar in molecular structure and chemistry, and

therefore difficult to detect selectively. Current monitoring methods generally involve

sampling followed by transport to a facility where gas chromatography can be employed

to determine their concentrations [132, 133]. This process has several disadvantages, such

as the lack of any real-time spatial or temporal measurement. Therefore, research has

been undertaken into alternative selective detection methods for the BTEX compounds.

This typically falls into one of a few categories:

Colorimetric sensor research is based on the radiation absorption of the BTEX com-

pounds in the visible range [132]. Here, gases are preconcentrated on an adsorbent such as

mesoporous silicate, before heating to desorb them into a UV spectrometer detection cell,

where specific absorption peaks for the different BTEX gases are observable [134, 135].

Low detection limits of around 1 ppb of benzene were achieved on a portable sensor sys-

tem [136], though detection limits of individual BTEX compounds within a mixture have

not been obtained by this method, and other difficulties such as a long sampling time

and the interference of other air compounds in the UV spectrum were encountered [132].

Metal oxide semiconductor (MOS) sensors have been some of the most researched

recently for this application, as they are low-cost with fast response times; they work by

measuring the change in resistance of a metal oxide layer as VOCs adsorb [137]. Com-

mercially available metal oxide sensors do already exist, as discussed in the Introduction,

but they cannot identify BTEX compounds in a mixture [138]. In the past couple of

years, various MOS sensors have been designed which have selectivity for BTEX over

other VOCs and achieve low detection limits of 3 - 10 ppb for individual or unspecified

mixtures of BTEX, but without attempting individual BTEX detection from a mixture

[139, 140, 141, 48]. Earlier this year, however, an array of bi-layer sensors of SnO2 and

Rh-TiO2 was developed that could discriminate benzene, toluene and p-xylene from a

mixture by principal component analysis at concentrations of 1 - 5 ppm [142]. Although

this is promising, there remain disadvantages such as the high temperatures required

(sometimes > 400°C), and the relatively high concentrations detected so far. A recent

work found that a MOS sensor responds at room temperature to 100 ppm of BTEX,

although this is far too high a concentration for the necessary applications [143].

Portable gas chromatography (GC) is the third main technique employed for BTEX

detection, generally including a preconcentrator, a GC column and a detector such as a

PID or MOS sensor. Such systems have been shown to achieve low detection limits of the
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order of 1 ppb [144, 145]. One group in particular has recently achieved detection limits <

1 ppb of each BTEX compound from a mixture, a significant achievement [146, 147, 47].

Such systems, however, are relatively large (briefcase-size) and expensive compared to

other portable detectors, have a higher power consumption, and high temperatures >

300°C required for desorption. The GC column separates the peaks of the VOCs in time,

leading to longer analysis times than other systems [144].

A few other types of detection have also been investigated; for example, an optical sensor

based on a fluorescent film was found to be selective for BTEX over other VOCs [148].

Initial tests of a binary mixture suggested the possibility for discrimination between

BTEX compounds based on the recovery time of the film fluorescence, although the

detection limits were relatively high; nearly 10 ppm for benzene. Another recent work

combined a preconcentrator based on an aromatic-specific receptor molecule ‘EtQxBox’

with a PID [149]. Stepping the temperature up by around 50°C at a time, somewhat

similar to the thermal desorption method described in this thesis, gave different time

responses for benzene and toluene; benzene was detected at around 1 ppb in the presence

of toluene. This is another promising sensor system, although again high desorption

temperatures of 250°C are required; the receptor is a complex synthetic organic structure,

and may present long-term challenges such as retention and structure stability after

multiple heating/cooling cycles which are yet to be addressed.

In summary, the selective detection of BTEX compounds from a mixture is a highly

relevant problem, with much work yet to be done before it is routinely possible in small,

portable, low-cost commercial detectors. The second half of this chapter aims to work

towards this goal using the nanoporous silica based thermal separator device.

6.2 Separation of IPA and Octene

The experimental data in this section (Section 6.2) were collected by Joshua Prestage,

a colleague; the presentation and discussion of the data are my own. The mathematical

analysis in Section 6.2.3 was done by Dr Shamus Husheer, a collaborator. The work de-

scribed in this section has been submitted for publication and is reproduced with permission

from ACS Sensors. Unpublished work copyright 2021 American Chemical Society.

For an initial investigation into individual species detection from a VOC mixture, iso-

propanol (IPA) and 1-octene were chosen. IPA is polar and hydrophilic while octene

is non-polar and hydrophobic; they are therefore expected to have different interactions

with the surface of the pSiO2 preconcentrator, which may allow their desorption peaks to

occur over different temperature ranges, as found in Section 5.2 in the previous chapter.

The aim, therefore, was to achieve separation of these two peaks.
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A similar experimental setup was used to that described in the two previous chapters. A

pSiO2 preconcentrator identical to that used in Section 5.2 - with porous layer thickness

32.3 µm - was fabricated and thermally oxidised, and placed inside the flow cell containing

a PID pictured in Section 2.3.2.

The vapour generation system, however, was slightly different to that previously de-

scribed: in order to generate mixtures of the two VOCs in varying ratios, a separate

vapour generator (OVG) was used for each compound. IPA and octene were obtained

from Sigma-Aldrich and their vapours generated and calibrated as previously described

(Section 2.2.1). Dry air was used as the carrier gas, and the flow through each OVG was

subsequently controlled by mass-flow controllers to set the VOC concentration. The two

flows, each comprised of dry air containing a known concentration of VOC vapour, were

combined inside a manifold to create a mixture. Additional dry air may also be added

here to dilute the VOC vapour, and the flow through the cell containing the thermal

separator device and the PID was kept constant at 100 ml min-1.

The measurement cycle used for these experiments was likewise similar to that employed

previously, and consisted of the following steps:

1. Baseline established: temperature of pSiO2 held at 70°C for 15 min

2. Loading phase: pSiO2 temperature reduced to 5°C at a controlled rate (0.5 - 1.5°C

s-1) and held there for 5 mins; VOC adsorbs into pSiO2

3. Release phase: temperature increased at the same rate back to 70°C and held there

for 10 mins total; VOC desorbs from pSiO2

4. Steps 2 and 3 repeated twice more

6.2.1 Pure VOCs

First, it was necessary to determine the shape and position of the desorption peaks of

the two compounds individually. Therefore, the measurement cycle described above was

carried out under pure IPA and pure octene at concentrations of 0.1, 0.35, 1.2 and 4.0

ppm, and heating rates of 0.5, 1.0 and 1.5°C s-1. Figure 6.1 shows the PID response over

time during the release phase for the various concentrations of each pure compound at

the same heating rate of 1.0°C s-1. In these and in all similar plots in this chapter, the

PID voltage at the point at which heating begins was set to zero, to aid comparison.

Figures 6.1a and 6.1b both show the peak in PID voltage expected as the temperature

is raised and the VOC desorbs from the pSiO2. The dashed line shows the temperature

profile during the experiment; it is clear from this figure that the desorption peak of IPA

appears later (i.e. at a higher temperature) than that of octene. This can be attributed
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(a) IPA (b) Octene

Figure 6.1: PID voltage over time during desorption of VOCs at various concentrations,
at 1.0°C s-1.

to the stronger intermolecular bonding between IPA and the silica surface, as discussed

in Section 5.2.2.

The desorption peak height for octene is generally larger than for the same concentration

of IPA; this is attributed to relative sensitivities of the PID, which are 25% for IPA and

143% for 1-octene (compared to isobutylene at 100%) [87]. As seen in the previous chap-

ter, this peak was larger at higher concentrations; in fact, at the lowest concentrations,

no peak was visible for either compound. This may be in part due to inaccuracy in the

vapour generation system; mathematical modelling found that the actual concentrations

produced by the manifold vary significantly from the set concentrations, as explained

below in Section 6.2.3.

(a) IPA (b) Octene

Figure 6.2: PID voltage over time during desorption of VOCs at various heating rates,
at 4 ppm.

In Figure 6.2, the concentration of the two VOCs is now held constant, and desorption
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peaks at different heating rates are presented. For both VOCs, a slower temperature

ramp leads to a lower peak voltage and a broader desorption peak, as might be expected.

It is not trivial to measure the area under the peaks (which would be expected to remain

the same regardless of flow rate), due to the PID voltage not returning to zero as shown

in Figure 6.2. However, a simple integration of each peak between -50 s and 300 s resulted

in differences of only around 5% between the three flow rates for both VOCs.

Calculation of activation energies of desorption

The temperatures at the maxima of the desorption peaks in Figure 6.2, at different

heating rates for each VOC, are tabulated in Table 6.1. The error in each temperature

is obtained from half the range of the three repeat measurements. By comparison with

temperature-programmed desorption (TPD), described in Section 1.2.2, this data can be

used to obtain an estimate of the activation energy of desorption of each VOC from the

pSiO2.

Table 6.1: Experimentally determined peak desorption temperatures for IPA and octene
at different heating rates.

β / K s-1
Peak temperature / K

IPA octene

0.5 332.9± 0.4 296.0± 0.4
1.0 339.2± 0.8 300.0± 0.8
1.5 340.4± 0.8 307.1± 0.3

As discussed in the previous chapter in Section 5.2.2, comparison with TPD analysis

suggests that the desorption of VOCs from the pSiO2 is first order with respect to con-

centration. It has been shown that the desorption peak remains at approximately the

same temperature as the initial concentration is varied. The first-order TPD equation

from Redhead’s analysis, linking the peak desorption temperature Tm with the activation

energy of desorption Ed, is printed below (Equation 1.12 from Section 1.2.2)). R is the

gas constant, β is the heating rate and ν is a pre-exponential factor.

Ed

RT 2
m

=
ν

β
exp

(
− Ed

RTm

)
ln

(
T 2
m

β

)
=

(
Ed

R

)
1

Tm

− ln

(
νR

Ed

)
(6.1)

This equation can be rearranged to obtain Equation 6.1, which has the form y = mx+ c;

a plot of ln(T 2
m/β) against 1/Tm should produce a straight line with gradient Ed/R, from
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which Ed can be determined.

These plots are presented in Figure 6.3 for IPA and octene respectively, with error bars

calculated from the error in Table 6.1. The linear fit had R-squared values of around 0.95

and 0.90. Estimates of Ed were calculated and are tabulated in Table 6.2.

(a) IPA (b) Octene

Figure 6.3: Plots to determine approximate activation energies of desorption from heating
rate and peak desorption temperature data.

Table 6.2: Experimentally determined approximate activation energies of desorption.

VOC Ed / kJ mol-1

IPA 121± 8
octene 66± 2

These values are approximate, as this system differs significantly from a true TPD mea-

surement; for example, there are time delays caused by transport of the molecules out of

the pores (as discussed in Section 5.4 in the previous chapter). The system is not under

vacuum and instead there is a constant flow of analyte-containing gas during desorption,

and the PID itself has a small response to temperature. Later in this chapter in Section

6.4, simulations will be carried out to investigate factors due to the flow cell setup, such

as the time taken for desorbed material to reach the detector, and any time-delay between

applied temperature and the actual temperature of the pSiO2. All these factors will have

an influence on the peak shape and maximum temperature.

Nevertheless, the estimated Ed is of the order of magnitude expected for non-covalent

interactions such as van der Waals and hydrogen bonding. Ed for IPA is also significantly

higher than for octene, echoing the more qualitative comparisons made previously; strong

hydrogen bonding may be possible between IPA and the silica surface, while octene can

only form weak induced dipole-induced dipole interactions. The activation energy of
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adsorption Ea of IPA was estimated at 40 kJ mol-1 in a previous chapter (Section 4.2.4);

subtracting this from Ed gives an estimate of the adsorption enthalpy Eads of IPA on

pSiO2 as approximately 81 kJ mol-1. While a literature value for IPA adsorption on silica

could not be found, a previous study of ethanol vapour - a similar molecule - on a porous

silica glass surface found an adsorption enthalpy of 78.0± 1.9 kJ mol-1, which agrees well

[150].

6.2.2 Mixtures of VOCs

Next, the measurement cycle described above was repeated with a variety of mixtures of

the two VOCs. Concentration ratios of 1:1, 1:3 and 3:1 were used, in each case with the

same total concentrations of 0.1, 0.35, 1.2 and 4 ppm as in the previous section. Each

experiment was repeated under the three heating rates of 0.5, 1.0 and 1.5°C s-1. Figure

6.4 shows the PID response over time for a selection of this data.

(a) Various ratios at 1.0°C s-1 (b) Various heating rates for a 1:1 mixture

Figure 6.4: PID voltage over time during desorption of VOCs at various mixture ratios
and heating rates. Total VOC concentration is 4 ppm in all cases.

Figure 6.4a shows the desorption peaks at a constant heating rate for a range of mixture

ratios of the two VOCs, all of which total 4 ppm. Firstly, it is clear from this figure

that desorption peaks for both compounds are visible in the intermediate concentration

ratios, demonstrating that the thermal separator device successfully achieves its aim. The

maxima of the desorption peaks for each VOC remain at the same temperature when the

two gases are mixed, suggesting that IPA and octene adsorb and desorb independently

of one another. This is both desirable and what would be expected, given that the

concentrations are small enough that the surface coverage is expected to be low.

Figure 6.4b shows the effect of different heating rates on a 1:1 mixture of IPA and octene.

Again, two distinct desorption peaks are clearly visible, particularly at the two slower
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heating rates. At the faster rate of 1.5°C s-1, the peaks are less easily distinguished, with

the IPA peak appearing as a shoulder on the octene peak. This represents a compromise,

as the height of the peaks - which improves the sensitivity of detection - shows the

opposite trend, decreasing at slower heating rates. There is a balance to strike between a

temperature increase that is fast enough to cause a significant peak in PID voltage, but

at the same time is slow enough to provide some peak separation.

6.2.3 Modelling of PID Response

The mathematical analysis in this Section 6.2.3 was done by Dr Shamus Husheer.

To determine limits of detection of each of the compounds in the presence of the other,

the PID voltage traces over time for all samples were modelled together as a linear

combination of independent PID responses for each VOC. The mathematical analysis,

which included a background model formed from the PID response over time with no

VOC, is described in detail in Appendix A.8.

Briefly, concentrations of each of the two VOCs in the mixtures were separately measured

from regression analysis of the data using the linear combination model, and these mea-

sured concentrations are plotted against the ‘nominal’ concentrations set by the vapour

generation system in Figure 6.5a. If both the vapour generation and the analysis are per-

fectly accurate, the measured and nominal concentrations should be the same. This figure

shows reasonable agreement between the two; the offsets and slopes (with uncertainty)

are reported in Table 6.3 under the rows labelled ‘nominal’.

(a) Measured vs nominal concentration (b) Measured vs group-corrected concentration

Figure 6.5: Scatter plots of all measured concentrations of both VOCs (mixtures and
pure VOCs)

However, it is clear from Figure 6.5a that the measured concentration at any particular

nominal concentration has significantly better variance (the vertical scatter of points at

that particular concentration) than linearity (the average deviation of the group from

141



Separation of Mixtures of Volatile Organic Compounds using Nanoporous
Silica

the y = x theoretically perfect line). For example, octene at a nominal concentration

of 4 ppm yields a consistently low measured concentration, whereas at 2 ppm nominal

concentration it yields a consistently high measured concentration. This indicates that the

PID response measurement has better linearity and accuracy than the vapour generation

system.

Therefore, a ‘group correction’ of the nominal concentrations set by the vapour generation

system was performed, as described in Appendix A.8, by removing the (averaged) offset

of each group of measurements at a single nominal concentration from the y = x line. The

measured concentration is plotted against this resulting group-corrected concentration in

Figure 6.5b. While the slope of this plot is equal to 1 due to the correction, this figure also

demonstrates that the deviation within each group of measurements is small, showing a

good correlation between the measured and corrected concentrations. This is confirmed

by the offsets and slopes, with uncertainties, which are tabulated in Table 6.3 under the

rows labelled ‘corrected’.

Table 6.3: Offset and slope of concentration plots in Figure 6.5, with standard uncertain-
ties, for both VOCs at each heating rate.

VOC Concentration
0.5°C s-1 heating rate 1.0°C s-1 heating rate 1.5°C s-1 heating rate

offset (ppb) slope (%) offset (ppb) slope (%) offset (ppb) slope (%)

IPA
nominal −202± 21 93.7± 1.8 −52± 17 100.4± 1.5 54± 18 103.6± 1.6
corrected −106± 11 100.0± 1.0 −6± 7 100.0± 0.6 33± 13 100.0± 1.0

octene
nominal −174± 22 94.2± 1.9 −118± 25 98.1± 2.2 −78± 24 98.6± 2.1
corrected −41± 7 100.0± 0.7 −8± 5 100.0± 0.5 0± 4 100.0± 0.4

Table 6.3 shows that, in general, the error of the vapour generation system results in

a substantial offset and slopes that deviate from 100% by up to approximately 6% (in

the rows labelled ‘nominal’). The group correction described above leads to 100% slopes

in all cases; however, the uncertainty in this slope represents the noise (proportional to

concentration) in each VOC that is induced by the varying concentration of the other.

This, therefore, is relevant when attempting to quantify the amount of VOC present.

The offset in Table 6.3 determines the limit of detection for each VOC.

The concentration correction significantly improves the measurement uncertainty and

precision, providing low limits of detection < 10 ppb and small linearity errors of < 1.0%

at the heating rate of 1.0°C s-1, which appears to produce the best results. These results

show clearly that the thermal separator system could be used to accurately determine

low concentrations of IPA and octene in an unknown mixture, from the PID voltage trace

over time, therefore achieving the aim of this work.
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6.3 Separation of BTEX Compounds

Having successfully achieved separation and detection of IPA and octene, the same

method was next applied to the BTEX compounds, as discussed in the Introduction

to this chapter. Benzene (anhydrous, 99.8%), toluene (anhydrous, 99.8%), ethylbenzene

(anhydrous, 99.8%) and o-xylene (anhydrous, 97%) were purchased from Sigma-Aldrich

and their vapours generated and calibrated as previously described (Section 2.2) to yield

concentrations of 3.0, 1.3, 1.9 and 1.0 ppm respectively. The vapour generation system

was the same as used previously in this thesis (see Section 2.2.2), comprising a single

vapour generator into which multiple permeation tubes containing the different BTEX

compounds were placed, under a flow of N2. A thermally oxidised pSiO2 preconcentrator

of type P2, i.e. 21.0 µm porous layer thickness, was placed in the flow cell with the heat-

ing/cooling system and the PID and the gas flow rate through the cell was maintained

at 100 ml min-1 throughout.

