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Abstract 

A mesoporous silicate has been developed for the removal of volatile organic 

compounds (VOCs). The indoor air pollutants of interest were formaldehyde, 

toluene, ethylbenzene, o-xylene, cumene and dichlorobenzene. The indoor air 

pollutants were actively sampled onto (i) Tenax filled sampling tubes and 

subsequently analysed by thermal desorption gas chromatography mass spectrometry 

or (ii) chemically modified C18 silica cartridges analysed by high performance liquid 

chromatography ultraviolet spectroscopy. A pollutant atmosphere suitable for testing 

the sorbents chambers were created in-house. 

Mesoporous silicates were synthesised to control the surface area, pore size and pore 

volume of the material. Several preparation methods were used to produce the final 

mesoporous silicate sorbent. The mesoporous silicates were mainly synthesised using 

tetraethyl orthosilicate as a precursor with either a quaternary ammonia silicate or 

triblock copolymer as the organic template synthesising MCM-41 and SBA-I5, 

respectively. A selection of the successfully synthesised mesoporous silicates were 

modified with propyl amine to investigate the possibility of formaldehyde 

chemisorption. Material characterisation was performed using powder x-ray 

diffraction, transmission electron microscopy, scanning electron microscopy, 

nitrogen adsorption and elemental analysis. Sorbents were selected for adsorption 

efficiency testing based on the characterisation results. The synthesised mesoporous 

sorbent VOC and formaldehyde adsorption efficiencies were then compared with 

commercially available sorbents. It was observed that the commercial sorbents were 

inefficient at adsorbing both the formaldehyde and the selected VOCs. The modified 

v 



sorbents adsorbed formaldehyde strongly compared to the unmodified parent 

sorbent. However when using the modified mesoporous silicate an unwanted release 

of toluene was also recorded. Simulated closed environments were generated with 

the selected VOCs. SBA-15 was efficient in reducing the VOC chamber 

concentration over a period of 2 hours. SBA -15 adsorbed ethylbenzene, cumene and 

dichlorobenzene with efficiency rates of 89.4, 99.9 and 97.7 %, respectively. The 

adsorption efficiency for toluene was reduced at 35.4 %. 
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1. INTRODUCTION 

1.1. Indoor air pollution 

Throughout our daily lives we spend a large majority of time indoors, whether that is 

at work or at home. It is therefore imperative that our quality of life is not impeded 

by poor indoor quality air. Air pollution has many sources and is often associated 

with industrial and transportation related emissions. However indoor air pollution 

can be caused by household products and materials. To ensure good quality air the 

levels of indoor air pollutants should be restricted to a minimum level either though 

prevention or removal. 

1.2. Volatile organic compounds 

Volatile organic compounds (VOCs) are the largest group of pollutants in the indoor 

environment and, on average, concentrations can be 10 times higher than outdoor 

levels. I, 2 Several hundred VOCs with boiling points between 50-260°C have been 

identified in indoor air. VOCs can be defined as organic compounds that have a high 

enough vapour pressure under normal conditions to vaporize and enter the 

atmosphere. Included in this category of pollutants are aromatic hydrocarbons, 

halogenated hydrocarbons, aldehydes and ketones. VOC classification has been 

extended to include very volatile organic compounds and semi volatile organic 

compounds which are classified with boiling points between <0-50 °c and 

240-400°C, respectively.3 The presence of VOCs in indoor air is caused by their 

emission from building materials, paints, adhesives, furniture, carpets and household 

products.4 
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1.2.1. Effects of VOCs in indoor air in relation to human health 

To improve energy loss in some buildings, air exchange rates are reduced with an 

increased use of air conditioning systems. The reduction of air exchange with 

outdoor air has led to increasing levels of indoor-generated VOCs within indoor 

environments. Higher levels of VOCs within enclosed work place environments has 

been an associated factor with a condition named 'sick building syndrome' (SBS), 

first defined by the World Health Organisation in 1982.5 Further contributing factors 

to SBS include poor lighting and contamination of heating ventilation and air 

conditioning systems. Victims of SBS often experience a range of symptoms from 

fatigue, headaches, eye nose and throat irritation, dry cough, dry skin, dizziness and 

nausea.6 The symptoms observed from exposure to low level air pollutants are not 

indicative of anyone air pollutant. 7 Furthermore indoor air can contain hundreds of 

different compounds in a wide range of concentrations. 7 

The levels at which VOCs are deemed damaging to humans depends on several 

factors. First the levels at which individual VOCs become irritants to humans is 

individual-based, therefore can vary widely. Individuals can become sensitised to 