6.3.1 Single Temperature Ramp

As an initial investigation, the desorption peaks of each of the four compounds were

measured individually by a steady temperature increase, as in Section 6.2 above, by

employing the following measurement cycle:

1. Cleaning: pure N2 flow; temperature of pSiO2 held at 70°C for 10 min

2. PID response established: VOC vapour introduced; temperature remains at 70°C

for a further 10 min

3. Loading phase: with VOC flowing through cell, pSiO2 temperature reduced to 5°C

at a controlled rate (0.25 - 1.5°C s-1) and held there for 15 mins total; VOC adsorbs

into pSiO2

4. Release phase: temperature increased at the same rate back to 70°C and held there

for 10 mins total; VOC desorbs from pSiO2

5. Steps 3 and 4 repeated twice more to obtain three measurements of the desorption

peak

6. Cleaning: Valve switched back to pure N2 with temperature still at 70°C for 5 min

to remove any remaining VOC

Figure 6.6 presents the measured PID voltage over time during desorption for each BTEX

compound at each of the three heating rates investigated: 0.25, 0.5 and 1.5°C s-1. In all

four cases, a faster heating rate produces a taller, sharper peak. It should be noted that

the concentrations of the four compounds were different: in spite of having the highest

concentration, the peaks for benzene are the smallest, followed by toluene; ethylbenzene
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and o-xylene have taller peaks. Since the PID has similar sensitivities to all four com-

pounds (approx. 180 - 200% relative to isobutylene [87]), these differences can therefore

be attributed to adsorption on the pSiO2.

(a) Benzene 3.0 ppm (b) Toluene 1.3 ppm

(c) Ethylbenzene 1.9 ppm (d) o-Xylene 1.0 ppm

Figure 6.6: PID voltage over time during desorption of BTEX VOCs from P2 pSiO2 at
various heating rates.

This can be elucidated further by considering the temperatures of the maxima of the

desorption peaks, which are presented in Figure 6.7 as bars. This figure clearly shows,

firstly, that faster heating rates cause the peak desorption temperature to increase, as

is commonly found in TPD analysis and was the case for IPA and octene in Section

6.2.1. Secondly, benzene desorbs at the lowest temperature, followed by toluene, then

ethylbenzene and finally o-xylene, although the latter two are more similar. Considering

the properties of the BTEX compounds tabulated in Table 6.5 below, this agrees well

with the results found in Section 5.2.3 in the previous chapter. As the chemistry of the

four compounds is similar, those with a higher boiling point and lower vapour pressure

generally adsorb in greater quantities (demonstrated by the larger peaks in Figures 6.6c

and 6.6d) and desorb at higher temperatures than those which are more volatile.
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Figure 6.7: Desorption peak temperatures of BTEX VOCs from P2 pSiO2 at different
heating rates.

Calculation of activation energies of desorption

To quantify these observations, approximate activation energies of desorption Ed for the

four BTEX compounds were calculated from the peak temperature data in Table 6.4, as

described in Section 6.2.1 above for IPA and octene.

Table 6.4: Experimentally determined peak desorption temperatures for BTEX com-
pounds at different heating rates.

β / K s-1
Peak temperature / K

benzene toluene ethylbenzene o-xylene

0.25 296.1± 1.1 307.6± 0.3 317.8± 0.5 322.6± 0.6
0.5 302.0± 0.0 316.0± 0.0 326.1± 0.1 330.6± 0.7
1.5 316.2± 0.1 328.1± 0.2 337.2± 0.1 339.8± 0.1

The log plots of ln(T 2
m/β) against 1/Tm for each VOC are plotted in Figure 6.8. The

linearity is good, with R-squared values around 0.99 for all four. From the gradient of

these graphs, estimates for Ed were calculated and are tabulated in Table 6.5, with errors

calculated from three repeat measurements.

These estimated activation energies quantify the trends observed in the data so far:

benzene binds least strongly to the surface, as the least energy is required to remove it,

and o-xylene has the strongest interactions. All four are significantly lower than Ed for

IPA, calculated above as 121 kJ mol-1, and comparable to octene at 66 kJ mol-1, which

can be attributed to the nature of the interactions with the pSiO2 surface; like octene,

all four BTEX compounds form only van der Waals type bonds.
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(a) Benzene (b) Toluene

(c) Ethylbenzene (d) o-Xylene

Figure 6.8: Plots to determine approximate activation energies of desorption from heating
rate and peak desorption temperature data.

Since these interactions are likely to be be similar in all four BTEX compounds, the rise

in activation energies across the series can be attributed to the higher boiling points and

lower vapour pressures, also tabulated in Table 6.5, which show a weaker affinity for the

gas phase compared to benzene. (Note that 1-octene has a boiling point of 121°C and a

vapour pressure of 2.0 kPa, falling in between toluene and ethylbenzene; the high Ed of

IPA is in spite of its lower boiling point of 82.5°C and higher vapour pressure of 4.4 kPa

[79]).

Table 6.5: Selected properties (from [79]) and experimentally determined approximate
activation energies of desorption from pSiO2 for the BTEX compounds.

VOC Boiling point / °C Vapour pressure at r.t.p. / kPa Ed / kJ mol-1

benzene 80.1 10 63± 3
toluene 110.6 3.8 68± 1

ethylbenzene 136.0 0.9 77± 2
o-xylene 144.4 0.7 89± 3
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Mixture of BTEX compounds

Next, the measurement cycle above was repeated with a mixture of all four BTEX com-

pounds at the same concentrations as previously mentioned, at two different heating

rates. Traces of PID voltage against time are presented in Figure 6.9 for the mixture of

the four compounds, as well as the peaks of the individual compounds for comparison.

(a) 0.5°C s-1 (b) 0.25°C s-1

Figure 6.9: PID voltage over time during desorption of BTEX compounds from P2 pSiO2

at different heating rates.

These figures show that, while the maxima of the desorption peaks for each VOC occur

at different times as discussed above, the breadth of the peaks means that they overlap

significantly, and consequently the peak of the mixture shows no separation. In the first

half of this chapter, slower heating rates were shown to produce a greater peak separation,

but from Figure 6.9b it is clear that this is not the case here; the mixture at 0.25°C s-1

still appears as one large peak.

Although this overlap is most likely simply due to the breadth and proximity in tem-

perature of the individual peaks, it is also possible that the VOCs interact on the pSiO2

surface, changing their desorption temperatures. To investigate this, a mixture of only

benzene and o-xylene (the most separate in desorption temperature) was measured fol-

lowing the same procedure at 0.5°C s-1 heating rate. The desorption peak of this binary

mixture is presented in Figure 6.10, along with those of the individual components.

The separation is still fairly poor, with the mixture in Figure 6.10 appearing as a peak with

a shoulder. However, a two-component Gaussian peak deconvolution fit (Matlab add-on)

separated this into two peaks at the same locations as the individual compounds, shown

as dot-dashed lines in Figure 6.10. The fit is good, with an R-squared value of 0.991 and

an error of 3.3%. The locations of the peak maxima from the model are 58 s and 115 s for

benzene and o-xylene respectively, while those from the individual experimental data are
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Figure 6.10: PID voltage over time during desorption of benzene and o-xylene at 0.5°C
s-1 from P2 pSiO2; experimental data and model.

54 s and 115 s. The fact that the peaks are at approximately the same locations suggests

that the two compounds do not interfere with each other’s desorption, likely due to the

low surface coverage, as discussed for IPA and octene above. The peak heights and areas,

however, clearly do not agree well: the experimental peak height for o-xylene is higher and

larger than for the mixture. This may be due to the presence of two permeation tubes in

the vapour generation system, which is believed to cause errors in vapour concentration;

this is discussed further in Section 6.3.2 below.

Gas flow rate investigation

Having not achieved visible peak separation of the four BTEX compounds by varying

the heating rate, a next step was to instead vary the gas flow rate through the cell: a

faster flow rate may separate out the peaks in time. Various attempts were made with

a mixture of the four BTEX compounds, including a decreased flow rate of 50 ml min-1

(shown in Figure 6.11a) and increased flow rates shown in Figure 6.11b. None of these

were successful in producing any peak separation.

Figure 6.11 also shows peaks obtained by removing the VOCs from the flow during

desorption. This was done by switching the valve exactly as heating began, so that

the only the carrier gas (N2) flowed through the cell during desorption. In these cases,

presented as the green and yellow traces in Figures 6.11a and 6.11b respectively, the

PID voltage at first drops (due to the removal of background VOC from the flow) before

rising due to the desorption from the pSiO2. However, this also had no effect on the

peak separation, as can be seen in Figure 6.11. (Note that peak heights throughout

Figure 6.11 cannot be compared, as changing the flow rate necessarily changes the VOC
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(a) 0.5°C s-1 (b) 0.25°C s-1

Figure 6.11: PID voltage over time during desorption of a mixture of all four BTEX
compounds from P2 pSiO2 at different heating rates and gas flow rates.

concentration in this vapour generation setup).

6.3.2 Stepped Temperature Ramp

After the investigation of various heating rates and gas flow rates in the previous section,

it was clear that a single, steady temperature ramp is insufficient for easily separating out

the BTEX desorption peaks. An alternative approach was necessary, and therefore, for

the next set of measurements, a more complex temperature profile was applied. This was

comprised of ‘steps’ where the temperature was raised (at 1.5°C s-1) to four intermediate

temperatures in turn (25, 35, 45 and 55°C) and held at each temperature for 5 minutes.

The temperature profile is presented in Figure 6.12.

Figure 6.12: pSiO2 temperature over time during stepped-temperature measurement cy-
cle.
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This temperature profile was applied to the pSiO2 preconcentrator after loading with

each BTEX compound individually, at the same concentrations as above, for 15 minutes

at 5°C as before. The PID voltage over time during the application of this temperature

profile is presented in Figure 6.13 for each VOC.

These four plots all show peaks in the PID voltage which correspond to the temperature

being raised up a step. As the temperature increases, some VOC desorbs from the pSiO2,

causing a sharp increase in the vapour concentration which the PID measures. As the

temperature is held at each step, the voltage drops back down as the system moves

back towards equilibrium. This process repeats each time the temperature is increased,

generally with sequentially smaller peaks, as there is less and less VOC remaining in the

pSiO2 to desorb.

(a) Benzene 3.0 ppm (b) Toluene 1.3 ppm

(c) Ethylbenzene 1.9 ppm (d) o-Xylene 1.0 ppm

Figure 6.13: PID voltage over time during desorption of BTEX VOCs from P2 pSiO2 by
a stepped temperature profile.

The temperature profiles of the four BTEX compounds appear significantly different from

one another as hoped, which suggests that discrimination between them may be possible.

Benzene (Figure 6.13a), which has the lowest desorption temperature (see Section 6.3.1
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above), has a very large peak at 25°C with the remaining four peaks being much smaller,

and the last two almost negligible. The profile for toluene is fairly similar (Figure 6.13b),

however comparing the first two peaks at 25 and 35°C shows that the second peak is

relatively larger for toluene than benzene. With ethylbenzene (Figure 6.13c), the first

two peaks are almost equal in height and the remaining three are much larger than they

are with benzene and toluene, while for o-xylene (Figure 6.13d) the second peak is taller

than the first.

Figure 6.13a also shows a steady background decrease in PID voltage over time in the

desorption profile of benzene, on which the desorption peaks are superimposed. This is

not present for the other VOCs, and its origin is unclear; it suggests perhaps a secondary

slow desorption of benzene.

Figure 6.14: PID voltage over time during desorption of BTEX compounds from P2
pSiO2, as a mixture and individually, under a stepped temperature profile.

Next, the PID voltage during this same stepped temperature profile was measured for a

mixture of all four VOCs. This is plotted in Figure 6.14, alongside the individual mea-

surements from Figure 6.13, and shows peaks of descending height at each temperature

step as expected, with higher peaks than those of the individual compounds.

In order to collect a body of data from which to attempt to extract independent traces for

the four compounds, the stepped measurement was then repeated under mixtures formed

of all the possible permutations of the four compounds (e.g. sets of three, sets of two,

none - sixteen measurements total each with three repeats). Individual measurements

were also repeated at approximately 10% of the original concentrations by dilution with

additional N2.
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Modelling of PID response

The mathematical analysis in this section was carried out by Dr Shamus Husheer.

As in Section 6.2.3 above for IPA and octene, the set of PID voltage responses over

time were modelled as a linear combination of independent PID responses for each VOC.

First, a baseline correction was carried out on all traces, to remove any background offsets

or slopes in PID voltage between the onset and end of heating. Next, theoretical PID

voltage traces for 1 ppm of each of the four compounds were calculated by averaging

the three repeats of PID response vs time for the pure compounds, and dividing by the

concentration of the compound. These are plotted in Figure 6.15.

As discussed in Figure 6.13 above, Figure 6.15 clearly shows that the PID response to

the four compounds differs significantly. Not only does the voltage peak height at each

temperature step vary visibly between the compounds, the time it takes the voltage to

decay back to its original value is very different as well: for benzene, for example, this

occurs much faster than for the other compounds. These differences provide good scope

for independently measuring the four VOCs.

Figure 6.15: Calculated PID voltage against time for 1 ppm of each VOC.

Next, these theoretical 1 ppm traces were used to model the set of PID responses under

all the mixtures of different combinations of the BTEX compounds described above. The

concentrations of the four VOCs in each measurement were calculated by least-squares

fitting the PID responses for 1 ppm of each compound to the observed PID voltages (with

the measured concentrations bounded to positive values only). Correlation coefficients

between these measured concentrations and the ‘nominal’ concentrations set by the gas

generation system were then calculated for each VOC, as follows: benzene: 0.81, toluene:

0.81, ethylbenzene: 0.70, o-xylene: 0.80. These correlation coefficients appear to be fairly

good, suggesting that the model can distinguish between the four BTEX compounds.
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Figure 6.16: Scatter plot of measured vs nominal concentration from least squares fitting.

The measured concentrations are plotted against the nominal concentrations in Figure

6.16. It is clear from this figure that there is a wide spread of measured concentrations

at each nominal concentration; if both the gas generation system and the analysis were

perfect, all these points would be expected to fall on the y = x line. Therefore, while the

correlation coefficients imply that the model can detect the presence or absence of each

BTEX compound, it is clearly not able to accurately measure their concentration.

These results may be attributed to two factors. Firstly, error in the gas generation:

instead of generating each VOC separately and then mixing them, here multiple perme-

ation tubes were placed inside the same vapour generator for heating. Since the tubes

are physically next to/touching each other, this may affect the permeation rate of each

tube, as well as possibly having an impact on the gas flow and heat transfer inside the

vapour generator. Therefore, generated concentrations under these circumstances may

vary from those calculated by gravimetric calibration. Note that, in Figure 6.16, almost

all the points are below the y = x line; the measured concentrations are generally lower

than the nominal concentrations, suggesting that the presence of multiple permeation

tubes may inhibit permeation.

Secondly, there is insufficient data for the model: as the concentration of each VOC

could not be changed individually as was done in the IPA and octene work earlier in

this chapter, each compound had only two concentrations - zero or non-zero - relative

to the others. (This is aside from benzene, where a second smaller permeation tube was

made and added to the OVG to produce intermediate and higher concentrations for a

few measurements, as can be seen in Figure 6.16). A much larger set of data comprising

independently varying concentrations of each compound would be required to produce

a better model able to determine concentrations from a mixture, as demonstrated in
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Section 6.2.

To summarise, the data presented in this Section 6.3.2 has shown that there is good

scope for further work testing the thermal separator device with the BTEX compounds,

after improvements to the gas generation system. For example, the vapours should be

generated separately so that they can be mixed in varying proportions, ideally with

a secondary sensor system to monitor the concentration of each VOC before they are

mixed, to produce more reliable and accurate input concentrations. However, the use of

a stepped temperature profile appears promising, with clear differences in relative peak

heights at different temperatures and decay constants between the BTEX compounds.

With a larger dataset, this method could be employed in future to extract independent

responses from a mixture of BTEX compounds.

6.4 Simulations of Gas Flow and pSiO2 Heating

Simulations in this section were carried out by Tse-Ang Lee, of the research group of Dr

Tanya Hutter at the University of Texas at Austin. The experimental work, planning of

simulations and plotting and discussion of results is my own.

Until this point, the effect of the design of thermal separator device itself - for example,

the shape and size of the flow cell and the heating system chosen - on measurements has

not been discussed. It is as yet unclear, for example, what impact the gas flow rate has on

the peak desorption temperature, or how quickly the applied heat transfers through the

pSiO2 structure. This is particularly relevant for optimising the device design in future

iterations. In this section, some simple simulations were carried out to try to elucidate

these factors.

6.4.1 Gas Flow

Toluene experimental data

A brief investigation of the effect of removing the VOC from the carrier gas flow during

desorption on the measured PID voltage has been presented in Figure 6.11 above. In this

section, further experimental data were collected to compare this with the usual method

of leaving the VOC-containing flow as-is during desorption. In addition, the effect of

turning off the flow entirely during heating, so the desorbed material is not carried away

from the cell, is investigated. Toluene (1.3 ppm) was used and the measurement cycle

described in Section 6.3.1 was applied, with a simple temperature ramp at 0.5°C s-1. The

flow rate through the cell was 100 ml min-1 for all three experiments. At the onset of

heating, either the flow was left as-is, or a valve was used to either switch to a pure N2

flow of 100 ml min-1 or to turn off the flow of gas entirely.
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Figure 6.17: PID voltage over time during desorption of toluene from P2 pSiO2 at 0.5°C
s-1 under various flow conditions.

Under the no-flow conditions with 1.3 ppm toluene, the PID voltage saturated upon

desorption (not shown), which gives an indication that the flow carries away a significant

proportion of the desorbed molecules. The concentration was reduced to approximately

10% (0.1 ppm) and the measurement repeated; this is plotted in Figure 6.17 alongside

the other two conditions. The peak height under the no-flow conditions is approximately

half of the other two despite the toluene concentration being only 10%, which again

demonstrates that a larger proportion of desorbed molecules reach the PID under these

conditions.

Figure 6.17 also clearly shows that the desorption peak occurs later in time when there is

no gas flow, presumably due to slower transport: without a gas flow, desorbed molecules

take longer to travel across the cell from the pSiO2 to the PID. On the other hand,

the presence or absence of the VOC in the flow does not appear to make a significant

difference to the time of the desorption peak. Indeed, the peak desorption ‘temperature’

under the no-flow conditions is high at 62.2°C, while in the other two situations it is

comparable, at 42.9°C under toluene-containing flow and 39.0°C under the N2-only flow.

The peak width is approximately equal in all three cases.

Switching the valve at the onset of heating introduces significant error into the measure-

ment, with percentage variation up to approximately 6% between three repeat measure-

ments found in peak height (no flow) and peak temperature (N2-only flow), compared

with only approximately 1% and 0.1% respectively when the valve is not switched and

the toluene-containing flow remains. Therefore, while turning off the flow gives a larger

peak, which may be useful in a case where concentrations are extremely low and cannot

otherwise be picked up by the PID, this method also has a significant disadvantage in
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that it decreases the accuracy in the measured peak height and temperature.

Simulation

Simulations of the flow of gas within the cell were carried out to complement the exper-

imental results above and to provide a more complete picture. The flow cell containing

the pSiO2 preconcentrator and PID has been previously described in Section 2.3.2; the

internal cavity through which the gas flows is a cylinder of diameter 12 mm and height 7

mm, with 1/16 inch (1.59 mm) tubing connected at either side, across the full diameter

and halfway down the height. The bottom circular surface of the cell is entirely pSiO2,

while the top surface is covered by the PID.

(a) Three-dimensional (b) Two-dimensional

Figure 6.18: To-scale schematic diagrams of the inside of the flow cell.

To-scale diagrams of the inside of the flow cell are pictured in Figure 6.18; Figure 6.18a

shows it in three dimensions, but for simplicity the following simulations were all carried

out in two dimensions, as pictured in Figure 6.18b.

First, the steady-state flow field of gas through the cell at a range of flow rates from 25

to 150 ml min-1 was investigated. The model used, parameters and boundary conditions

imposed are noted in Appendix A.9. The streamlines of the flow at these rates are

presented in Figure 6.19, with the colour spectrum representing the velocity of the gas.

It is clear from these images that at lower flow rates (e.g Figure 6.19a), the flow through

the cell is more spread out into the upper and lower halves, while at the higher flow

rates (e.g. Figure 6.19f), the vast majority of the flow moves quickly straight through

the centre of the cell with little spreading, and in the top and bottom halves of the cell

vortices form where the gas moves slowly.
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(a) 25 ml min-1 (b) 50 ml min-1 (c) 75 ml min-1

(d) 100 ml min-1 (e) 125 ml min-1 (f) 150 ml min-1

Figure 6.19: Visual representation of gas flow inside two-dimensional flow cell, presented
as velocity streamlines, at different flow rates.

Note that, while these simulations are in two dimensions and the situation is expected to

be more complex in three-dimensional case, it seems likely that the primary observation

of a fast flow straight through the cell (especially at high flow rates) would hold true.

To investigate how these flow rates affect the time taken for molecules to reach the

detector, and the concentration of VOC the detector ‘sees’, the next simulation carried out

was the release of a sharp pulse of VOC vapour along the one-dimensional line representing

the pSiO2 surface in Figure 6.18b (details in Appendix A.9). The concentration reaching

the detector, summed along the one-dimensional line representing the detector in Figure

6.18b, was measured over time. This process was repeated for a range of flow rates, from

0 ml min-1 (i.e. no flow) to 150 ml min-1; the resulting profiles of concentration against

time at the detector - after the VOC release occurred at 0 seconds - are plotted in Figure

6.20. Note that, in all cases, the concentration of VOC in the inlet gas flow was 0.

Figure 6.20a plots detected concentration profiles at all flow rates. It is immediately

clear from this figure that when there is no flow (0 ml min-1) the concentration reaching

the detector is far greater, which agrees with the results found experimentally above in

Figure 6.17. The peak is also much more spread out in time than at the other flow rates,

demonstrating that it takes molecules longer on average to reach the detector without a

gas flow, which also agrees with the experimental results.

In Figure 6.20b, the 0 ml min-1 results have been omitted and the scale increased to
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(a) All flow rates (b) Excluding 0 ml min-1

Figure 6.20: VOC vapour concentration (in arbitrary units) measured at the detector
over time, after a sharp vapour release at 0 seconds.

better present the remaining data. In general, this figure shows that peaks at higher flow

rates cause a lower detected VOC concentration, and also cause the peak concentration

to occur earlier in time. These results make physical sense; a higher flow rate moves the

molecules to the PID faster, but also draws a large proportion of them out of the cell

before they have time to reach the PID.

Figure 6.21: Location of maximum in time, and full width at half maximum, of detected
VOC peaks at different flow rates (after half-Gaussian release with maximum at 0 s and
width at half maximum of 0.11 s).

To quantify these observations, the location of the maximum of each peak from Figure

6.20a, and its width, are plotted in Figure 6.21. These results give a sense of how quickly

desorbed molecules move across the flow cell to the detector. As Figure 6.21 shows, both

the location of the maximum of the peak and its width decrease as flow rate increases,

demonstrating that the time taken for molecules to move across the cell is lower at higher
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flow rates.

The data in this figure suggest that it only takes approximately < 0.5 seconds for

molecules to reach the detector at 100 ml min-1, which translates to an error of < 1°C in

the measured temperature in the experiments earlier in this chapter. This implies that

the temperatures used, for example, in the calculations of desorption activation energies

in Sections 6.2.1 and 6.3.1 above are reliable.

The results in this section also highlight some potential areas for improvement of the mea-

surement setup. Slower flow rates would improve the preconcentration factors achieved

with this device, as more of the desorbed molecules would be detected. However, slower

flow rates would increase the time required for the loading phase and would therefore

increase the measurement time, which is another important consideration in sensing ap-

plications. A solution may be to decrease the flow rate only during desorption. The

streamlines in Figure 6.19 suggest that a modified flow cell with the pSiO2 and the PID

‘staggered’, so that the PID is slightly downstream of the preconcentrator instead of di-

rectly opposite it, might also improve the results. The effect these changes would have on

thermal separation, i.e. how spread out in time the desorption peaks of different VOCs

would be, is less clear and should be carefully considered.

To summarise, these results suggest that movement of desorbed molecules across the

flow cell from the pSiO2 to the PID occurs quickly at the flow rate used in experiments,

demonstrating that the temperature readings are fairly accurate. However, there is scope

for careful design of new iterations of the preconcentration device, combined with fur-

ther simulations, in the future; there are several potential modifications which could be

explored to improve its performance.

6.4.2 pSiO2 Heating

An additional piece of important information is how well the Peltier transfers heat to

the pSiO2 preconcentrator. This is relevant because the temperatures presented in all

plots throughout this thesis have been measured on the Peltier, not on the pSiO2 itself.

As described in Sections 2.1.1 and 2.3.2, the nanoporous layer is etched into a piece

of crystalline silicon wafer with an original thickness of 525 µm, which is placed on

top of a Peltier, connected by a thermally-conducting rubber sheet. For simplicity, the

simulations in this section are once again carried out in two dimensions; Figure 6.22 shows

a schematic diagram of the silicon/silica layers and the boundaries where the temperature

was inputted (bottom red line) and measured (top blue line).
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Figure 6.22: Two-dimensional schematic (not to scale) of silicon/silica layers for heating
rate simulation.

First, a simulation was carried out of the temperature at the top of a 20 µm thick pSiO2

porous layer during heating of the bottom surface of the crystalline silicon substrate

from 5 to 70°C, at the range of heating rates (0.5 - 2°C s-1) used in experiments in this

thesis. Boundary conditions and parameters used are once again listed in Appendix A.9.

The measured temperatures are averages along the one-dimensional lines representing

the boundaries in Figure 6.22. The results are plotted in Figure 6.23a, in which dotted

lines show the Peltier temperature and dashed lines show the pSiO2 temperature at each

heating rate.

(a) 20 µm thick porous layer, varying heating
rate

(b) 0.5°C s-1 heating rate, varying porous layer
thickness

Figure 6.23: Temperature of Peltier and top surface of pSiO2 porous layer during heating
at different heating rates and porous layer thicknesses.

It is clear that at all four heating rates, the two lines match exactly; there is no sig-

nificant time-delay between the Peltier heating and that heat being transferred to the

pSiO2. This is a promising result, as it suggests that heat transfer is good and the mea-
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sured temperatures used throughout this thesis are an acceptable measure of the actual

temperature of the porous layer. The good heat transfer is probably in large part due to

the relatively slow heating rates used here. Additional, faster heating rates up to 50°C

s-1 were simulated and a good agreement still found; these are plotted in Appendix A.9.

Another reason for the rapid heat transfer may be that the thermal conductivity of

crystalline silicon is high at 150 J kg-1 K-1; the thermal conductivity of pSiO2 is much

poorer at 0.2 J kg-1 K-1 [151]. However, the porous layer only comprises 4% of the

thickness of the silicon layer; a thicker porous layer may cause poorer heat transfer. The

simulation was repeated at 0.5°C s-1 for theoretical porous layers of 200 µm and 2 mm

thickness; this data is presented in Figure 6.23b. This figure shows that the temperature

of the 200 µm layer increases very slightly slower than the 20 µm layer, although the

difference is not significant, while the 2 mm thick layer does heat significantly slower

than the other two. This demonstrates that increasing the porous layer thickness would

eventually have an impact on the heat transfer.

It should be noted that this simulation ignores contact thermal resistance between the

Peltier and the crystalline silicon; however, as noted above, this is minimised by including

a piece of thermally-conducting rubber sheet between the two hard surfaces. This sheet

deforms plastically when pressure is applied as the cell is screwed shut, providing a good

contact.

To summarise, these simulations suggest that heat transfer between the Peltier and the

pSiO2 layer is good at the heating rates and porous layer thicknesses used in this precon-

centration/thermal separation device.

6.5 Conclusions

The research presented in this chapter aimed to investigate the ability of the nanoporous

silica thermal separator device, combined with a photoionisation detector, to selectively

detect individual VOCs within mixtures, using specific thermal desorption profiles and

mathematical analysis.

In the first half of the chapter, the device was tested with mixtures of IPA and 1-octene

at a range of concentrations and mixture ratios, as well as three different heating rates.

IPA desorbs at a higher temperature than octene due to a higher activation energy of

desorption, which was estimated from an analysis based on temperature-programmed des-

orption. In a mixture, the desorption peaks of the two compounds were visibly separated

in time, and their peak desorption temperatures did not significantly change compared

to the individual VOCs, indicating that the compounds behave independently of one an-

other on the surface. Least squares regression analysis of the set of PID voltage traces
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over time found two independent components which correlated with the concentrations of

each VOC. This allowed the IPA and octene concentrations to be measured individually

with detection limits < 10 ppb and linearity errors < 1.0%, at a heating rate of 1°C s-1,

which appears to be the best choice of the three.

It can be concluded from these results that the thermal separator system operates as

desired, achieving the significant goal of selective detection of these two VOCs from a

mixture at low detection limits, within a reasonable measurement time of approximately

6 minutes from a small, relatively low-cost device.

The same device and measurement procedure was then applied to a more complex VOC

mixture of the BTEX compounds, the selective detection of which is both important

and challenging. The maxima of the desorption peaks from each compound were at dif-

ferent temperatures, due to differences in activation energies of desorption, which were

calculated: these were found to increase across the series from benzene to o-xylene, at-

tributed to the higher boiling points and lower vapour pressures. However, the similarities

in chemistry between the four VOCs made peak separation within a mixture challeng-

ing; although a range of heating rates and gas flow rates were investigated, visible peak

separation was not achieved from a single temperature ramp. Therefore, a different tem-

perature profile consisting of a series of ‘steps’ was applied. The PID response to each

BTEX compound under this heating profile was found to be significantly different, and

modelling a body of these PID voltage traces over time from various BTEX mixtures

resulted in fairly good correlation coefficients, suggesting that the model can distinguish

between the VOCs. Limitations of the gas generation system, however, meant that the

agreement between the set vapour concentrations and those measured by the model was

poor. Nevertheless, this method is promising for working towards selective detection, and

there is a large amount of scope for future work.

Finally, some simulations of the gas flow through the device and its impact on the detected

VOC concentration, as well as the heat transfer through the pSiO2 preconcentrator, were

carried out. Some conclusions from these results were that heat transfer is very good,

and VOC transport from the pSiO2 to the PID occurs quickly at the flow rates used in

experiments. However, the proportion of molecules reaching the detector is much greater

at slower gas flow rates, and modifications to the flow cell and measurement method

could provide greater preconcentration factors.

In conclusion, this chapter has demonstrated that the pSiO2 based thermal separator

shows great promise as a compact, inexpensive device capable of selectively detecting in-

dividual VOCs from a mixture at low limits of detection. Future work could include some

redesign and optimisation of the device setup, as well as of the gas generation and testing

system, for further investigations into selective detection of the BTEX compounds. Test-
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ing in ambient conditions is also necessary: while the PID does not respond to inorganic

gases such as CO2 and H2O in the air, the possible interference of other trace VOCs

should be investigated and tailored to individual applications. For BTEX detection,

there exist PIDs with a lower ionisation energy of 9.6 eV which can only ionise aromatic

and larger unsaturated hydrocarbons, providing some selectivity against many common

VOCs [152]. While results from Chapter 5 demonstrated that water vapour at up to 500

times the VOC concentration had only a small impact, thermal separation tests should

also be carried out at ambient relative humidities to ensure that higher concentrations of

water vapour do not block adsorption of VOCs in the pSiO2 pores. There is, however,

also scope for further research into the hydrophobic surface modifications demonstrated

in Chapter 5 to combat this potential difficulty.
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Chapter 7

Composites of Nanoporous Silicon

and Metal-Organic Materials for

Optical Vapour Sensing

7.1 Introduction

In the previous chapters of this thesis, a number of studies have been presented using

nanoporous silicon and silica as high specific surface area preconcentrators for vapour-

phase sensing. Alongside sensitivity improvements, some work on methods to enhance

the selectivity of vapour sensing have been considered, including chemical modification

of the internal pore surfaces to alter the binding of different species. This final chapter

builds on the theme of modification, presenting some initial work which considers filling

the pSi pores with materials specifically designed for their adsorption selectivity. This

early-stage investigation demonstrates the potential benefits of this approach, but also

the technical challenges such techniques bring.

The Introduction to this thesis gave a brief summary of direct volatile organic compound

sensing on pSi, noting that the primary methods for detecting gas molecules adsorbed or

condensed into the nanopores of pSi are either optical or electrical. In this chapter, the

former - specifically, reflectance spectroscopy - is utilised.

The basis of reflectance spectroscopy in porous silicon and silica rests on the fact that

a Fabry-Pérot layer is formed when the crystalline silicon is etched. The top surface

of the porous layer and the crystalline/porous silicon interface act as parallel reflecting

surfaces. When illuminated, constructive and destructive interference of the light from

these two surfaces causes an interference pattern in the reflected light. The key point

is that the position of these interference peaks in frequency space is a measure of the
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refractive index of the layer, which in turn depends on layer composition; this technique

is therefore sensitive to adsorption of species in the porous layer. A detailed explanation

is given in Appendix A.1.

A schematic demonstrating this effect is shown in Figure 7.1, which presents a cross-

sectional view of a porous silicon layer etched onto a crystalline silicon wafer and illumi-

nated by a light source normal to the surface. The light reflected from the top surface of

the porous silicon (red dashed line) has a different phase to the light reflected from the

porous/crystalline silicon interface (blue dashed line), as can be seen in the diagram.

Figure 7.1: Schematic diagram (not to scale) of incident and reflected light on a porous
silicon layer.

Reflectance spectra from the surface can be collected with an incident light source and

a spectrometer, and Fourier transform analysis of the interference fringes caused by this

phase difference in the reflected light can provide information on the effective refractive

index of the porous layer - specifically, the ‘optical thickness’ 2nlL (where nl is the

refractive index of the porous layer and L is its thickness; derivation in Appendix A.1).

The refractive index of the layer depends on the medium filling the pores as well as

the silicon/silica pore skeleton itself; therefore, upon adsorption of an analyte inside the

pores, nl increases and there is a corresponding shift in the reflectance spectrum. This

shift in 2nlL can be measured in the Fourier transform.

A short overview of optical VOC sensing on pSi was given in Section 1.1.2; it was noted

that the main challenges are achieving good sensitivity and selectivity. For example, most

sensors based simply on a refractive-index shift of pSi have limits of detection in the 10 -

100 ppm range, which is too high for many applications [18, 20, 21]. Here, existing work

which attempts to address these challenges will be discussed in more detail.

To combat the selectivity problem, one group developed a stack of three pSi layers; two

whose optical response was measured with a ‘drift layer’ in between. The VOCs were
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introduced at one end of the stack, so the drift time between the responses of each optical

layer - which depends on the diffusion coefficient of the VOC - could be measured for each

VOC as well as the reflectance spectral shift. This combination of parameters allowed

the sensor to distinguish between seven different VOCs; however a mixture of VOCs was

not tested and their concentrations were at the 100 - 10,000 ppm level [131].

Some of the most promising recent developments include surface modification; this can

aid adsorption of analyte molecules, improving the sensitivity, and can also increase

selectivity [18]. This technique has been used, for example, to address the problem

of the response of pSi to water, which interferes with the measurement of VOCs in

ambient air. By modifying the surfaces of two pSi layers, one with a hydrophobic and

one with a hydrophilic group, and simultaneously monitoring their responses, correction

for humidity was possible [22]. Different surface chemistries of pSi have also been found

to demonstrate different optical responses to different VOCs [23, 24]. Another group

developed ‘electronic noses’ from an array of optical sensors by infiltrating the pSi with

different ionic liquids; these are low (near zero) vapour pressure organic liquids, whose

unique chemical structures allow selective dissolution of certain VOCs. Analysis of the

optical response of each component of the array allowed identification of different VOCs

within a mixture, although the concentrations were still high [25, 26]. An alternative

solution is formation of a composite material, for example with a polymer infiltrated in

the pSi pores, which one group used to detect the explosive TNT at around 7 ppb by

measuring the fluorescence quenching of the pSi/polymer composite [27].

This concept of composite formation of pSi with additional materials is promising, but

the number of studies are still limited, as are the types of materials used (note that in

the field of preconcentrator research, discussed in Section 1.1.3, porous silicon has also

been used to hold carbon powders for adsorption [41, 43]). In this chapter, the formation

of a novel type of composite was investigated, by filling the pSi pores with metal-organic

cages and frameworks. These are three-dimensional structures formed from metal ions

coordinated to organic ligands; metal-organic cages are discrete molecules formed from

a cluster of metal ions (see Figure 7.2 below), while metal-organic frameworks (MOFs)

are crystalline repeating lattice structures. Both types of materials generally have very

small pores/cavities on the scale of a few nanometres to sub-nanometre, allowing them

to selectively uptake molecules based on molecular size and other properties [153].