VOCs after long periods of exposure. The evaluation of health effects caused by 

complex VOC mixtures is difficult. The effects of pollutants may be additive (Effect 

mix= Effect A + Effect B), synergistic (Effect mix> Effects of A and Effect B), 

antagonistic (Effect mix < Effect A + Effect B) or even independent from each 

other.
3 

Pollutant compounds may interact and cause unexpected toxic effects which 

could not be expected from the known toxicity of individual components.7 

2 



1.3. Formaldehyde 

One of the simplest VOCs associated with SBS is methanal, commonly known as 

formaldehyde, its chemical structure is shown in Figure 1.1.8 It is the simplest of an 

organic group of chemicals called aldehydes.8 Aldehydes are molecules containing a 

carbonyl (C=O) group with a hydrogen bound to the carbon atom.9. 10 Formaldehyde 

is often encountered as formalin,9 this is a colourless aqueous solution 37-50 % of 

formaldehyde containing methanol as a stabilizer. I I 

Figure 1.1: Chemical structure of Formaldehyde 

Formaldehyde is an important industrial starting material and is produced worldwide 

on a large scale by catalytic, vapour phase oxidation of methano1.8 It is used as a 

monomer for "Bakelite" or "Formica", trademark names for formaldehyde phenol 

polymer and formaldehyde urea polymer. I I Formaldehyde is often used as a 

preservative or insulation and can be used in resins, wood products, particle board, 

plywood, construction materials, cosmetics, adhesives, paints, drug products and a 

variety of products around the home. 8,12 

1.3.1. Formaldehyde in the museum environment 

The presence of indoor air pollutants has a detrimental impact on items of cultural 

importance. Display cabinets are often used in museums to exhibit objects and to 

protect them from theft, physical damage, humidity, temperature variations and 

lighting. 13
-
15 Often, museum display cabinets are made from wood because of its 
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pleasing visual appeal and its ability to act as a humidity buffer by absorbing and 

releasing moisture. The cabinets are normally well sealed with low air exchange 

rates. 16 However wood and wood-related cabinets can also be detrimental to the 

items on display if the materials used to construct the cabinet emit pollutants. The 

presence of acetic acid is detrimental to many cultural items on display. Free acetic 

acid is present in woods and further acetic acid can be produced from the hydrolysis 

of acetyl groups in the hemicellulose component of wood, see Figure 1.2.17 Softer 

woods such as pine contain fewer hemicelluloses and are therefore a better choice 

than hardwoods for cabinet construction. 16 The rate of acetic acid release is 

influenced by the temperature and relative humidity of the surrounding 

environment. ls 
19 Formic acid is also emitted from woods although at a much lower 

rate compared to acetic acid. It is thought that formic acid may form from formate 

esters present within the wood or from the splitting of pyruvic acid during the 

metabolic process. 

where x is the sugar unit, either pentoses or hexoses. 

Figure 1.2: production of acetic acid from hemicellulose in woods 

With the associated problems with the production of the acetic acid and formic acid 

from hard woods cabinets alternative materials were sought for the construction of 

museum display cabinets. Particle board and wood chip based materials were 

considered viable alternatives. However particle boards are constructed with the use 

of formaldehyde based resins e.g. urea or phenol formaldehyde,zo Unfortunately, 
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these materials also produce a volatile emission in the form of formaldehyde. The 

formaldehyde is produced through the reverse hydrolysis of the synthesis method 

used to produce the initial resin. The amount of formaldehyde released depends on 

the ratio of urea to formaldehyde present. Moreover formaldehyde is often added in 

excess to ensure adequate cross linking of the resin. 16 Reducing the mole ratio of 

formaldehyde to urea, reduces the free formaldehyde present therefore formaldehyde 

emission reduces.21 Formaldehyde can also be released and form formic acid through 

the Canizzaro reaction, see Figure 1.3, whereby formaldehyde is oxidised by water.8 