Metal-organic cages, which are investigated first in this chapter, are themselves a rela-

tively new development, and therefore there is much scope for further research using these

materials. A primary use so far has been in separation science; a recent review summarised

this work, which includes the separation of chemically similar organic molecules such as

dihalogenated benzene derivatives and isomers of butanol [154]. However, such separa-

tions were almost entirely done with either the cage, the analyte or both in the liquid
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phase. The few examples of gas adsorption involve small gases such as CO2, CH4, N2

and H2, both into solid-state cages and ‘mixed-matrix membranes’ created from metal-

organic cages and polymers [155, 156, 157, 158]. One of the only pieces of work found in

the literature involving vapour-phase adsorption of VOCs into a solid-state cage achieved

separation of hexane isomers [159]. However, the proven selectivity of metal-organic

cages for organic molecules shows promise for vapour-phase adsorption of other VOCs,

and their relative immaturity provides great potential for novel research.

MOFs, on the other hand, have been far more widely used for gas adsorption and sepa-

ration [160, 161]. Inorganic pollutants have been a main focus here as well, for example

selective adsorption of gases such as CO2 and H2S [162], but research into adsorption of

VOCs has also been carried out [163]. In Section 1.1.3, the use of MOFs as preconcen-

trators for vapour-phase sensing of VOCs was discussed; direct sensing of adsorbed gases

in MOFs has also been the subject of much research, which has been recently reviewed

[164, 165]. Sensing methods range from electrical to luminescence-based to colorimetric,

depending on the properties of the MOF, which can vary widely according to the metal

centres and organic linkers chosen. Some interesting examples of VOC sensing include

MOF-coated quartz crystal microbalance and microcantilever sensors, which could de-

tect toluene at 1 ppm and showed different responses to different VOCs [166]. In another

example, an array of different MOFs was used in a cross-reactive chemiresistive sensor,

which was also able to discriminate between VOCs, although fairly high concentrations in

the 100 - 1000 ppm range were used [167]. In terms of optical VOC sensing using MOFs,

there is less research - one example used a film of silica microspheres with a MOF grown

on top, which reflects light at a specific wavelength that was shown to shift when exposed

to vapours such as ethanol due to the change in refractive index [168]. These examples

demonstrate the utility of MOFs for VOC detection, when combined with transducers

such as the porous silicon used in this chapter.

There is the clear potential for selective detection of VOCs depending on whether or not

they are taken up by a metal-organic cage or framework; here, the combination of these

structures with pSi will be investigated as a composite for optical VOC sensing.

7.2 Metal-Organic Cages

This work was undertaken in collaboration with Jason Deacon, of the research group of

Professor Jonathan Nitschke, who synthesised the cage structures and provided useful

information about their solubility and other properties.

In this section, a metal-organic cage structure, as discussed above, was used to fill the

pSi pores. Figure 7.2a illustrates the cage structure used; six anionic bidentate organic
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ligands L (Figure 7.2b) coordinate to four Fe2
+ metal ions to form a tetrahedral Fe4L6

structure. The four Fe ions are at the vertices of the tetrahedron, with the organic

ligands forming the ‘sides’ by each linking to two Fe ions, one on either end. (An image

showing the complete structure is available in Scheme 1 of [169]). Importantly, the uptake

behaviour of this Fe4L6 cage is relatively well-characterised; it had been previously shown

to bind hydrophobic guest molecules [169], and its uptake of various organic molecules

from solution had been measured [153]. The side length of the tetrahedral structure

(i.e. the size of one cage) is approximately 20 Å (X-ray crystallographic data from [169],

CCDC-688687), therefore the cage may be expected to fit inside the nanopores of pSi,

which are on average 23 nm diameter.

(a) Tetrahedral cage structure (b) Organic ligand

Figure 7.2: Fe4L6 metal-organic cage

7.2.1 Cage with Sodium Counter-ion in 50:50 Ethanol:Water

Deposition inside nanoporous silicon

The synthesised cage exists as a crystalline material formed of the cage, which has a net

anionic charge, with a cationic counter-ion; the first structure investigated included a

Na+ counter-ion.

In order to deposit the cage inside the porous silicon structure, it must be dissolved in a

solvent and drop-cast onto the porous layer; ideally the solvent then evaporates, leaving

the cage deposited inside the pores. This cage is known to be soluble in water, however

water is not ideal for this process; a faster-evaporating solvent would be preferable. To

that end, the dissolution of the cage in a mixture of ethanol and water was attempted; the

maximum percentage of ethanol into which it dissolved was a 50:50 mixture of EtOH:H2O.

A solution of approximately 1% cage by mass was obtained.

First, the penetration of the cage into the pSi pores was investigated. Three identical

pSi samples of type S2 from Table 2.1 in Section 2.1 (approximately 7.7 µm thick porous

layer) were fabricated and briefly treated with UV/ozone to create a stable oxide layer
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on the surface, as explained in Section 2.1.2. These three samples were labelled S2a-c;

Table 7.1 tabulates details of all the pSi samples used throughout the cage work.

Table 7.1: Nanoporous silicon samples used in Section 7.2

Label Oxidation Cage treatment

S2a UV/ozone none
S2b UV/ozone 1% cage solution (Na+ counterion, 50:50 EtOH:H2O)
S2c UV/ozone 0.1% cage solution x 10 (Na+ counterion, 50:50 EtOH:H2O)
S1a none none
S1b none 0.25% cage solution x 4 (N(CH3)4

+ counterion, 50:1 EtOH:H2O)
S2d UV/ozone none
S2e UV/ozone 0.25% cage solution x 4 (N(CH3)4

+ counterion, 50:1 EtOH:H2O)
S2f UV/ozone none
S2g UV/ozone 0.1% cage solution x 10 (Na+ counterion, MeOH)

To characterise these untreated pSi layers, the optical thickness of each was measured.

This was done by illuminating the pSi surface with a Thorlabs S120-SMA white-light

source; the light was then reflected back into an Ocean Optics USB4000 spectrometer.

The spectral data were collected and analysed by the Ocean Optics SpectraSuite software,

which carries out a Fourier transform on the interference fringes of the reflected light, as

explained above, to find the value of the optical thickness 2nlL (measured in µm). An

example reflectance spectrum and its Fourier transform are presented in Appendix A.1.

The optical thickness was measured in this manner at five different locations across the

porous layer, to record any variance and provide an estimate of error.

Next, on one pSi sample S2b, 10 µl of the 1% cage solution was drop-cast onto the

porous layer, which was then dried on a hotplate at approximately 50°C for at least 30

minutes to evaporate the solvent. Measurements of optical thickness were repeated, to

determine if the cage had penetrated into the pores; if it had, the optical thickness would

be expected to increase as discussed above, since the cages would displace air inside the

pores, increasing the refractive index nl of the composite layer.

Figure 7.3, which presents the optical thickness measured before and after applications

of the cage solution, with the standard deviation of the five measurements presented as

error bars, demonstrates that a significant increase was indeed seen. A second dose of

cage solution was also drop-cast onto the same pSi sample in the same manner, which

produced a smaller further increase in optical thickness, as shown in Figure 7.3a. However,

a residue was visible on the porous surface, causing it to appear dull instead of shiny,

which increased after the second deposition. This suggests that not all the cage penetrates

into the pores and some remains on the surface of the pSi, which is a problem because

the residue interferes with the reflectance measurements.
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(a) 1% cage solution (S2b) (b) 0.1% cage solution (S2c)

Figure 7.3: Average optical thickness of pSi after various applications of cage solution.

To attempt to combat this, a more dilute solution of the cage of approximately 0.1% by

mass was drop-cast onto a second pSi sample S2c in the same manner. No surface reside

was visible and the surface remained shiny. 10 consecutive layers of the cage solution were

applied, and the optical thickness measured after various stages is presented in Figure

7.3b. No significant increase in optical thickness of the layer occurred, which implies there

is minimal pore filling by the cage. This may be in part due to the relatively long drying

time caused by the slow evaporation of the solvent, which caused a visible ‘coffee-ring

effect’ (whereby a large proportion of the cage was deposited in a ring around the edge

of the solvent droplet).

In summary, although a multi-step deposition process of a dilute cage solution results in

less pore filling than a single drop of higher concentration, an interfering residue builds

up on the surface in the latter case. A compromise such as a multi-step process with an

intermediate concentration might be preferable in future.

Optical response to VOC vapours

In order to carry out reflectance spectroscopy while VOC vapour flows over the nanoporous

sample, a sealed flow cell with a transparent Perspex top was built to contain the pSi. A

photograph and a schematic diagram of this flow cell are given in Figure 7.4; the same

light source, spectrometer and software described above were used to illuminate the pSi

and collect and analyse the reflected light. This flow cell was placed inside the vapour

generation setup described in Section 2.2.2, so that controlled concentrations of VOC

vapour in N2 carrier gas could be passed through the cell.

The VOCs under investigation were benzene, toluene and cyclooctane (all purchased

from Sigma-Aldrich). These were chosen because benzene had been previously found to

be taken up into the cage (in aqueous solution), whereas toluene and cyclooctane were
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(a) Top-down photograph (b) Schematic diagram

Figure 7.4: Flow cell and setup used to carry out reflectance spectroscopy on porous
silicon. The pSi is held inside the cell, with a cylindrical cavity above the porous surface
contained by an O-ring. The top of this cavity is a transparent Perspex layer; tubing is
connected through the Perspex to a gas flow. (The green and yellow wiring visible in the
photograph should be ignored as it was not used).

not [153]. However, toluene may be a borderline case depending on conditions; benzene

and toluene are very similar in molecular structure, whereas cyclooctane is expected to

be significantly too large to be taken up into the cage.

Vapours of these VOCs were generated in N2 carrier gas and delivered to the flow cell

as described in Section 2.2, and a valve was used to switch between pure N2 and VOC-

containing N2. Gravimetric calibrations (Section 2.2.1) were carried out; the concentra-

tions of benzene, toluene and cyclooctane were approximately 1030, 1025 and 640 ppm

respectively. Note that, in this chapter, a home-made vapour generator was used which

was found to not be very reliable, so vapour concentrations are approximate.

During a single measurement, the VOC under test was repeatedly introduced into and

removed from the N2 flow for 2 minutes at a time, while optical thickness measurements

were made on pSi sample S2c every second. The same measurement procedure was

repeated with an untreated pSi sample S2a. Graphs of the optical thickness shift against

time are plotted in Figure 7.5. Note that optical thickness under pure N2 has been set to

zero in each case to enable comparison; the graphs in Figure 7.5 present a shift in optical

thickness from this baseline, not its absolute value.

The three increases in optical thickness seen in each graph in Figure 7.5 correspond to

the presence of VOC; both with and without cages, when VOC is introduced the optical

thickness increases, followed by a decrease when the VOC is removed from the flow cell.

This demonstrates that the pSi is indeed taking up gaseous VOC molecules from the flow,
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(a) Under 1030 ppm benzene (b) Under 1025 ppm toluene

(c) Under 640 ppm cyclooctane

Figure 7.5: Optical thickness shift under VOC of S2 pSi with and without cages.

which can then be detected: the system functions as desired as an optical sensor.

A second point of note is that the shift in optical thickness of the untreated pSi under

benzene (around 0.02 µm; Figure 7.5a) is much lower than the shift under toluene (Figure

7.5b) and cyclooctane (Figure 7.5c), which are similar - both around 0.1 µm - despite

the fact that cyclooctane is present at a lower concentration. This can be explained by

considering the properties of these three VOCs, some of which are tabulated in Table 7.2

(dichloromethane is included as it is used later in Section 7.2.3).

Table 7.2: Selected properties of VOCs. Vapour pressure and boiling point data from
[79]; refractive indices from the chemical supplier (Sigma-Aldrich).

VOC Refractive index Vapour pressure at r.t.p. / kPa Boiling point / °C

benzene 1.501 10 80.1
toluene 1.496 3.8 110.6

cyclooctane 1.458 0.7 149.0
dichloromethane 1.422 47 39.9
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Table 7.2 shows that the refractive indices of the three compounds are similar (and, in

fact, that of benzene is the highest), so this is not the cause of the difference in optical

thickness shift. Instead, it is likely to be due to the much lower boiling point and higher

vapour pressure of benzene, which means that less of it adsorbs in the pores; more

cyclooctane than toluene can be expected to adsorb for the same reason.

Figure 7.5 also clearly shows that, in all three cases, the presence of cages inside the

pSi pores appears to improve the uptake of VOC. This is not what would be expected

if the pSi pores were completely filled with cage; since toluene and cyclooctane cannot

be hosted inside the cage structure, a decrease in their uptake would be expected. This

is made clear by Figure 7.6, which presents the optical thickness shifts of the pSi layer

under each VOC, both with and without cages present, averaged over the three repeat

measurements. The presence of the cages appears to cause the greatest increase in the

uptake of benzene, followed by toluene, and only a small increase for cyclooctane.

Figure 7.6: Comparison of optical thickness shift under organic gas of S2 pSi with and
without cage molecules inside.

As noted in Section 7.1, binding of gaseous organic molecules into this cage in the solid

phase has not previously been investigated, and the binding may differ from solution (for

which previous data has been collected). It is unlikely, however, that the change would

be great enough for cyclooctane in particular to enter the cages. Since complete filling of

the pSi pores with cages does not appear to have been achieved, the increase in uptake

of cyclooctane may instead be due to an increase in internal surface area caused by cages

agglomerating on the sides of the pores; the analyte VOC molecules may instead be

adsorbing in the spaces between cages. It is possible that benzene may be taken up into

the cages in addition to adsorbing around them, which could explain its greater increase.
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7.2.2 Cage with Tetramethylammonium Counter-ion

Some of the difficulties encountered in reliably depositing the cages inside the pSi struc-

ture are believed to have been caused by the presence of water in the solvent, which has

a higher surface tension and boiling point than many organic solvents, making it poorer

at infiltrating the pSi pores and slower to evaporate. In order to better dissolve the cage

in organic solvents, therefore, a different crystalline preparation was used in which the

counter-ion is the organic tetramethylammonium (N(CH3)4
+) cation. This organic cation

is known to improve dissolution in organic solvents. Dissolution of this cage material was

achieved in a 50:1 mixture of EtOH:H2O, resulting in a solution of approximately 0.25%

by mass of the cage.

The surface chemistry of the pSi is also expected to be a significant factor in the pene-

tration of the cages into the structure. Therefore, in this section two freshly-etched pSi

samples (the surface of which are terminated with Si–H bonds, see Section 2.1) of type

S1 were compared with another two –OH terminated surface-oxidised samples of type

S2, as used in the previous section.

One of each type of pSi sample were left bare (S1a and S2d, see Table 7.1), while the

others were treated with the cage solution (S1b and S2e). Four consecutive doses of the

0.25% solution were drop-cast and dried as described above. Reflectance spectroscopy

measurements were carried out as above to determine the optical thickness shift of each

of the four porous layers under the presence of cyclooctane and benzene vapour.

These results are presented in Figure 7.7, which shows graphs of optical thickness against

time during three addition/removal cycles of VOC vapour into the flow cell. Note that

the concentration of benzene was several times higher than that of cyclooctane.

Considering first the results obtained without addition of the cage, from Figure 7.7a it can

be seen that the maximum optical thickness shift of the unoxidised pSi under cyclooctane

is around double that of the surface-oxidised pSi (Figure 7.7b). This implies that more

cyclooctane adsorbs in the freshly etched, Si –H terminated pores, suggesting a more

favourable interaction of cyclooctane with this surface than with the UV/ozone treated

Si–OH terminated one.

These two figures also demonstrate that, for both the freshly etched and the surface-

oxidised pSi, the optical thickness shift under cyclooctane decreased once the cages were

introduced into the pores. This is in line with expectations, since as discussed above

cyclooctane is not taken up into the cage structure.

In the case of benzene, the trend of adsorption into the non-cage-containing pSi surfaces is

the opposite; comparing Figure 7.7c with Figure 7.7d shows that the optical thickness shift

on the freshly etched surface was around four times smaller than on the oxidised surface.
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(a) Unoxidised S1 pSi under 420 ppm cyclooc-
tane

(b) Surface-oxidised S2 pSi under 420 ppm cy-
clooctane

(c) Unoxidised S1 pSi under 1500 ppm benzene
(d) Surface-oxidised S1 pSi under 1500 ppm
benzene

Figure 7.7: Optical thickness shift under VOC of unoxidised (S1) and UV/ozone oxidised
(S2) porous silicon samples, with and without cages.

This suggests that benzene has a greater affinity to the Si–OH terminated surface. These

differences may be promising in working towards selective uptake of different VOCs.

However, Figures 7.7c and 7.7d also suggest that the presence of the cages seems to

inhibit the adsorption of benzene, with a lower optical thickness shift on the unoxidised

surface (the change on the oxidised surface was negligible). This is despite the fact that

benzene is expected to be taken up into the cages, and contradicts the earlier results in

the previous section.

Upon further investigation, it was found that the solution of the cage in 50:1 EtOH:H2O

was unstable; after being left overnight, the solid had clearly dropped out of solution.

Since dissolution of this cage crystal in ethanol had not been previously investigated, it

is likely that it had not in fact solubilised but instead that small particles had dispersed

in the solvent, which fell out when left to settle over a long time period. Therefore, it is
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possible that the decrease in uptake seen for both cyclooctane and benzene was due to

aggregate particles made up of many cages partially blocking the nanopores of the pSi,

rather than filling the pores as desired.

A conclusion that can be drawn from this section is that, in general, the surface-oxidised

pSi samples appear to produce a larger and less noisy optical thickness shift than the

unoxidised samples. In addition, these oxidised samples are stable, unlike untreated pSi

- as discussed in Section 2.1.2, the freshly etched pSi surface is unstable and develops a

native oxide layer in humid air. Surface oxidation provides a means of passivating the

surface and controlling the oxide layer. For these reasons, UV/ozone treated pSi appears

to be preferable for this application.

However, it is clear that the solvent in which the cage is dissolved plays a significant

role in the deposition of the cages in the pSi pores. A volatile solvent with a low surface

tension is necessary to fill the pores well.

7.2.3 Cage with Sodium Counter-ion in Methanol

Having identified the importance of the solvent, further dissolution testing was done

on crystals of the cage with a Na+ counter-ion. It was found that the material was

partially soluble in methanol; the precise concentration of the solution is unknown as

some filtration was carried out to remove undissolved particles, but it is expected to be

similar to concentrations used earlier in this chapter (i.e. < 1% by mass). The solution

was sonicated for 10 minutes to break down any possible aggregates, and then 10 x 5

µl were immediately drop-cast onto a UV/ozone treated pSi sample (S2g), with drying

at 50°C in between additions as previously. Once again, a second, identical pSi sample

without cage (S2f) was used as a control.

For this set of tests, an additional VOC - dichloromethane (DCM) - was investigated, as

well as benzene and toluene. DCM was included because it is a small molecule which is

known to be rapidly taken up into the cage, although its affinity for the cage is fairly low

[153]. This contrasts with benzene, whose uptake is slower, and toluene, which should

not be encapsulated in the cage at all.

DCM vapour was produced and gravimetrically calibrated as described in Section 7.2.1.

As before, the optical thickness of the pSi was measured continuously while VOC vapours

were repeatedly introduced into and removed from the flow cell; graphs of optical thick-

ness shift against time for the four different VOCs are presented in Figure 7.8.

From Figure 7.8a, it is clear that the signal for DCM in untreated pSi is small despite

its high concentration; similarly to benzene, it is a volatile molecule with a low boiling

point and high vapour pressure (see Table 5.2) and so not much DCM will adsorb in the
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(a) Under 5400 ppm DCM (b) Under 1030 ppm benzene

(c) Under 1025 ppm toluene

Figure 7.8: Optical thickness shift of S2 pSi under various VOCs, with and without cages.

pores. The response of untreated pSi to benzene (Figure 7.8b) is a little higher, whereas

to toluene (Figure 7.8c) is significantly higher.

Figure 7.8 also shows that the presence of the cage molecules appears to have little effect

on the response to DCM. Although DCM should be taken up by the cage, as stated above

the affinity is fairly low, and there is little adsorbed in the pores at all. On the other hand,

the cage seems to slightly enhance the response to benzene, while it slightly inhibits the

response to toluene. These results are promising, as they suggest that benzene is taken

up into the cage while toluene is not, which is in line with previous investigations of the

cage molecule in solution [153].

However, the optical thickness shifts are small; the cages do not have much impact,

implying that the pSi pores are not completely filled by the cages. Due to this, it is

not known whether the analyte VOC molecules are becoming encapsulated within the

cages or simply adsorbing on and around the outside of them; this may be causing the

discrepancy between results from different cage preparations. Previous work on this cage

has shown that a significant deformation is required to uptake guest molecules [169];
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while not measured in the solid phase for gaseous analytes, it may be assumed that

the deformation is energetically unfavourable, and adsorption on the outside of the cage

molecules within the pSi pores might be more likely.

In summary, this initial investigation into the formation of composite porous materials

from metal-organic cages and pSi has demonstrated some interesting early results. The

presence of the cages improved the optical response of pSi to various VOCs, however

there were significant challenges involved in reliably filling the pores with cages. Due

to these difficulties, a different porous filling medium should be investigated. The Fe4L6

cage used here was the most well-understood of its type at the time this work was carried

out, with known binding rates and coefficients for many organic molecules (although only

in solution), which is not the case for most others. Therefore, the next step taken was

to investigate filling the pSi pores instead with a better-known metal-organic framework,

which will be the focus of the next section.

7.3 Metal-Organic Frameworks

This work was undertaken in collaboration with Sandile Mtetwa, of the research group of

Dr Andrew Wheatley, who synthesised the MOF.

As discussed in Section 7.1, metal-organic frameworks are another type of porous material

with the potential for size-selectivity of encapsulated species. One of the most well-studied

and stable MOFs is called UiO-66 [170]; formed of zirconium ions as the vertices between

organic ligands, in this case benzene-1,4-dicarboxylate, its synthesis is reported to be

straightforward [171].

UiO-66 is appropriate for this application, since, during synthesis, it forms into nanopar-

ticles of approximately 10 nm diameter, which should fit inside the pores of nanoporous

silicon. In this section, formation of UiO-66 in situ inside the pores will be investigated

as well as depositing pre-formed nanoparticles.

The internal pore sizes of UiO-66 are approximately 6 - 11 Å; therefore, it only uptakes

small molecules into its pores [170]. However, MOF properties are tunable: it is possible

to fabricate similar MOFs based on the same structure, but with longer linkers for bigger

pores or different metals or functional groups for different selectivity.

7.3.1 Response to Acetone

Table 7.3 tabulates details of all the pSi samples used in the following MOF work. Three

nanoporous silicon samples of the same type S1 used in the first half of this chapter -

i.e. with porous layer thickness approximately 7.7 µm - were fabricated as described in
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Section 2.1 and labelled S1u-w. A fourth sample was surface-oxidised in a UV/ozone

generator for 30 minutes, as described above, to produce pSi of type S2 (S2w).

Table 7.3: Nanoporous silicon samples used in Section 7.3

Label Oxidation MOF treatment

S1u none none
S1v none baked in oven with MOF components
S1w none drop-cast solution of MOF nanoparticles
S2w UV/ozone drop-cast solution of MOF nanoparticles
S1x none none
S1y none baked in oven with acidic solvent
S1z none drop-cast acidic solvent
S2z UV/ozone drop-cast acidic solvent
S3a thermal none
S3b thermal baked in oven with MOF components

For initial investigations of the UiO-66/pSi composite, acetone was chosen as the VOC

to be detected, since it is a small enough molecule to be encapsulated inside the structure

of UiO-66. Acetone was purchased from Sigma-Aldrich; its vapour was generated and

gravimetrically calibrated as described in the first half of this chapter to yield a vapour

concentration of approximately 2680 ppm.

Reflectance spectroscopy was carried out as described in the first half of this chapter. The

optical response of the three nominally identical untreated pSi samples S1u-w, and the

surface-oxidised sample S2w was measured in turn as acetone was repeatedly introduced

into and removed from the N2 flowing through the cell. This was done in order to

determine how similar the untreated pSi samples are, and how much difference surface

oxidation causes. The graphs of optical thickness shift (once again set to zero under N2

to aid comparison) against time are presented in Figure 7.9a.

From this figure, it is clear that the response of the three non-oxidised pSi samples to

acetone was almost identical, while the response of the surface-oxidised sample is much

greater. This suggests that more acetone adsorbs in the pSi pores when the surface is

Si –OH terminated rather than Si–H terminated; this makes sense, as acetone is a polar

molecule which will have strong intermolecular interactions with the –OH group. This

is in agreement with the previous work presented in Chapters 4 and 5. In addition, the

optical thickness of the oxidised pSi did not return to baseline within three minutes after

acetone was removed; a longer flushing time would have been required to remove it, which

also suggests stronger intermolecular bonding causing the acetone to ‘stick’ to the pore

walls.

The protocol used to synthesise UiO-66 involves mixing the components in an acidic
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(a) Unoxidised and surface-oxidised pSi with-
out UiO-66

(b) Unoxidised S1 pSi with UiO-66

(c) Surface-oxidised S2 pSi with UiO-66

Figure 7.9: Optical thickness shift of various pSi samples over time under 2680 ppm
acetone.

solution of dimethylformamide (DMF) and then heating in an oven (detailed in Appendix

A.10). This process yields UiO-66 nanoparticles as a thick white gel.

In order to deposit UiO-66 within the pores of pSi, two methods were pursued. One

method was to place a pSi sample (S1v) in the solvent with the two components of the

MOF, to allow the components to penetrate into the pores. The solution containing the

pSi sample was then heated, activating the MOF-forming reaction inside the pSi pores as

well as in the free solvent. The gel was then diluted with additional DMF, to allow the

pSi to be removed. This ‘baked’ sample S1v was rinsed briefly in DMF and dried under

a stream of N2 to clean the surface.

The second method was to dilute the UiO-66 nanoparticle gel after synthesis 1:1 with

additional DMF to reduce the viscosity, then 20 µL of the solution was drop-cast onto a

second untreated pSi sample (S1w) as well as the surface-oxidised pSi (S2w). The samples

were heated to 100°C on a hotplate for 20 minutes to fully dry, rinsed briefly with DMF
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and dried under N2. Unlike the ‘baked’ pSi sample, the surface of the porous silicon in

this case had a clearly visible layer of UiO-66 on top of it; the rinsing and drying process

was repeated but did not fully remove all the visible deposit. An initial impression was

that the baking process is preferable to drop deposition, as it yielded a much cleaner

appearance of the surface.

The optical response of all three UiO-66 containing pSi samples to acetone was measured

in the same way as above. Figure 7.9b shows the optical thickness shift over time for both

unoxidised pSi samples, alongside the response before UiO-66 was added for comparison.

This figure clearly shows that the presence of UiO-66 in the pores significantly enhanced

the response to acetone by a factor of approximately four. This result is promising, and

suggests that acetone is entering the pores of UiO-66 as expected. A second point of note

from this figure is that both methods of adding UiO-66 to the pores appear to produce

very similar responses to acetone. In both cases, as with the oxidised pSi, the signal does

not return to baseline within the three-minute time period used, suggesting some acetone

remains inside the pores.

Figure 7.9c presents the optical response to acetone of the surface-oxidised pSi sample,

both before and after UiO-66 was added. Here, the presence of UiO-66 seems to have

slightly decreased the response to acetone. This result is the opposite of that seen in

Figure 7.9c, and is not as expected. It is possible that acetone has such strong interac-

tions with the Si–OH terminated surface that the presence of UiO-66 ‘blocking’ these

interactions is unfavourable, although the decrease is rather small.

7.3.2 Response to Methyl Ethyl Ketone and Heptane

In order to further elucidate whether or not VOC molecules actually enter the UiO-66

pores, the optical response of the four pSi samples S1u-w and S2w to two additional VOCs

was measured. The VOCs chosen were methyl ethyl ketone (MEK), which is chemically

similar to acetone but should not fit into the pores of UiO-66 as it is too large, and

heptane, which is also too large in addition to being a non-polar molecule. These com-

pounds were purchased from Sigma-Aldrich, and vapours generated and gravimetrically

calibrated as above to produce concentrations of 2790 ppm MEK and 2640 ppm heptane.

Figure 7.10 shows the optical response of the untreated pSi sample S1u to the three

different VOCs. The concentrations of each are comparable; the response to MEK is

roughly double the response to acetone, while the response to heptane is around four

times greater. This can be explained in a similar manner to discussions for other VOCs

in the first half of this chapter, based on the VOC properties tabulated in Table 7.4.

MEK produces a greater signal then acetone because, while their chemistry is similar,

MEK has a lower vapour pressure and higher boiling point, so more will adsorb in the pSi
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Figure 7.10: Optical thickness shift over time of untreated pSi S1u without UiO-66 under
three VOCs

pores. Heptane is the least volatile of the three, as well as non-polar which may enhance

its interactions with the Si–H terminated surface. In addition, heptane has a slightly

higher refractive index than MEK, which is in turn higher than that of acetone; this will

contribute to the difference.

Table 7.4: Selected properties of VOCs. Vapour pressure and boiling point data from
[79]; refractive indices from the chemical supplier (Sigma-Aldrich).

VOC Refractive index Vapour pressure at r.t.p. / kPa Boiling point / °C

acetone 1.359 24.4 56.3
MEK 1.379 10.5 79.6

heptane 1.387 4.6 98.0

Results of optical thickness shift against time with UiO-66 present are shown in Figure

7.11. The response to MEK (Figure 7.11a) is very similar to the response to acetone

shown in Figure 7.9 above; the oxidised pSi produces the greatest response, while the

difference between the baked and drop-cast UiO-66 on unoxidised pSi is small. In all

cases, the presence of UiO-66 does enhance the response to MEK, however, which was

not expected: it was believed that MEK is too large to be taken up into UiO-66, although

this has not been previously tested.

For heptane, on the other hand, the optical response was lower in all pSi samples con-

taining UiO-66, which is in line with expectations. This implies that heptane does not

fit inside the UiO-66 pores, and therefore less is able to be adsorbed in the pSi.

In order to compare the VOCs more directly, a ‘signal increase factor’ was calculated as

follows for unoxidised pSi:
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(a) Under 2790 ppm MEK (b) Under 2640 ppm heptane

Figure 7.11: Optical thickness shift of S1 and S2 pSi samples over time under different
VOCs.

Signal increase factor =
Optical thickness shift of pSi with UiO-66 under VOC

Optical thickness shift of untreated pSi under VOC
(7.1)

This factor was calculated by averaging the baseline optical thickness under N2 and

subtracting it from the averaged optical thickness during the three repeat additions of

VOC. It is plotted in Figure 7.12a as a bar chart for the three VOCs. The standard

deviation of the three repeats was used to calculate the error bars. A signal increase

factor above 1 means that UiO-66 enhances the adsorption of VOC, while a factor under 1

implied that UiO-66 reduces the adsorption. Figure 7.12a clearly shows that the response

to acetone is more enhanced than the response to MEK; the response to heptane is

decreased relative to the untreated pSi.

(a) Unscaled increase factor (b) Scaled by refractive index of VOC

Figure 7.12: Factor by which the optical response to VOC changes when UiO-66 is added
to unoxidised S1 pSi.
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However, the refractive index of the VOC inside the pores will also contribute to the

optical thickness, which (as discussed above) is equal to 2nlL where nl is the composite

refractive index of the porous layer and L is the layer thickness. This means that a VOC

with a higher refractive index will produce a greater optical thickness shift for the same

volume of VOC in the pores. Therefore, a scaled signal increase factor was calculated as

follows:

Scaled signal increase factor =
Signal increase factor under VOC

Refractive index of VOC
(7.2)

Figure 7.12b plots the scaled signal increase factor. As the refractive indices of the

three VOCs are similar, this figure follows the same trend as Figure 7.12a. These results

appear to show a good indication that adding UiO-66 to pSi may aid discrimination

between VOCs.

In summary, from Section 7.3 so far it can be concluded that, to form the UiO-66/pSi

composite, ‘baking’ the pSi sample with the MOF components seems to be a preferable

method to drop-casting the pre-formed UiO-66 nanoparticles, as the latter leaves a visible

residue on the pSi surface. The presence of the MOF inside the pores appeared to

enhance the pSi’s optical response to acetone and MEK, while it decreased the response

to heptane. This is a promising initial result; however, of the three VOCs, only acetone

should fit inside the MOF pores, so the reason for the improvement in the MEK signal is

unclear. A possible cause for this could be that, as in the case of the metal-organic cages

investigated in Section 7.2, the MOF nanoparticles only partially fill the pores, and so

VOCs are primarily adsorbing on the outside of the nanoparticles. The next section will

further investigate the composite preparation.

7.3.3 Investigation of Preparation Effects

The figures in Sections 7.3.1 and 7.3.2 above all present a shift in optical thickness from

baseline as VOCs are added to the gas flow. However, the absolute value of optical

thickness of the various pSi samples may also be instructive, as discussed briefly in Section

7.2.1 earlier in this chapter. Optical thickness is not generally very consistent across a

single porous layer, due to small variations in the layer thickness and porosity (which

affects refractive index) from the edges to the middle of the etched area. It is often

also slightly different between pSi samples, even when etched under exactly the same

conditions, for similar reasons.

However, when measured at multiple locations across a pSi sample and averaged, optical

thickness may give an idea of whether or not UiO-66 has entered the pores: if it has,

the optical thickness could be expected to increase. To that end, the optical thickness
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of each of the four pSi samples used in the previous sections had been measured at five

different locations on each porous area, both before and after addition of UiO-66. The

average of this data is presented in Figure 7.13a, with the standard deviation of the five

measurements presented as error bars.

(a) Treated with UiO-66 (b) Treated with only the solvent

Figure 7.13: Average optical thickness of porous silicon wafers.

Firstly, Figure 7.13a shows a small decrease in optical thickness from the untreated pSi

to the surface-oxidised sample. This is due to the transformation of a thin surface layer

of the silicon matrix to silica (SiO2), which has a much lower refractive index of 1.458

than that of silicon (approximately 3.8) [12]. However, what was not expected is that

the optical thickness of the pSi layer decreases upon addition of UiO-66, both by baking

and drop-casting. Since the MOF, with a refractive index of approximately 1.512 [172],

is intended to enter the pores of the pSi, this should increase the optical thickness of the

layer. Drop-casting UiO-66 on the surface-oxidised pSi sample appeared to produce very

little difference in optical thickness.

In order to investigate why this occurred, the effect of the preparation method was tested.

This was done by measuring the optical thickness of four new pSi samples (three unox-

idised (S1x-z), and one surface-oxidised (S2z)) before treating each one exactly how the

previous pSi samples had been treated, except without the presence of UiO-66. For ex-

ample, S1y was baked in a solution of DMF containing small amounts of hydrochloric

and glacial acetic acid as used in UiO-66 formation, but without the MOF components.

S1z and S2z had drops of this same solution applied to them, while S1x was left untreated

(see Table 7.3).

The results of the optical thickness measured on these samples is presented in Figure

7.13b, which can be compared directly with Figure 7.13a, as both are on the same scale.

Firstly, this comparison demonstrates the aforementioned variation in optical thickness

even between identically prepared pSi samples, as its value for the new samples was
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around 38 µm, as opposed to 40 µm. Surface oxidation still produced a small decrease

in optical thickness, and crucially, the treatment of the pSi under the MOF preparation

conditions also had the same effect as seen in Figure 7.13a.

In fact, the optical thickness decreased even more under just the solvent, suggesting not

only that the preparation conditions are the cause of this decrease, but also that the

presence of UiO-66 in the pores does slightly mitigate it. It is possible that the acid in

the reaction solvent, especially when combined with heating in the oven, causes oxidation

of the silicon surface, therefore decreasing the optical thickness. While this has not been

observed before in this exact solution, oxidation of silicon by nitric and perchloric acids

has been documented [173, 174].

To determine whether this was the case, ATR-FTIR spectra were taken of each pSi sample

as described in section 2.1.4. Figure 7.14 shows three of these spectra: an example of

a freshly-etched, untreated pSi spectrum, as well as those after baking with the UiO-66

preparation and after baking in only the solvent. Assignments of the major peaks are

given in Table 7.5 [91, 92, 93]; a more detailed discussion of the IR peaks of silicon and

silica is given in Section 2.1.4.

Figure 7.14: ATR-FTIR spectra of unoxidised pSi samples

Figure 7.14 clearly shows that baking in both solvent alone and with UiO-66 included

show similar results; in both cases, the Si–Si peak of silicon seen in the untreated sample

at approximately 620 cm-1 has decreased significantly, while the Si-O-Si stretch of silica

at approximately 1050 cm-1 has increased. In addition, the Si-H peak at 2073 cm-1 has

disappeared. These changes do indeed suggest some surface oxidation is taking place

(although not complete oxidation, as the Si–Si peak persists), and the resulting spectra

appear very similar to the spectrum obtained from UV/ozone treated pSi (Section 2.1.4).

Figure 7.15 shows the spectra obtained from the UV/ozone treated pSi samples, both
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Table 7.5: ATR-FTIR peak assignments in unoxidised and surface-oxidised pSi.