OH­

Formaldehyde 

-

H-¥H ----­
OH 

Figure 1.3: Canizzaro reaction 

o 

A 
H OH 

Formic Acid 

The sealed displays units allow the formaldehyde concentration to accumulate to 

levels whereby they become dangerous to the artefacts housed within them. In some 

instances the problem is further exacerbated when items on display themselves emit 

pollutants. IS
, 22 When high concentrations of formaldehyde exist certain materials 

have been known to deteriorate. The extent of the degradation is dependent upon 

i) exposure time, ii) pollutant concentration iii) the composition/type of material 

exposed iv) temperature and v) relative humidity. IS 



The first documented degradation of materials on display was reported in 1899. 

Byne23 reported on the deterioration of marine shells in public museums and 

commented on a "grey efflorescence both tasting and smelling strongly of vinegar, 

covers the whole surface like a powder, rising doubtless from the interior, and 

specimens are almost irretrievably ruined". The deterioration "occurs principally 

amongst shells kept in drawers in the dark, where air is confined and seldom 

changed". Byne came to the conclusion that the main cause of the corrosion was as a 

result of butyric acid upon the calcium carbonate of shells and that the presence of 

butyric acid was derived from the decay of the pieces of animals left in shells. Byne 

determined the action of acetic acid on the shells was solely due to the gum used to 

attach the shells on display and this played a minor role in the degradation compared 

to the butyric acid. Later this was more accurately attributed by Nicholls as the effect 

of acetic acid from wooden cabinets?4 Since Byne's discovery there have been many 

instances of artefact degradation attributed to pollutants generated within museum 

enclosures. 

To investigate the damage caused by formaldehyde StreigefS created an environment 

inside a dynamic exposure chamber using a permeation device. Glass, shells, 

ceramics glazes, metal and alloys were exposed to a formaldehyde concentration of 

1226 Ilg m-3
. The items were removed after a period of 100 days and analysed for 

signs of degradation. The surface of the glasses and ceramic showed no signs of 

degradation, however the exposure of glass is expected to result in the formation of 

sodium formate?6 The shells were examined by surface microscopy and signs of 

efflorescence were noted. Metals were the most susceptible to degradation after the 
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exposure to formaldehyde. After 30 days 44 % of the metals studied showed 

conclusive signs of degradation, after 100 days 78 % of the metals showed definitive 

degradation. Based on visual observations the sensitivity of metals to formaldehyde 

is lead> bronze> brass> zinc> copper> sterling silver> silver. The rate of corrosion 

is dependent on the relative humidity of the environment.26 
19 It has been reported 

that formaldehyde effects protein based materials like gelatine, animal glue and 

casein due to crosslinking which results in brittleness, denaturing and loss of 

elasticity.26 

1.4. Sampling methods for indoor air pollutants 

Sampling methods, required to detect indoor air pollutants, can occur in two different 

modes: active or passive. Active sampling involves extracting a known volume of air 

from the chosen atmosphere through a trapping device using a pump. Passive 

sampling methods are based on the diffusion of the pollutants through a 

concentration gradient to a trapping medium. The movement of the pollutant is 

described by Fick's first law of diffusion, which states that the flux of the pollutant is 

proportional to the concentration gradient in the sampling unit?7 This method of 

sampling is often time consuming and sampling times are often in the region of days 

or weeks (compared to minutes or hours used in active sampling methods) giving 

time weighted average concentrations. However, passive sampling does have the 

advantage that no mechanical equipment is required to pump the sample of air to the 

sorbent. This method is therefore preferred for sampling within the museum 

environment due to a number of advantages such as: a lack of noise during sampling, 

ease of introduction of passive samplers into display units, as well as being a low 

cost method of analysis. 27 
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When sampling indoor air a large number of pollutants can be potentially absorbed 

onto the sampling sorbent if a non-specific trapping medium is used. Trapping 

mediums can be chemically modified to trap specific pollutants of interest, e.g. 

doping silica cartridges with 2-4 dinitrophenylhydrazine (2,4- DNPH) to trap 

aldehydes, or potassium hydroxide for the detection of acetic and formic acid.28 

Once the sample has been successfully trapped from the selected polluted areas 

further sample treatment may be required to remove the trapped analytes from the 

sorbent before chromatographic analysis and determination of the pollutants present. 

Normally either solvent or thermal desorption is required as a pre-treatment method 

prior to analysis. With solvent desorption a suitable solvent is used to strip the 

analyte from the sorbent. An aliquot of the solvent desorbed sample is then analysed 

by a chromatographic technique?9 Carbon disulfide is an example of a solvent used 

for de sorption of analytes from activated charcoal, the analysis is preformed by gas 

chromatography (GC) flame ionisation detection (FID).29 Baya et apo used acetone 

to solvent desorb VOCs from Tenax and Anasorb CMS (carbon molecular sieve). 

Occupational health and safety administration (OSHA) for the US Department of 

Labour uses active sampling in conjunction with solvent desorption methods for the 

detection of methanol and ethanol (OSHA methods 91 & 100). Here the sorbent used 

is Anasorb 747 with a mixture dimethylformide and carbon disulfide as the solvent 

used for desorption.31
, 32 The OSHA method 52 for the detection and quantification 

of formaldehyde uses toluene to solvent desorb formaldehyde from Amberlite 

XAD-2 resin coated in hydroxymethyl piperdine.33 
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During thermal desorption (TD) the sorbent is subject to increased temperatures, 

which decreases the sorbent-sorbate interaction strength thereby releasing the 

analytes for analysis. ID offers the advantage of the analysis of the whole sample 

rather than a re-diluted portion.27 TD therefore offers higher sensitivity3 and the 

absence of a solvent front that may interfere with chromatographic analysis of the 

eluted components. 27 A further advantage of TD, when post-analysis of eluted 

components is performed by gas chromatography, is that the eluted components are 

already in the gas phase before entering the chromatograph. There are also some 

disadvantages to the method of TD. The range of compounds available for use with 

TD is limited by the thermal stability of the sorbent and that the entire sample is 

consumed during a single analysis. 

1.4.1. Common sam pling methods for VOCs 

For VOC detection sorbent sampling is the preferred method of sampling in 

combination with gas chromatography analysis as it offers sensitivity, selectivity and 

is convenient when thermal desorption is used.27 When Tenax TA is used to actively 

sample VOCs, flow rates vary from 80 to 250 mL min- l with thermal de sorption 

temperatures between 250 and 300 0c.34-38 To separate and analyse VOCs the 

methods generally used are gas chromatography mass spectrometry (GCMsi' 34-37, 39-

41 or gas chromatography flame ionisation detection (GCFID)38, 42-45. The most 

common type of column used for the separation of non polar VOCs consists of S% 

diphenyl 95% polydimethylsiloxane and are encountered under trade names such as 

DB-5, MDN-5S, CP-Sil 8, 5 % Ph Me silicone, SMS Elite.34-36, 46, 47 It has been 

recommended by Mohave et aP that a GC column used to analyse non polar VOCs 

should not contain more than 8 % phenyl silicone. Alternative columns can be used 
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when separating polar VOCs such as HP 624 which contains 

6 % cyanopropylpheny1.42 Column parameters also vary with column lengths 

between 25 and 60 m, internal diameters of either 0.25 or 0.30 mm and a stationary 

phase film thickness within the range of 0.25 to l.8 Ilm.34.36, 42, 45, 47, 48 Oven heating 

programmes vary, although in general the starting temperature is around 40°C, 

followed by either one or two temperature ramps to approximately 220°C, a 

temperature which may be held for a short period of time?' 35, 37, 38, 4042, 44, 45, 49 

Detection of the analytes is commonly by mass spectrometlf' 34-37, 41 (scans are 

performed for a m1z range of 30-500) or FID.38, 42, 44, 45,49 

1.4.1.1. vac concentrations in indoor air 

The concentration of VOCs indoors depends on the source emission rate(s), the air 

exchange rate, the sorption properties of the room and potential chemical reactions.50 

The concentration ofVOCs present show some seasonal variationSl , S2 in some cases 

the concentration of VOCs present in the winter is up to three times higher than in 

the summer? The number of VOCs present in indoor air can be extremely high. A 

study of 26 houses identified over 200 compounds and 54 of these were identified as 

aromatic hydrocarbons.34 A recent study showed the distribution of VOCs in air as 