Peak location / cm-1 Assignment

617 - 625 Surface Si–Si
800 - 880 Si–OH / Si–O stretches

906 Si–H2 scissor mode
1030 - 1050 Si–O–Si antisymmetric stretch

2073 Si–H stretch
2360 OSi–H stretch

with only solvent dropped onto it and with drop-cast UiO-66. Here, unlike in Figure

7.14, the two spectra are clearly different. The spectrum obtained from the surface which

had only been treated with solvent appears very similar to those in Figure 7.14; the peaks

at 1028 and 619 cm-1 suggest a partially-oxidised silicon surface, as expected.

Figure 7.15: ATR-FTIR spectra of oxidised pSi samples

However, the spectrum with drop-cast UiO-66 is very different, and comparison with the

literature shows that it is in fact the spectrum of UiO-66 itself. The peaks at around 1583

and 1392 agree very well with the literature values for the O–C–O asymmetric and sym-

metric stretches respectively in the carboxylate group of the organic linker. Meanwhile,

the peak at 656 cm-1 is from the triply-bridging µ3 –O stretch between three Zr centres

[175]. The presence of these peaks - and the absence of the silicon and silica peaks - imply

that there is a layer of UiO-66 deposited on the surface, at least in the location where

the spectrum was taken. These peaks were not seen in the spectrum of the pSi sample

baked with UiO-66 above, confirming the visual observation from Section 7.3.1 that the

drop-cast surface appears much less ‘clean’ than that obtained from baking, even after

washing.

The conclusion from this section is that, since the method of adding UiO-66 to the silicon
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pores causes a change - i.e. surface oxidation - in the pSi itself, the optical response to the

various gases tested in Sections 7.3.1 and 7.3.2 may not entirely be due to the addition of

UiO-66. Since the oxidation of the pSi surface is itself known to effect the adsorption of

VOCs, these two effects cannot be deconvoluted. Even the surface-oxidised pSi sample

appears to have been affected. It is therefore necessary to completely stabilise the porous

layer.

7.3.4 Thermal Oxidation of Porous Silicon

As concluded in the previous section, it is necessary to better stabilise the pSi, so that the

procedure by which UiO-66 is added to the pores cannot have any effect. To that end,

complete thermal oxidation of the porous layer was carried out. This process, described

in detail in Section 2.1.2 and in previous chapters, involves heating the pSi sample to a

temperature of 800°C for a period of several hours under a constant flow of O2 gas, to

convert the entire porous matrix to silica. This thermal oxidation was carried out on two

pSi samples etched identically to those used throughout this chapter, resulting in pSiO2

samples of type S3 from Table 2.1 in Section 2.1.1 (labelled S3a-b, see Table 7.3).

Figure 7.16: Average optical thickness of thermally-oxidised S3 pSiO2

One of these pSiO2 samples S3b was baked with the UiO-66 starting materials to intro-

duce the MOF into the pores following the procedure set out above. Optical thickness

measurements, shown in Figure 7.16, demonstrate that the addition of the UiO-66 did

increase the optical thickness in this case. This confirms that the MOF enters the pores

as desired, and the stability of the porous silica gives confidence that these changes are

solely due to the MOF.

ATR-FTIR spectra, shown in Figure 7.17, confirmed that the samples are fully thermally

oxidised; they have no Si–Si peak at 620 cm-1, only the Si–O–Si and Si–O peaks at

around 1030 and 800 cm-1 respectively. No peaks from the UiO-66 can be seen; this is

presumed to be because there is little of it on the surface.
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Figure 7.17: ATR-FTIR spectra of thermally oxidised porous silica wafers.

Next, the optical response of these two pSiO2 samples to the three analyte gases previously

investigated - acetone, MEK and heptane - were tested. The results are shown in Figure

7.18. This figure, which presents optical thickness shift over time as the VOCs are

introduced into and removed from the flow, shows an enhanced response to all three

VOCs with the presence of UiO-66. Since MEK and particularly heptane are far too

large to fit inside the pores of the MOF, the likely explanation for this is that while some

UiO-66 enters the pores, it does not completely fill them. Much like with the work on

metal-organic cages in the first half of this chapter, this may cause in increase in effective

internal surface area inside the pores, and therefore additional adsorption on the outside

of UiO-66 nanoparticles within the pSiO2 pores.

To elucidate this further, top-down SEM images of the surfaces of these same two pSiO2

samples were taken and are shown in Figure 7.19. Figures 7.19a and 7.19b show the

surface without and with UiO-66 respectively over a length scale of approximately 4

µm, while Figures 7.19c and 7.19d show the same surfaces at a magnification 5 times

greater. In Figures 7.19a and 7.19c, the nanoporous structure of the pSiO2 surface can

be seen, with the grey being the SiO2 matrix and the black parts the approximately 20

nm diameter pores. (The large feature in Figure 7.19a is some surface defect).

In Figure 7.19b, lighter-coloured shapes - assumed to be UiO-66 - are visible on top of the

porous surface. The more magnified Figure 7.19d shows this surface deposit close-up; it

seems to be formed of small features roughly the size of the UiO-66 nanoparticles. This

suggests that networks of UiO-66 are forming on the surface of the pSiO2.

In summary, much like with the metal-organic cage structures investigated in the first half

of this chapter, the greatest challenge is complete and reliable filling of the pSi/pSiO2

pores with UiO-66. Though the improvements in the optical response to VOCs are
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(a) Under 2680 ppm acetone (b) Under 2790 ppm MEK

(c) Under 2640 ppm heptane

Figure 7.18: Optical thickness shift of S3 pSiO2 under organic vapours. The three peaks
in optical thickness correspond to the organic vapour being repeatedly introduced into,
and then removed from, the flow cell.

promising, the expected size discrimination is not observed. This is attributed to partial

filling of the pores by the MOF increasing the internal surface area; selectivity between

VOCs based on size-exclusion from the pores of the MOF may not be possible unless

complete filling is achieved.

7.4 Conclusions

In this chapter, the preparation of composites of nanoporous silicon with a metal-organic

cage and a metal-organic framework were investigated, with a focus on optical detection

of VOCs and selectivity of uptake based on VOC molecular size. Both sensing systems

were able to detect VOC vapours, with a significant change in optical thickness measur-

able upon exposure. This change varied in magnitude for different VOCs, due to their

properties: in general, larger compounds with lower boiling points and vapour pressures

produced a greater response.
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(a) Without UiO-66 (b) With UiO-66

(c) Without UiO-66 (d) With UiO-66

Figure 7.19: Top-down SEM images of porous silica surfaces: pores (black) in the silica
(grey) are visible, as well as UiO-66 (lighter grey) in the right-hand images.

Both freshly-etched, Si –H terminated pSi and UV/ozone treated pSi with Si–OH sur-

face bonds were tested, and found to produce different responses to the VOCs. This

is attributed to surface affinity, and could be exploited in the future to provide some

selectivity to a sensor. However, untreated pSi is less useful as it is unstable in humid

air, forming a native oxide layer. During the work done on MOFs, it was also found

that the acidic solvent used caused oxidation of the pSi surface, an undesirable effect.

Therefore, fully thermally oxidised pSiO2 was later employed, with much better stability

demonstrated by ATR-FTIR.

The presence of both the cages and UiO-66 MOF inside the pores led to differences in

optical response of the pSi/pSiO2 layer, as was the aim of this work. In many cases, the

cages/MOF enhanced the uptake of VOC, improving the response by more than double
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in some cases. However, with the cages, the effects were small and often inconsistent; the

results, and the difficulty of the deposition process, suggest that cage molecules do not

completely fill the pSi pores as desired. The preparation conditions of the cage molecules

are crucial; it was found that crystals are either insoluble or partially soluble in many

organic solvents, leading to aggregation and pore blocking, while the high surface tension

and slow drying of aqueous solvents caused surface deposition and the ‘coffee-ring effect’.

In the case of the UiO-66 preparation, similar difficulties were encountered. While optical

thickness measurements show that some MOF did indeed form in the pSi and pSiO2 pores,

the enhancement of the response to all VOCs (rather than only those which fit inside the

MOF pores) demonstrated that, in this case as well, there is not complete pore-filling.

SEM images showed visible networks of UiO-66 nanoparticles on top of the pSiO2. A

solution to this problem may be the use of macroporous silicon with its larger, more

ordered pores; other macroporous templates such as metals and ceramics have previously

been used to support MOF nanopoarticles [176]. This could be investigated in future,

perhaps alongside conditions such as high pressure to cause the MOF to fill the pores.

In conclusion, although some promising initial results were achieved, there are several

hurdles which remain to be overcome. The type of metal-organic cage used is novel and

still under investigation; in the future, new structures with varying metal and ligands

may improve organic solubility and therefore aid composite formation with pSi. MOFs,

by nature, form extended networks, and therefore their placement inside the pSi pores is

more complex; a larger porous structure and more forcing conditions may be required to

achieve this.

192



Chapter 8

Conclusions

This thesis has presented an investigation into novel uses of nanoporous silicon and silica

for the enhancement of vapour-phase volatile organic compound (VOC) sensing, across a

range of applications and sensing techniques. A primary focus has been the development

of preconcentrator devices using these porous materials to adsorb vapour-phase molecules

before desorbing them in a controlled manner, working towards improving both the sen-

sitivity and selectivity of detectors. The importance of small, low-cost and portable

detectors and devices has been highlighted throughout: while vapour-phase molecules

can be sensitively and selectively detected by large, laboratory-based equipment such

as gas chromatography-mass spectrometry, the true commercial need is for wearable or

location-based sensing, with online real-time measurements. While the development and

improvement of such portable sensors is the topic of interesting scientific research which

has been discussed throughout, there are yet very few commercially available detection

systems which satisfy these requirements, and there remain significant difficulties to be

overcome. This thesis has addressed some of these challenges.

In Chapter 3, a nanoporous silica preconcentration device was employed in the field of

explosives detection. The device was primarily tested on a taggant molecule which is

added by law to all plastic explosives, but whose detection is yet relatively immature.

The preconcentration device succeeded in improving the intensity of the analytes’ vapour-

phase infra-red peaks in a spectrometer; an important result, since explosives generally

have very low vapour pressures and therefore achieving sufficiently sensitive gas-phase

detection is especially challenging. Coupling of the preconcentrator to GC-MS enabled

its efficacy to be accurately measured, and it was concluded that the device provides a

significant enhancement.

Chapter 4 comprised a systematic, thorough study of pSi and pSiO2 preconcentrators,

with optimisation of the experimentally controllable parameters governing the precon-
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centration of different types of VOC. A compact preconcentration and detection device

was developed, only approximately 5 x 6 x 6 cm in size, including the porous precon-

centrator, a heating/cooling system and a photoionisation detector. Significant results

from this chapter included the preconcentrator’s improvement of the PID response by

factors of up 80, an achievement which highlights the efficacy of the preconcentrator and

demonstrates the potential for substantially decreasing the limit of detection.

Thus far, the focus had been on using preconcentration devices to improve the sensi-

tivity of VOC sensors; in Chapter 5, the emphasis was changed to address selectivity.

This is arguably an even greater problem than sensitivity in many areas of VOC sens-

ing; the ability to distinguish between VOCs in a mixture is a challenging goal, which

has as yet only been achieved in the commercial sphere by bulkier, mainly GC-based

detectors. Here, a novel method of slow, controlled thermal desorption from the pSiO2

preconcentrator was shown to produce peaks in the PID response at different times for a

range of different VOCs. These desorption times were found to correlate with the VOC

properties such as boiling point and affinity to the pSiO2 surface. A consideration of

the factors affecting adsorption of the organic molecules led to some work on different

silicon surface chemistries, which successfully showed better enhancements for different

types of VOC. The presence of water vapour at around 500 times the VOC concentration

was also demonstrated to have little effect on the measurement. This chapter presented

some noteworthy results, demonstrating the possibility for the preconcentrator to provide

improvements in both sensitivity and selectivity of a small, portable detector.

The research in Chapter 6 took this further, achieving thermal separation of a mixture of

two VOCs by the pSiO2 preconcentrator/PID detector device. Linear component anal-

ysis enabled each VOC to be reliably detected in the presence of the other, down to a

low limit of detection of approximately 10 ppb, which is a considerable achievement. A

similar process with the industrially-important and chemically similar BTEX compounds

proved a greater challenge. Employment of a stepped temperature ramp appears promis-

ing, as this provided different PID response profiles for the different BTEX compounds,

however further testing would be required for a model to accurately determine their

individual concentrations from a mixture. Simulations of the gas flow in the preconcen-

tration/thermal separation device highlighted some potential areas for improvement, to

maximise the detection of desorbed VOC molecules.

As a piece of additional work with a change in focus, Chapter 7 summarises initial inves-

tigations into forming composite porous materials from porous silicon with metal-organic

structures embedded in the pores. In contrast to the main body of this thesis, this chapter

presents some early research exploring direct optical sensing on pSi rather than precon-

centration. With its larger pores, pSi provides a rigid structure to hold the (often powder

or gel form) metal-organic materials, as well as acting as the transducer for sensing, in this
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case reflectance spectroscopy. Meanwhile, the smaller single-molecule pores of the metal-

organic structures may provide selectivity by size exclusion of certain molecules. This

chapter documents some initial optical sensing results as well as the technical challenges

encountered.

Future Work

The research presented in this thesis has demonstrated that there is definite potential

for future development of the prototype preconcentration/thermal separation device in-

vestigated here. In the field of explosives detection, coupling of the preconcentrator to,

for example, an ion-mobility spectrometer, which are currently employed in the field,

could significantly improve the IMS’s sensitivity. In addition, connecting the pSiO2 pre-

concentrator into a multi-pass gas cell for detection by an IR laser shows promise as a

more portable IR system. Further exploration of this early-stage work could be carried

out; one of the main challenges to be overcome here is the interference from atmospheric

constituents.

A particular application of the thermal separation device for which there is great de-

mand, as noted previously, is the separate detection of the BTEX compounds within a

mixture. Therefore, future work towards commercial development could be focussed in

this direction, and should include careful design of a new device iteration using the results

of simulations to maximise transport of desorbed material to the detector. In addition,

further investigation of complex mixtures of the BTEX compounds in a greater range

of concentration ratios will be crucial, as well as testing of ‘unknown’ samples to verify

the efficacy of the device. Operation in ambient conditions, including humidity and other

common atmospheric constituents, should be investigated; an aromatic-specific PID could

be used to minimise interference. Although there remains work to be done, this device

is very promising, as it could potentially achieve sensitive and selective VOC detection

while being relatively low-cost and very compact. The low operating temperature range

of 5 - 70°C is an advantage over many preconcentrators, which require high temperatures

of hundreds of degrees, making it more suitable for deployable field sensing.

An additional avenue of interest for further scientific investigation is composite formation

from pSi/pSiO2 with metal-organic cages or frameworks. This is a novel area of research,

and early results were encouraging; the MOFs or cages could potentially yield significant

enhancements in sensitivity and selectivity, while the porous silicon or silica acts as both

a structural scaffold and signal transducer. A main conclusion from the work presented

in this thesis is that reliable and complete filling of the pSi pores will be key to any

future endeavours in this field. Future work could utilise macroporous silicon (rather

than mesoporous), as its larger and more ordered pores may help overcome these difficul-
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ties. In addition, a variety of different metal-organic structures should be explored; their

properties, which are controlled by different metal centres and organic ligands, could be

tuned to enhance adsorption of the specific VOCs of interest.

To conclude, nanoporous silicon is a very promising and often overlooked material in the

field of gas preconcentration and sensing. Its high specific surface area, ease of fabrication,

abundance, low cost and integrability into existing silicon-based technology make it an

ideal candidate for such devices. The research presented in this thesis has demonstrated

several detection systems where nanoporous silicon has been shown to enhance sensitivity

and selectivity, in some key areas of real-world importance.
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Summary of Highlights

� A pSiO2 preconcentrator was proved effective in combination with IR detection in a

novel proof-of-principle study for explosive taggant DMNB (preconcentration factor

2.3± 0.3) and explosive analogue nitrobenzene (preconcentration factor 3.0± 0.2).

� GC-MS was used to quantify the preconcentrator’s performance for DMNB; it col-

lected 12-16 times more than a flat surface.

� Challenges in researching explosives detection included the inability to purchase or

synthesise many explosives due to safety considerations, and low vapour pressures

of analytes which caused deposition on a PID lamp window and ‘sticking’ in the

pores.

� The performance of the pSiO2 preconcentrator for polar and non-polar VOCs was

systematically studied under varying conditions; preconcentration factors up to

approximately 80 were achieved.

� Surface modifications and functionalisation showed different enhancements for dif-

ferent types of VOC, demonstrating a route to selectivity.

� Thermal desorption profiles of a range of VOCs were measured as a means of adding

selectivity; more polar VOCs and those with higher boiling points desorbed from

pSiO2 at higher temperatures.

� Water vapour at 500 times the VOC concentration was shown to have little effect,

and hydrophobic surface functionalisation employed to further reduce it.

� Selective detection of two VOCs (IPA and octene) from a binary mixture was

achieved using thermal desorption, with detection limits < 10 ppb.

� Selective detection of a mixture of the BTEX compounds was more challenging,

although use of a stepped temperature profile in combination with signal post-

processing seems promising for future development.

� Simulations showed that heat transfer in the device is good, and that modifica-

tions to the gas flow could improve the proportion of desorbed molecules which are
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detected.

� Composites of metal-organic cages and frameworks with pSi/pSiO2 show promise

for enhancing selectivity and sensitivity; this early-stage work requires further in-

vestigation, as formation of the composites is challenging.
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Appendices

A.1 Derivation of reflectance equation

Reflectance spectroscopy is a technique used in this thesis for two purposes. Firstly, in

characterising porous silicon and silica samples using the ‘spectroscopic liquid infiltration

method’, a non-destructive method used to determine porosity (described in Section

2.1.4). Secondly, it is used for direct gas sensing on pSi/pSiO2 in Chapter 7. Here, the

equations governing reflectance spectroscopy are derived and presented.

A ray of light incident on a surface at angle θi is partially reflected at angle θr and

partially refracted at angle θt, as shown in Figure 1. The law of reflection states that

θi = θr. The refractive index n of a medium is defined as n = c
v
, where c is the velocity

of light in a vacuum and v is the velocity of light in that medium.

Figure 1: Incident, reflected and refracted beams of light from a surface.

Snell’s Law gives the relationship between the refractive indices and angles:

na sin θi = ns sin θt (1)

in the case of light travelling through the air (refractive index na) and striking a surface
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of refractive index ns.