15% aromatic hydrocarbons, 10% aliphatic hydrocarbons, 16% terpenes, 15% 

alcohols, 12% aldehydes and 15% were unidentified compounds.36 With a large 

amount of VOCs present it is not always practical to identify each individual analyte 

present on every sample. Often the total level of VOCs present is given by the term 

total volatile organic compounds (TVOC). TVOC levels are often incomparable in 
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the literature due to the different combinations present which contribute to the TVOC 

concentration. Therefore it is important to clearly define the specified range of VOCs 

included in the term TVOC. In a study by Hippelien36 looking at VOC 

concentrations in indoor air. The three highest recurring VOCs present were toluene, 

ethylbenzene and o-xylene at 100%, 96.2% and 97.5%, respectively. In the study by 

Kostiainen34 cumene and 1,2 dichlorobenzene occurred in 96 and 92 % of the houses 

studied, however the concentration at which these VOCs where present was lower 

then toluene. Typical levels of toluene ethylbenzene and xylene are between 10-100, 

1-10 and 1-10 f..l.g m-3, respectively,z,34,36,4o,47,51,53,54 In comparison outdoor 

concentrations of toluene, ethylbenzene and o-xylene ranged upwards from 0.52, 

<0.01 and 0.1 f..l.g m-3, respectively. 53 From the literature obtained toluene, 

ethylbenzene and xylene where present in 100% of the buildings termed as sick. In 

houses that were designated as 'sick' the concentration of toluene, ethylbenzene and 

o-xylene ranged from 4.6 -2326, 2.25-747 and 1.74-1101 f..l.g m-3, respectively.34 The 

VOCs selected for this study were toluene, ethylbenzene, o-xylene, cumene and 

dichlorobenzene. The physical properties of the VOCs studied are given in Table 1.1 

Table 1.1: Physical properties of the VOCs studied55 

Boiling Vapour Liquid Molecular Vapour 
Point Density • Density Weight Pressurel 

1°C I g mL-1 N m-2 at 20°C 
Toluene 111 3.14 0.87 92.14 2933 
Ethylbenzene 136 3.66 0.87 106.17 1105 • 
o-Xylene 137-140 3.7 0.88 106.17 1067 
Cumene 152 4.1 0.86 120.20 1067 
Dichlorobenzene 39.8 2.9 1.30 147 133 • 

• vapour density relative to air 
• vapour pressure taken at 25 DC 
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1.4.2. Sampling methods for formaldehyde vapour 

Formaldehyde vapour detection is most often associated with the use of a 

derivitisation agent from which the levels of formaldehyde can be quantified. A 

common derivitisation agent is 2,4-DNPH. When exposed to formaldehyde a 

hydrazone derivative is formed known as formaldehyde-dinitrophenylhydrazine or 

f-DNPH (NIOSH Method 2016).56 This reaction is not specific to formaldehyde as 

both aldehydes and ketones will undergo the same reaction. To sample the 

formaldehyde in the atmosphere using 2,4-DNPH a solid support is required in 

which the 2,4-DNPH is loaded or doped onto e.g. filter paper or silica. Both passive 

and active sampling can be utilised using this method in the form of passive 

sampling tubes and cartridges filled silica functionalised with CI8, respectively. The 

reacted and un-reacted 2,4-DNPH are removed from the support medium through 

solvent desorption with acetonitrile. Quantitative determination of f-DNPH is 

possible through UV -vis as the molecule contains a chromophore. High performance 

liquid chromatography is essential for this analysis to separate the reacted and 

unreacted dinitrophenylhydrazine and because the reaction is not specific to 

formaldehyde. Solid phase microextraction fibres coated with the trapping reagent 

o-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydrochlororide (PFBHA) can be 

used to trap formaldehyde vapour through the production of the stable formaldehyde 

-PFBHA oxime. The production of the oxime is proportional to the formaldehyde 

vapour present and is detected by GC-FID.57
, 58 
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An alternative colourimetric method for the detection of formaldehyde is the use of 

chromotropic acid (NIOSH Method 3500).59 On exposure to formaldehyde the 

solution of heated I % w/v chromotropic acid in concentrated sulphuric acid (97 % 

w/v) a purple species is produced in solution. Recently sol-gels doped with Schiffs 

reagent have been used as a new colourimetric sensor to detect formaldehyde. Sol­

gels provide a solid support which acidified pararosaniline and sodium sulfate can be 

doped. When exposed to formaldehyde the doped sol-gels change colour from 

yellow to purple. The colour change can be measured directly using a bench top 

spectrometer or a portable hand held UV-vis spectrometer.60 

In 2005 a novel colourimetric sensor was developed by Kawamura et a161
, where an 

acidic solution of 4 amino hydrazine 5 mercapto-I,2,4 triazole mixed on a 1: I ratio 

with a potassium hydroxide aqueous solution. This solution was then deposited on a 

glass filter chip. When exposed to formaldehyde a colour change to purple was 

recorded with a photodiode LED combination at 540 nm. Advantages of this 

technique were: an extremely fast response time of 3 minutes, the stability in a range 

of relative humidities and a limit of detection of 0.04 ppm. When this method was 

compared with the traditional 2,4-DNPH method similar detection results were 

obtained. This method of detection of formaldehyde has been incorporated into a 

hand held formaldehyde sensor. 

The detection of formaldehyde is not solely by colourimetric methods. In 1997 

Thomas et al. 62 used thermal desorption gas chromatography mass spectrometry to 
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detect formaldehyde based on the reaction with 2-hydroxymethylpiperidine to 

produce the volatile derivative hexahydrooxazolo[3,4-a]pyridine. Active sampling 

was used to pass formaldehyde over a denuder tube coated with the derivitisation 

reagent. The denuder tube was connected to a Tenax filled sampling tube which 

would subsequently trap the volatile hexahydrooxazolo[3,4-a]pyridine. Through 

thermal desorption gas chromatography mass spectrometry quantitative detection 

was obtained. 

The mam methods for the detection and quantification has mainly involved 

colourimetric and chromatographic techniques. Alternative novel methods for the 

detection of formaldehyde include electric sensors, piezo electric crystals, laser 

induced photo acoustic spectroscopy and fluorescent methods. 

Helaleh et az63 developed a fluorimetric method for the detection of gaseous 

formaldehyde. A trapping reagent of hydralazine in boric acid was used to form a 

droplet at the end of a stainless steel capillary, onto which formaldehyde would be 

adsorbed from the air. The product produced from the reaction was s-triazolo[3,4-a] 

phthalazine, a highly fluorescent compound, with an excitation wavelength of 236 

run and an emission wavelength of 389 run. 

Dirksen et az64 first used NiO thin films as an electric sensor in 2001, a O.4!Jm film 

of NiO on an aluminium substrate with silver paste electrodes attached to the NiO 

surface. On exposure to formaldehyde the voltage increase was linear at 

0.825 m V ppm-1
• However the limit of detection was above the recommended levels 
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outlined by OSHA and NIOSH. In 2007 Lee et ars enhanced the detection limit of 

the sensor to 0.9 ppm through a micro-hotplate used to heat the thin film. However 

the use of NiO films to detect formaldehyde is based on the oxidation reaction of 

formaldehyde on the NiO surface which produces formic acid as the final product. 

The formation of formic acid makes this method unsuitable as a detection method in 

a museum environment. 

In 1983 piezo electric crystals were investigated as formaldehyde detectors.66 The 

crystal was coated in formaldehyde dehydrogenase which in the presence of 

nicotinamide adenine dinucleotide catalysed the reaction of formaldehyde to formic 

acid. Thereby increasing the mass on the crystal and decreasing the frequency of 

vibration of the crystal. Linear responses were obtained from 10 ppb to 10 ppm. The 

enzyme coating was specific to formaldehyde with little responses obtained for other 

small aldehydes and alcohols. Recently, Feng at al67 developed a formaldehyde 

sensor that incorporated a molecular imprinted polymer and a quartz crystal balance. 

In using a molecular imprinted polymer a cavity was produced in the polymer that 

would accept a formaldehyde molecule. As the mass increases through the trapping 

of formaldehyde the resonant frequency of the quartz crystal balance decreases. The 

linear range of the technique was between 1.25-14.25 J.1M. However acetic ether and 

acetone gave similar responses as formaldehyde. 