Reflectance Rf is defined as the fraction of incident power that is reflected from the

surface, and transmittance Tr is the fraction that is transmitted through the surface:

Rf =
reflected power

incident power
(2)

Tr =
transmitted power

incident power
(3)

Due to conservation of energy, Tr = 1− Rf (assuming no light is absorbed or scattered;

in reality, these processes will account for a small proportion of the energy). Here, only

reflectance intensity (and not transmission) is measured, and therefore only reflectance is

considered moving forward. Additionally, note that intensity I = P/A, where P is power

and A is area; however the area of the light beam does not change on reflection since

θi = θr. Therefore, Equation 2 may be used for intensity also.

The Fresnel equations give the value of Rf . In the case of perpendicular (s) and parallel

(p) polarised light:

Rs =

∣∣∣∣na cos θi − ns cos θt
na cos θi + ns cos θt

∣∣∣∣2 (4)

Rp =

∣∣∣∣na cos θt − ns cos θi
na cos θt + ns cos θi

∣∣∣∣2 (5)

In the case of the reflectance spectroscopy of interest in this thesis, the light is unpolarised

and the experimental set-up is such that the incident and reflected light are both normal

to the surface, so θi = θr = 0, then from Snell’s law (Equation 1) θt = 0, and Rf is given

by:

Rf =

(
na − ns

na + ns

)2

(6)

For a pSi layer (refractive index nl) on top of a crystalline silicon substrate (ns) in

air (na), there are two interfaces: the reflectance at the air/pSi surface Ra, and the

porous/crystalline interface Rb, are therefore given by:
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Ra =

(
na − nl

na + nl

)2

(7)

Rb =

(
nl − ns

nl + ns

)2

(8)

We can define the refractive-index contrast at each surface as ρa =
na−nl

na+nl
and ρb =

nl−ns

nl+ns
,

such that Ra = ρ2a and Rb = ρ2b .

The overall reflectance Rf depends on both the reflected intensity at each interface and

the interference of the two reflected beams:

Rf = (ρa + ρb) + 2ρaρb cos (2δl) (9)

Here δl is the phase difference between the two interfering beams: δl =
2πnlL

λ
, where L is

the thickness of the porous layer and λ is the wavelength of light [12].

This interference leads to a pattern of fringes in the graph of reflectance Rf vs wavelength

λ, contained within an envelope due to the light source intensity distribution and the

spectrometer. An example reflectance spectrum is shown in Figure 2a; the spacing of the

fringes depends on L and nl, as shown by Equation 9. The simplest method to analyse

this reflectance spectrum is by a Fourier transform, which gives a single peak at 2nlL,

known as the effective optical thickness; an example is shown in Figure 2b.

(a) Reflectance spectrum (b) Fourier transform

Figure 2: A typical set of reflectance fringes and their Fourier transform, obtained from
a nanoporous silicon layer approximately 6.7 µm thick with a porosity of approximately
44%.

As explained in the main text, the refractive index of the porous layer, nl, is a composite

201



Appendices

value of the refractive indices of the silicon matrix and the filling medium inside the pores.

In the presence of a liquid or gaseous chemical substance, some or all of the air filling the

pores is replaced, causing nl to increase and the reflectance spectrum to be red-shifted.

This shift in 2nlL can be measured in the Fourier transform.

A.2 Gravimetric calibrations

Calibrations were carried out to determine vapour concentrations of VOCs, as described

in the main body. The following figures present plots of diffusion or permeation tube

mass over time during gravimetric calibrations of all the VOCs tested in this thesis.

The parameters used (temperature, flow rate etc) for each calibration, and the resulting

concentrations, are tabulated in Table 1.
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(a) Di-tert-butyl peroxide diffusion
tube, 25°C

(b) Nitrobenzene permeation tube,
50°C

(c) 2,4-dinitrotoluene diffusion tube,
100°C

(d) 2,3-dimethyl-2,3-dinitrobutane
diffusion tube, 100°C

(e) 2,3-dimethyl-2,3-dinitrobutane dif-
fusion tube, 75°C

Figure 3: Decrease in mass over time during calibration of analyte VOCs for Chapter 3.
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(a) Heptane permeation tube, 30°C (b) Toluene permeation tube, 30°C

(c) Isopropanol permeation tube, 50°C (d) Octane permeation tube, 50°C

(e) Water permeation tube (open),
50°C

Figure 4: Decrease in mass over time during calibration of analyte VOCs for Chapters
4-5.
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(a) Benzene permeation tube, 50°C (b) Toluene permeation tube, 50°C

(c) Ethylbenzene permeation tube,
50°C

(d) o-Xylene permeation tube, 50°C

Figure 5: Decrease in mass over time during calibration of analyte VOCs for Chapter 6.
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(a) Benzene diffusion tube, 30°C (b) Toluene diffusion tube, 50°C

(c) Cyclooctane diffusion tube, 80°C (d) DCM diffusion tube, 20°C

(e) Acetone diffusion tube, 20°C (f) MEK diffusion tube, 40°C

(g) Heptane diffusion tube, 60°C

Figure 6: Decrease in mass over time during calibration of analyte VOCs for Chapter 7.
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Table 1: VOC calibration details. Calibrations marked with a * were done using the
home-made vapour generator.

VOC Tube type Mm / g mol-1 T / °C F / ml min-1 D / ng min-1 c / ppm

Di-tert-butyl peroxide diffusion 146.23 25 100 41552 69.6
Nitrobenzene permeation 123.06 50 100 448.59 0.9

2,4-dinitrotoluene diffusion 182.13 100 100 639.57 0.9
2,3-dimethyl-2,3-dinitrobutane diffusion 176.17 100 125 3715.9 4.1
2,3-dimethyl-2,3-dinitrobutane diffusion 176.17 75 125 479.48 0.5

Heptane permeation 100.21 30 100 2566.7 6.3
Toluene permeation 92.14 30 100 859.90 2.3

Isopropanol permeation 60.10 50 100 271.43 1.1
Octane permeation 114.23 50 100 759.36 1.6
Water permeation (open) 18.02 50 100 43802 596
Benzene permeation 78.11 50 100 961.77 3.0
Toluene permeation 92.14 50 100 487.67 1.3

Ethylbenzene permeation 106.17 50 100 808.76 1.9
o-Xylene permeation 106.16 50 100 452.70 1.0
Benzene* diffusion 78.11 30 100 328600 1030
Toluene* diffusion 92.14 50 100 385500 1025

Cyclooctane* diffusion 112.21 80 100 293280 640
Dichloromethane (DCM)* diffusion 84.93 20 100 1893300 5462

Acetone* diffusion 58.08 20 100 634570 2677
Methyl ethyl ketone (MEK)* diffusion 72.11 40 100 820440 2788

Heptane* diffusion 100.21 60 100 1081200 2643

For some work in Chapter 7 this thesis (marked with an asterisk in Table 1), a home-

made vapour generator was used in combination with Alicat Scientific flow controllers

and a Cheminert valve as opposed to the Owlstone vapour generator setup described in

Section 2.2.2. Unfortunately, this setup did not produce a repeatable VOC concentration,

probably due to fluctuations in the temperature of the heating element inside the vapour

generator; this is noted in the chapter.

A.3 Obtaining Vapour-Phase Infra-Red Spectra of

Explosives

The TNT and DMNB solutions described in the main body of the thesis were each heated

to 25°C in the OVG and the spectra of the resulting vapours are plotted in Figure 7.

Spectra of the pure solvents (1:1 acetonitrite:methanol and pure methanol, respectively)

were taken in the same way and are also plotted for comparison. As evident in the figure,

there are no peaks in the explosive-containing spectra which are not also in the solvent

spectra; all the peaks are due either to the solvents or to interference from water vapour

and CO2 in the apparatus and no significant new features are from TNT or DMNB. This

is attriubted to the solvents being present at so much higher concentrations in the vapour

phase than the explosives themselves that the IR peaks of the explosives are not visible.

To obtain solvent-free vapour phase spectra, the solutions of TNT and DMNB were

then heated on a hotplate inside their metal diffusion tubes until the solvent had fully
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(a) TNT in 50:50 MeOH:ACN (b) DMNB in ACN

Figure 7: Spectra of TNT and DMNB in solution plotted against the solvent spectra.
There is a wide H2O band containing many peaks from about 1300 to 2000 cm-1 and a CO2

peak at around 2300 cm-1, both due to trace amounts of these atmospheric interferents
within the measurement apparatus.

evaporated, leaving the solid residue inside the tube. The tubes were then heated to

the maximum OVG temperature of 100°C; the spectrum of the TNT vapour produced is

shown in Figure 8.

Figure 8: IR Spectrum of vapour from solid TNT, expanded to the relevant region and to
show only positive peaks, cutting off the negative peaks from H2O and CO2 interferents.

No peaks from TNT can be seen in the spectrum in Figure 8. This is attributed to the

fact that its vapour pressure is so low as to be below the limit of detection, even for this

sensitive, low-detection-limit spectrometer.

Analysis of the TATP in acetonitrile solution was more difficult, for two reasons: firstly,

TATP has a low decomposition temperature, so heating had to be done carefully and

under a constant flow of carrier gas. Secondly, it has a much higher vapour pressure

than the other analytes, so would be expected to sublime very soon after the solvent
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evaporates. Therefore, heating the solution to evaporate the solvent and leave behind

the solid reside, as was done for TNT and DMNB, was not possible.

Instead, the solution was placed inside a diffusion tube in the OVG, and IR spectra

were taken continuously as the solution was heated and the vapour flowed into the spec-

trometer. Five scans were averaged to produce each spectrum, giving a time resolution

of approximately 1 minute. The temperature began at 50°C, but had to be increased

several times over a period of days in order to fully evaporate all the solvent. Figure

9a shows a typical spectrum taken towards the beginning and towards the end of the

evaporation process. The small peak that can be seen in the later spectrum at 1195 cm-1

is believed to be due to C–O ring stretches in TATP, as it corresponds with the literature

[177, 178, 113].

(a) IR spectra taken during the evaporation
process.

(b) Comparison of IR spectra of DTBP and
TATP in ACN.

Figure 9: IR spectra of TATP. There are some peaks due to trace H2O and CO2 within
the measurement apparatus.

A spectrum of di-tert-butyl peroxide (DTBP) vapour, which contains the same peroxide

group, was also taken for comparison; this is shown in Figure 9b alongside the spectrum of

TATP in ACN. The figure shows that DTBP also has a peak at around 1200 cm-1, further

confirming that this peak in the TATP/ACN spectrum is indeed due to the peroxide.

Figure 10 shows the variation in the intensity of two of the spectral peaks over time

during the evaporation: the TATP peak at 1195 cm-1 and the peak at 2278 cm-1, which

is due to the C––N stretch in acetonitrile [179]. It is clear that while the TATP peak

is present all along, it increases sharply as the acetonitrile evaporates away. This is

in line with expectations; in solution, TATP cannot evaporate as readily, whereas solid

TATP is known to sublime even at room temperature. Hence, as soon as the acetonitrile

concentration dropped, leaving solid TATP, this solid immediately sublimed, creating a

peak in the vapour-phase TATP concentration.
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(a) Peak intensities shown to-scale over full
time period; step increases in ACN concentra-
tion were due to oven temperature being in-
creased.

(b) Expanded subsection of time during which
ACN evaporated and TATP sublimed; TATP
peak intensity is enlarged.

Figure 10: Peak intensities of C–O ring stretch of TATP and C––N stretch of acetonitrile
during evaporation process.

A.4 Preconcentration of 2,4-DNT and TNT for IR

detection

The intensity of the IR peak of DNT at 1353 cm-1 was monitored whilst switching the

DNT vapour on and off. The exhaust flow was utilised to vary the vapour concentration;

three sets of cycles at different concentrations are plotted in Figure 11. Not much dif-

ference in peak intensity between the three different concentrations can be seen, which

is probably because the DNT concentration is near the limit of detection. In addition,

the peaks do not fully return to baseline under N2, which may be due to the low vapour

pressure of DNT causing condensation inside the measurement chamber.

Figure 11: The effect of varying concentration on DNT peak intensity.

In fact, the saturated vapour pressure for DNT at 25°C is 0.042 Pa (see Table 3.1), which
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corresponds to a concentration of 0.41 ppm at atmospheric pressure. Since DNT was

produced by the OVG at 0.9 ppm, the vapour was probably above its saturation vapour

pressure, leading to potential deposition on the walls of the tubing and the inside of the

measurement cell.

Next, the measurement procedure detailed in the main body was followed for 0.9 ppm

DNT, with a loading time of 60 minutes at a temperature of 5°C. The variation in the

peak intensity over time is shown in Figure 12a. The DNT concentration increases very

little when the pSiO2 temperature is increased, which is probably due once again to the

very low vapour pressure of DNT, which may keep it ‘stuck’ in the preconcentrator even

at high temperature, increasing the time it takes to release and therefore flattening the

spike.

(a) 0.9 ppm DNT (b) TNT

Figure 12: Variation in peak intensity over time during preconcentration cycles.

Finally, the same preconcentration measurement procedure was repeated with the vapours

produced from heating the TNT-residue-containing diffusion tube (from Section 8) to

100°C. It was very unlikely that any preconcentration effect would be seen for TNT,

since this vapour was previously below the limit of detection of the IR spectrometer, and

therefore no peaks could be seen. However, the NO2 peaks are expected to be at roughly

the same wavenumber as those of DNT, so the absorbance at 1353 cm-1 (compared to

the spectrum baseline) was monitored. Figure 12b shows the results; despite some small

variation in the absorbance throughout the measurement, still no peak is visible: the

absorbance does not increase above zero.

A.5 Multi-pass cell laser alignment verification

The main text discusses the use of a multi-pass cell to optimise the optical path length

within a small volume, and the challenges faced in aligning this device. An additional
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difficulty with the alignment process was that, when properly aligned, the laser beam

exits the cell through the same window by which it enters, at 7° from the normal in

the opposite direction to the entry beam. Unfortunately, the window of the cell is not

completely transparent to the laser, and a small amount of reflection occurs from the

window, at exactly the same angle as the exit beam. This means that even when the

cell is not properly aligned, some radiation reaches the detector from this reflected beam.

Throughout the alignment process, a beam-blocker was periodically placed and removed

from inside the cell, while the detector output was continuously monitored. If the detector

reading dropped when the beam blocker was in place, it was assumed that the cell was

properly aligned.

To verify this, Figure 13 shows spectra taken by scanning a tunable laser, passing through

the multi-pass cell, across the region of the CO2 peak. The cell was filled first with N2

and then with CO2; since the laser beam passes through approximately 1 - 2 metres of

open air on the bench, a CO2 peak is expected in both cases, but the size of the CO2

peak clearly increased when the cell was full of CO2 compared to the two measurements

taken with an N2-filled cell. This demonstrates that the laser beam is properly aligned

through the cell. The peak is flattened because the large amount of CO2, combined with

the long path length, saturated the detector.

Figure 13: IR spectra of detector output from multi-pass cell before and after addition
of CO2 into cell.

A.6 Humidity investigation of DMNB detection by

vapour-phase IR

The objective here was to obtain an IR spectrum of vapour-phase DMNB at ppm-level

concentration with humidity, to determine if it will be possible to de-convolute the DMNB
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signal from the water signal. The gas-flow system described in Section 2.2.2 was modified

slightly to include a sealed bottle of distilled water and a dilution system, so that the

DMNB-containing carrier gas could be mixed with saturated water vapour in a specified

proportion. This dilution yielded a DMNB concentration of 0.8 ppm.

A Specac Atmos A10 FT-IR Gas Transmission Cell was rented to use in conjunction

with a PerkinElmer Spectrum 100 FT-IR spectrometer. The gas cell, which has a path

length of 10 m and a volume of approximately 2 L, was connected to the output of the

gas flow system and filled with N2 carrier gas containing known concentrations of DMNB

and water vapour. The cell was then sealed and transported to the spectrometer, where

spectra were taken at 0.125 cm-1 resolution.

A background spectrum was taken in pure N2, then two spectra were taken with 0.8 ppm

DMNB: one in dry N2 and one in N2 with 20% relative humidity (RH). These two spectra

are shown in Figure 14. Some water - negative peaks centred around 1600 cm-1 and 3750

cm-1 - can be seen even in the 0% RH spectrum (Figure 14a); this could be partially due

to the tap nitrogen gas not being completely dry.

(a) 0% relative humidity (b) 20% relative humidity

Figure 14: IR spectra of DMNB vapour in varying relative humidity.

A negative CO2 peak is also visible at around 2350 cm-1 in both spectra. This is likely

due to small variations in ambient H2O and CO2 levels between the background and

sample measurements, caused by the removal and replacement of the gas cell into the

spectrometer in order to be filled with vapour, which is a drawback of this experimental

setup.

Despite the relatively large water and CO2 peaks in the 0% RH spectrum, peaks due to

DMNB can be seen as if ‘cut out’ from the water peak. These are shown more clearly

in Figure 15, in which the DMNB spectra obtained on this system and on the Protea

FT-IR gas analyser from Section 3.2.1 are superimposed. The DMNB peaks, which
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are highlighted in yellow, align with one another, confirming that the spectra taken are

consistent.

Figure 15: Comparison of IR spectra of DMNB vapour taken on the Protea FT-IR
system and in the Atmos gas cell in the PerkinElmer FT-IR spectrometer, expanded to
the relevant region. The spectrum from the PerkinElmer FT-IR has been flipped in the
x-axis for better comparison. The yellow bands highlight the common DMNB peaks in
the two spectra.

Unfortunately, in the 20% humidity spectrum in Figure 14b, the water peaks are so large

that no light reaches the detector in places, and so their shape is distorted and no peaks

due to DMNB can be distinguished. This is due to the very long path length within the

gas cell, which is however necessary in order to measure small quantities of DMNB.

A.7 GC-MS parameters and raw data

The GC-MS analysis was carried out by Nathan Rowe at DSTL; the description, in his

words, and the parameters and raw data obtained are presented here for completeness.