1.4.2.1. Museum sampling methods used for the detection and 
quantification of formaldehyde 

To determine if a material is suitable for use in a museum enclosure small sections of 

the material are tested for the release of harmful vapours. The simplest of these tests 
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involves the use of metal strips or coupons. In the Oddy test13
,68 the suspect material, 

along with a polished strip of metal, is placed inside a sealed glass test tube or 

conical flask. The test tube is then heated to 60 QC for a period of 28 days, after 

which the metal coupon is visually examined for degradation to determine if the 

material is suitable for museum enclosures. A similar method is used to determine if 

an enclosure is detrimental to sensitive materials, through the exposure of polished 

strips of metal within the enclosure. Polished strips of copper, lead and silver 

normally used. If corrosion is observed then the enclosure is deemed detrimental to 

sensitive materials?2 The corrosion of lead indicates the presence of organic 

carbonyl pollutants such as formaldehyde. However in situations where the 

concentration of the pollutants is low the use of the coupon test is not sensitive 

enough.22 The use of metal coupons do not allow for the identification of the 

pollutants nor the pollutant concentration levels?2, 69 Therefore passive and active 

sampling is required in enclosures. 

Active sampling can be used in conjunction with Draeger tubes. Draeger tubes 

contain specific chemicals which undergo a colour change when the target pollutant 

is present. The Draeger tube are externally marked and depending on the depth to 

which the colour change occurs in the sorbent bed gives an approximate 

concentration.7o The use of Draeger tubes are more suited to higher formaldehyde 

concentration levels and not suitable for museum levels.69
, 71 

Passive sampling tubes have been developed for the monitoring of formaldehyde, 

acetic and formic acid concentration?8, 72 To sample formaldehyde acidified 
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2,4-DNPH solution is impregnated onto a filter paper disc and placed inside the end 

cap of the passive sampling tube, 7cm length with a 1.1 cm diameter. The passive 

samplers are placed inside the display cabinets for a period of 28 days. After 

exposure the filter disc is place in acetonitrile and the f-DNPH is solvent desorbed 

and analysed by HPLC.72 

1.4.2.2. Formaldehyde concentrations in the museum environment 

The concentrations of organic carbonyl pollutant present within a museum enclosure 

is dependant on the age and type of material from which the pollutant is emitted and 

the air exchange present within the enclosure ('leaky' display cabinets have more air 

exchanges, and so a reduction in pollutant concentration). The concentration units 

used to quantify the pollutants present are often quoted in parts per billion (ppb) or 

micro grams per metre cubed (Ilg m-3
). The concentration of formaldehyde within 

museum environments range from 0.24 Ilg m-3 to 1717 Ilg m-3.19, 69, 71, 73, 74 

Formaldehyde concentrations in museums greater than 61.25 Ilg m-3 are often 

associated with sites of low circulation such as display cases.69 In comparison the 

formaldehyde concentration in a museum environment outside of a display case has 

been measured at 16 Ilg m-3,19 

1.5. Extraction of indoor air pollutants 

1.5.1. Sorbents used for VOCs 

The type of sorbent used for extraction depends on the nature of the VOC mixture 

studied. Sorbents used for pollutant extraction can be classified into four different 

categories: inorganic, elemental carbon, organic polymers and graphitized organic 
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polymers. The sorbent used depends on the type of compounds targeted; a selection 

of sorbents are given in Table 1.2. Inorganic sorbents are used to collect polar 

organic compounds which are adsorbed strongly to the sorbent. However these 

sorbents are hydrophilic and tend to collect water on the adsorption sites which 

eventually become saturated with water. Activated carbons have a strong sorbate 

bonding. Activated carbon is inert and porous graphite can be described as "graphite 

plates". Imperfections on the plate's structure leads to the formation of a skeleton 

which comprises of voids. The voids provide the sites used for adsorption.75 Organic 

polymers such as Tenax, Amberlite and Chromosorb 106 are hydrophobic and do not 

have the same associated moisture problems as other sorbents. Carbon molecular 

sieves e.g Anasorb CMS and zeolites (microporous aluminosilicate) trap molecules 

based on the size and polarity of the absorbate molecule entering their internal 

cavities. Molecules can be held by physical and chemical bonding. The cavity inside 