Sorbent tubes containing the output of the preconcentrator were collected as described

in the main text. The sample material in the sorbent tubes was thermally desorbed

and the released gas was collected on a cryo-focussing trap, which cools the sample in

order to collect it in small region which gives a narrow band at the beginning of the GC

column. This trap was then rapidly heated to desorb the analyte gas directly onto the

GC column. A split flow of pure carrier gas may also be applied to reduce the amount

of analyte, to enable analysis of high-concentration samples. The dominant ion peak in

the DMNB mass spectrum was integrated in a time window around the peak retention

time. Information from known calibration standards was then used to quantify the mass

of DMNB in the sorbent tubes.
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Table 2: Parameters for thermal desorption method

Equipment
Markes International

Unity/Ultra Series 2 Thermal Desorber

Cold trap Chemical weapons cold trap (U-T10CW-2S)

Tube desorb

225°C for 7 min
Trap flow: 10 ml min-1

Split flow: 40 ml min-1

Trap low temp: -10°C

Trap desorb
Trap high tempe: 225°C (held for 3 min)

Split flow: 24.5 ml min-1

Total split ratio 250:1

Flow path temperature 210°C

Table 3: Parameters for GC-MS method

Equipment
Agilent Technologies

7890B Gas Chromatograph
5977 Mass Spectrometer

Column
Restek Rxi-5ms 20 m x 180 µm x 0.18 µm

Column direct into TD
Constant flow: 0.5 ml min-1

Oven programme
Initial temp: 70°C (held for 1 min)

Ramp 1: Rate 10°C min-1, final temp: 230°C (held for 1 min)
Runtime: 18 mins

Aux 230°C

Inlet septum purge 3 ml min-1

MS

Scan range: 35 - 250 amu
MS quad: 150°C
MS source: 230°C

Solvent delay: 2 mins

Table 4: Raw data for release-time experiment. Data marked with a * was used to gauge
DMNB levels on a higher split ratio; a correction has been applied but can it only be
treated as an estimation.

Sample no.
Mass of DMNB collected / ng

0-10 min 10-20 min 20-30 min 30-40 min 40-50 min 50-60 min

2 - 269 132 76 45 34
3 1619 660* 213 104 73 46
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Table 5: Raw data for all 10-minute release experiments

Sample no.
Mass of DMNB collected / ng

Repeat 1 Repeat 2 Repeat 3 Average Standard deviation

1 44.68 10.48 5.854 20.34 21.2
2 - 1286 - 1286 -
3 1619 2519 - 2069 636.4
4 3816 5819 - 4818 1416
5 2005 2239 - 2122 165.5
6 1684 2554 - 2119 615.2
7 4104 3821 - 3963 200.1
8 3574 3844 - 3709 190.9
9 950.1 - - 950.1 -
10 234.0 197.1 - 215.6 26.09
11 177.3 168.2 - 172.8 6.435
12 1097 1437 - 1267 240.4
13 244.7 221.2 - 233.0 16.62

A.8 Linear component analysis of VOC mixtures

The mathematical analysis described in this section was carried out by Dr Shamus Husheer.

As noted in the main text, this research has been submitted for publication.

The experimental PID response voltage over time from a number of different binary mix-

tures of the two VOCs IPA and octene, at a particular heating rate, were simultaneously

modelled. Independent PID responses for unit concentration (1 ppm) of each pure VOC

were first obtained from the known ‘nominal’ concentrations of each VOC in each binary

mixture (set by the gas generator), and the measured PID responses to each binary mix-

ture. In order to assess the how well the model fits to these nominal VOC concentrations,

the experimental PID responses were then each modelled as a linear combination of the

two independent unit-concentration PID responses, and the concentrations of each binary

mixture measured in this way. This analysis was done as follows:

For each measurement run, (nominal) concentrations of the two VOCs were known (giving

a 2x1 matrix of concentrations) and the PID voltage was measured at N time points

during the measurement, giving an Nx1 matrix of PID voltages. This data was collected

for M measurement runs in total, each with a different concentration matrix (e.g. 0 ppm

octene/4 ppm IPA, or 0.6 ppm octene/0.6 ppm IPA, etcetera), as described in the main

text.

For this analysis, all M measurement runs were considered together; therefore, the input

data consists of a concentration matrix C, which is a 2xM matrix of VOC concentrations

(M binary mixtures of two concentrations (one for each component)), and a voltage
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matrix V, which is an NxM matrix of PID voltage (at N time points, for M samples).

To determine the independent components of PID response resulting from each VOC, the

calculation S = VC-1 was done to yield S, which is an Nx2 matrix of the independent

PID response (at N time points) for each VOC at unit concentration. To separate and

investigate fluctuations in PID response that are not correlated with concentration, it was

found to be useful to add a third virtual VOC with constant unit concentration, making

C a 3xM matrix and S an Nx3 matrix.

Having obtained the two independent PID responses (one for unit concentration of each

pure VOC), these were then used to obtain new estimates of the concentrations of the two

VOCs in each binary mixture. This was done by least-squares fitting the S matrix of unit-

concentration PID responses to the observed PID voltages matrix V, to find the revised

concentration matrix D = (VTV)-1S. D is a 3xM matrix of measured concentrations of

the two VOCs (plus the third virtual VOC), for each of the M measurement runs.

As discussed in the main body of the thesis, there was a clear non-linearity in these mea-

sured concentrations (D) compared to the nominal concentrations produced by the gas

generation system (C). This effect can be compensated by assuming that the measured

concentration is linear with true concentration, but retains variance for any given sample

measurement, and thus the average nominal concentration for all of the measurements at

a particular nominal concentration can be offset to enforce a perfectly linear relationship

between nominal and measured concentration. Therefore the concentration matrix D

was used to produce a ‘group corrected’ concentration matrix E, by replacing the con-

centrations in C by the average measured concentration for each nominal concentration

in D, having set any apparently negative concentrations in D to zero prior to averaging.

An improved estimate of the unit concentration PID responses was then calculated as T

= VE-1.

Every ‘blank’ measurement (i.e. with no VOC) was modelled by least squares using a

model consisting of a constant offset and linear time. Principal components analysis was

then applied to the residuals from this fit to extract the consistent time-varying drift, with

a single component explaining > 90% of variance. This component had an asymmetric

V shape with a smoothed vertex, which in linear combination with an offset and slope

can be reduced to the softplus function y = log(1 + exp((x − x0)k))/k, where x0 is the

location of the vertex and k controls the smoothness of the curvature at the vertex. This

then formed the PID temperature-dependent baseline model, consisting of an offset, a

slope, and softplus with a fixed value of x0 and k for all measurements. The raw data of

the blank measurements and the fits using this baseline model are plotted Figure 16.
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(a) Raw data for all blank measurements
(b) Fitted background model for all blank mea-
surements

Figure 16: PID voltage over time for ‘blank’ measurements with no VOC present.

The PID baseline model is likely, if arbitrarily applied, to correlate to one or other

VOC signal. It is therefore important to apply PID baseline correction after as much

of the VOC signal has been accounted for as possible, using a model without a baseline

component, and then fitting a baseline component to the residuals from this model.

Therefore a first VOC concentration matrix was calculated using ordinary least squares

fitting of F = (VTV)-1T, the residuals from which were then fitted to the PID background

model, and the residuals from the PID background model were then fitted by least squares

as G = (VTV)-1T. The sum of the extracted concentrations, H=F+G, was then used

as the final concentration estimate for each sample. These calculated concentrations H

were then fitted using least squares regression to either the ‘nominal’ concentration from

the gas generator C, or the ‘group corrected’ concentration matrix E.

A.9 Simulation parameters

Simulations described in this section were carried out by Tse-Ang Lee, of the research

group of Dr Tanya Hutter at the University of Texas at Austin.

Simulations were performed using COMSOL Multiphysics (version 5.4), where the gov-

erning equations are solved numerically using the finite element method.

Gas flow simulation: two modules are used here; the laminar flow module is applied

to study the steady state flow field in the flow cell, and the transport of diluted species

module coupled with the laminar flow module is utilized to study the diffusion and

convection of the analyte molecules over time. The pressure at the outlet of the flow

cell is set to atmospheric pressure to match experimental conditions. For the diffusion

and convection simulation, IPA with a diffusion coefficient of 1.013 × 10−5 m2 s-1 in air
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[180] was used as the model VOC. The concentration profile of VOC released from the

pSiO2 surface at the bottom boundary of the flow cell was a half-Gaussian of the form

in Equation 10, plotted in Figure 17. The parameter σ controls the ‘rate of desorption’;

σ = 0.1 was used here to simulate a sharp pulse release.

G(t) =
1

σ
√
2π

exp

(
− t2

2σ2

)
(10)

Boundary conditions of the flow cell were set so that molecules are able to be transported

by the air flow out of the model domain at the inlet and outlet, while a no-flux condition

is applied to the rest of the cell boundaries. To investigate the concentration over time,

a time-dependent study is conducted with step time of 0.01 seconds and total simulation

time of 20 seconds.

Figure 17: Concentration (arbitrary units) over time during sharp half-Gaussian release
of VOC vapour.

Heating rate simulation: the heat transfer module is used to study the transient tem-

perature response of the silicon/silica layers. Heat is transferred into 20°C surroundings

via convection with a heat transfer coefficient of 25 W m-2 K-1, through all boundaries

other than the heat source at the bottom of the crystalline silicon. The thermal prop-

erties of the nanoporous silica and crystalline silicon used are tabulated in Table 6. A

time-dependent study is conducted with step time of 0.1 seconds and total simulation

time of 200 seconds.

Figure 18 shows simulated temperatures of the porous layer at additional heating rates

and porous layer thicknesses to those presented in the main text.
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Table 6: Thermal properties for simulation. Thermal conductivities from [151] for porous
silica with comparable pore size & porosity to that used in this thesis; good agreement
with secondary sources [181, 182] for porous silica and crystalline silicon respectively.
Heat capacity of porous silica from [183] for the sample most similar to those used in this
thesis. *approx. 50% porosity; density of silica is 2650 kg m-3.

Material
Thermal conductivity Heat capacity Density

/ W m-1 K-1 / J kg-1 K-1 / kg m-3

nanoporous silica 0.2 770 1325*
crystalline silicon 150 710 2330

(a) 20 µm thick porous layer, varying heating
rate

(b) 0.5°C s-1 heating rate, varying porous layer
thickness

Figure 18: Temperature of Peltier and top surface of pSiO2 porous layer during heating
at different heating rates and porous layer thicknesses.

A.10 UiO-66 preparation protocol

UiO-66 was prepared following this protocol by Sandile Mtetwa for my use; it is noted

here for completeness.

The following protocol was used to synthesise UiO-66 (e.g. [171, 175]): benzene-1,4-

dicarboxylic acid (1.20 g, 7.25 mmol) and zirconium(IV) oxychloride octahydrate (1.61

g, 5.0 mmol) were dissolved in N,N-dimethylformamide (DMF) (30 mL). Concentrated

hydrochloric acid (1.5 mL, 37 %) and glacial acetic acid (2.0 mL) were added under

vigorous stirring. The resulting solution was sealed in a 100 mL Pyrex Schott bottle and

heated to 100°C for 2 hours. This yielded UiO-66 as a thick white gel of nanoparticles.

220



References

[1] M. Kampa and E. Castanas, “Human health effects of air pollution,” Environmental
Pollution, vol. 151, pp. 362–367, Jan. 2008.

[2] S. Sethi, R. Nanda, and T. Chakraborty, “Clinical Application of Volatile Organic
Compound Analysis for Detecting Infectious Diseases,” Clinical Microbiology Re-
views, vol. 26, pp. 462–475, July 2013.

[3] L. Thiesan, D. Hannum, D. W. Murray, and J. E. Parmeter, “Survey of Commer-
cially Available Explosives Detection Technologies and Equipment 2004,” Tech.
Rep. 208861, Sandia National Laboratories, Nov. 2004.

[4] J. R. Odermatt, “Natural chromatographic separation of benzene, toluene, ethyl-
benzene and xylenes (BTEX compounds) in a gasoline contaminated ground water
aquifer,” Organic Geochemistry, vol. 21, pp. 1141–1150, Oct. 1994.

[5] R. G. Ewing, M. J. Waltman, D. A. Atkinson, J. W. Grate, and P. J. Hotchkiss,
“The vapor pressures of explosives,” TrAC Trends in Analytical Chemistry, vol. 42,
pp. 35–48, Jan. 2013.

[6] L. Spinelle, M. Gerboles, G. Kok, S. Persijn, and T. Sauerwald, “Review of Portable
and Low-Cost Sensors for the Ambient Air Monitoring of Benzene and Other
Volatile Organic Compounds,” Sensors (Basel, Switzerland), vol. 17, p. 1520, June
2017.

[7] I. Ferrer and M. E. Thurman, Advanced Techniques in Gas Chromatography-Mass
Spectrometry (GC-MS-MS and GC-TOF-MS) for Environmental Chemistry. Else-
vier, 2013.

[8] C. Ho, M. Itamura, M. Kelley, and R. Hughes, “Review of Chemical Sensors for
In-Situ Monitoring of Volatile Contaminants,” tech. rep., Sandia National Labora-
tories, Mar. 2001.

[9] B. Szulczynski and J. Gebicki, “Currently Commercially Available Chemical Sen-
sors Employed for Detection of Volatile Organic Compounds in Outdoor and Indoor
Air,” Environments, vol. 4, p. 21, Mar. 2017.

[10] A. Uhlir, “Electrolytic shaping of germanium and silicon,” The Bell System Tech-
nical Journal, vol. 35, pp. 333–347, Mar. 1956.

[11] L. T. Canham, “Silicon quantum wire array fabrication by electrochemical and
chemical dissolution of wafers,” Applied Physics Letters, vol. 57, pp. 1046–1048,
Sept. 1990.

221



REFERENCES

[12] M. J. Sailor, Porous Silicon in Practice: Preparation, Characterization and Appli-
cations. Wiley-VCH, first ed., Nov. 2011.

[13] F. A. Harraz, “Porous silicon chemical sensors and biosensors: A review,” Sensors
and Actuators B: Chemical, vol. 202, pp. 897–912, Oct. 2014.

[14] S. Setzu, M. Monduzzi, G. Mula, and A. Salis, “Porous Silicon-based Electrochemi-
cal Biosensors,” in Biosensors - Emerging Materials and Applications, InTech, July
2011.

[15] C. RoyChaudhuri, “A review on porous silicon based electrochemical biosensors:
Beyond surface area enhancement factor,” Sensors and Actuators B: Chemical,
vol. 210, pp. 310–323, Apr. 2015.

[16] G. Barillaro, “Porous Silicon Gas Sensing,” in Handbook of Porous Silicon, pp. 1–12,
Springer International, Jan. 2014.

[17] S. Ozdemir and J. L. Gole, “The potential of porous silicon gas sensors,” Current
Opinion in Solid State and Materials Science, vol. 11, pp. 92–100, Oct. 2007.

[18] I. A. Levitsky, “Porous Silicon Structures as Optical Gas Sensors,” Sensors (Basel,
Switzerland), vol. 15, pp. 19968–19991, Aug. 2015.

[19] T. Hutter and S. Ruschin, “Some Methods for Improving the Reliability of Optical
Porous Silicon Sensors,” in Advances in Chemical Sensors, InTech, Jan. 2012.

[20] J. Dorvee and M. J. Sailor, “A low-power sensor for volatile organic compounds
based on porous silicon photonic crystals,” physica status solidi (a), vol. 202,
pp. 1619–1623, June 2005.

[21] I. Rea, M. Iodice, G. Coppola, I. Rendina, A. Marino, and L. De Stefano, “A porous
silicon-based Bragg grating waveguide sensor for chemical monitoring,” Sensors and
Actuators B: Chemical, vol. 139, pp. 39–43, May 2009.

[22] A. M. Ruminski, M. M. Moore, and M. J. Sailor, “Humidity-Compensating Sensor
for Volatile Organic Compounds Using Stacked Porous Silicon Photonic Crystals,”
Advanced Functional Materials, vol. 18, pp. 3418–3426, Nov. 2008.

[23] A. M. Ruminski, B. H. King, J. Salonen, J. L. Snyder, and M. J. Sailor, “Porous
Silicon-Based Optical Microsensors for Volatile Organic Analytes: Effect of Surface
Chemistry on Stability and Specificity,” Advanced Functional Materials, vol. 20,
pp. 2874–2883, Sept. 2010.

[24] M. J. Sweetman and N. H. Voelcker, “Chemically patterned porous silicon pho-
tonic crystals towards internally referenced organic vapour sensors,” RSC Advances,
vol. 2, pp. 4620–4622, May 2012.

[25] H. Zhang, L. Lin, D. Liu, Q. Chen, and J. Wu, “Optical nose based on porous silicon
photonic crystal infiltrated with ionic liquids,” Analytica Chimica Acta, vol. 953,
pp. 71–78, Feb. 2017.

[26] Y. Shang, H. Zhang, X. Wang, and J. Wu, “An Optical Olfactory Sensor Based on
Porous Silicon Infiltrated with Room-Temperature Ionic Liquid Arrays,” Chemistry
– A European Journal, vol. 17, pp. 13400–13404, Nov. 2011.

222



REFERENCES

[27] N. A. Tokranova, S. W. Novak, J. Castracane, and I. A. Levitsky, “Deep Infiltration
of Emissive Polymers into Mesoporous Silicon Microcavities: Nanoscale Confine-
ment and Advanced Vapor Sensing,” The Journal of Physical Chemistry C, vol. 117,
pp. 22667–22676, Nov. 2013.

[28] S. Content, W. C. Trogler, and M. J. Sailor, “Detection of Nitrobenzene, DNT, and
TNT Vapors by Quenching of Porous Silicon Photoluminescence,” Chemistry – A
European Journal, vol. 6, pp. 2205–2213, June 2000.

[29] X. J. Li, S. J. Chen, and C. Y. Feng, “Characterization of silicon nanoporous pillar
array as room-temperature capacitive ethanol gas sensor,” Sensors and Actuators
B: Chemical, vol. 123, pp. 461–465, Apr. 2007.

[30] P. Dwivedi, S. Dhanekar, S. Das, and S. Chandra, “Effect of TiO2 Functionaliza-
tion on Nano-Porous Silicon for Selective Alcohol Sensing at Room Temperature,”
Journal of Materials Science & Technology, vol. 33, pp. 516–522, June 2017.

[31] P. Dwivedi, S. Das, and S. Dhanekar, “Wafer-Scale Synthesized MoS2/Porous Sili-
con Nanostructures for Efficient and Selective Ethanol Sensing at Room Tempera-
ture,” ACS Applied Materials & Interfaces, vol. 9, pp. 21017–21024, June 2017.

[32] W. Wang, Y. Gao, Q. Tao, Y.-Z. Liu, J.-J. Zuo, X.-C. Ju, and J.-K. Zhang, “A Novel
Porous Silicon Composite Sensor for Formaldehyde Detection,” Chinese Journal of
Analytical Chemistry, vol. 43, pp. 849–855, June 2015.

[33] V. Mulloni and L. Pavesi, “Porous silicon microcavities as optical chemical sensors,”
Applied Physics Letters, vol. 76, pp. 2523–2525, May 2000.

[34] C. Baratto, G. Faglia, G. Sberveglieri, Z. Gaburro, L. Pancheri, C. Oton, and
L. Pavesi, “Multiparametric Porous Silicon Sensors,” Sensors, vol. 2, pp. 121–126,
Apr. 2002.
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