the zeolite can be modified to target molecules with specific dimensions and 

polarities. Zeolites have an added advantage over activated carbons as they do not 

have the same handling problems and can be used in specific situations were colour 

is important.75 Tenax is the most often used and best evaluated sorbent for VOC 

sampling? To monitor a large mixture of VOCs multiple sorbents are required to 

cover the wide range of VOCs. To extract VOCs from the indoor environment 

filtration of air can be achieved with the use of activated carbon filters. 
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Table 1.2: A selection of sorbents used for the adsorption of VOCs 29,76,77 78,79 

Sorbent Composition Surface Target Advantages Disadvantages 
Name Area Compounds 

m2 g-1 

Silica Gel Inorganic 300-800 Non-Polar Can be coated with derivatizing Water vapour is strongly 
hydrocarbons agents adsorbed 

Activated Activated 800-1000 Wide Range Microporous, adsorption enhanced Residual inorganic ash content 
Charcoal Carbon by activation 

Anasorb 747 Activated 1000 Less volatile & Regular porosity , low ash content Hydrophillic 

Carbon polar 
compounds 

Carbotrap Graphitised carbon lOO CS -C12 Relatively hydrophobic Low surface area, non-porous 
black hydrocabons 

..... 
\0 

Tenax TA Porous polymer 35 Non-polar Inert, macroporous, high thermal Low surface area, not suitable 
(poly(2,6-diphenyl-p- compounds stability, hydrophobic for low-weight molecular 
phenylene oxide» weight organic acids 

Amberlite XAD-2 Porous polymer 300 Semi volatile Hydrophobic, often used as a Reacts with strong oxidising 
(styrene-divinyl molecules support for deivatizing agents agents at room temperature 
benzene copolymer) 

Chromosorb 106 Porous polymer 700-800 More volatile & Used for higher concentration Not suitable for low 

(polystyrene) polarVOCs samples, hydrophobic concentration sampling. Lower 
thermal stability than Tenax 

Carboxen 564 Graphitised carbon 400 ManyVOCs High porosity, enhanced storage Not thermally stable at high 
black CrCs stability for reactive compounds temperatures 

AnasorbCMS Carbon Molecular 1700 Very volatile High capacity for small molecules Hydrophilic 

Sieves organic 
compounds 



1.5.2. Removal of formaldehyde from museum air 

To reduce the formaldehyde concentration within a display case four measures can 

be taken 

i) restrict the emission of formaldehyde therefore inhibiting the pollutant 
mass accumulation 

ii) remove formaldehyde through filtration or trapping 

iii) eliminate the source of the pollutant within the cabinet where possible 

iv) increased ventilation to avoid build up of formaldehyde. 

To inhibit the movement of pollutants from the cabinet materials barrier methods can 

be used such metal foils and polyester sheeting e.g Marvelseal 360lS Moistop 62274 

and Melinex®19. Grzywacz and Tennene4 used metal barrier foil to line an old and a 

new plywood display case. The formaldehyde concentration measured within the 

new case was 51.3 Ilg m-3 whereas the formaldehyde concentration in the old case 

was 136 Ilg m-3
. Barrier methods reduce the formaldehyde concentration but do not 

eliminate the emission of formaldehyde. 19 Despite metal foils effectiveness at 

reducing the formaldehyde concentration the adhesive backing used to adhere to the 

surface may be corrosive and full surface coverage is difficult.26 

Efforts have been made to seal the woods to inhibit the formaldehyde emission with 

a polyurethane coating however this was unsuccessful. 80 In some cases pollutants 

released by the wood products can slowly diffuse through the barrier and then reach 

a significant leve1.26 Therefore it is more effective to avoid products that release 

harmful pollutants than to seal them. IS 
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Heating ventilation and air conditioning (HV AC) systems provide a stable and 

uniform climate. I5 HVAC systems may contain filter systems for gaseous adsorption. 

Activated carbon, and activated alumina impregnated with sodium bicarbonate are 

good filters for the removal of acetic acid but are poor for the removal of 

formaldehyde. I5 Indeed most of the sorbents used in filters have a medium to poor 

rating for the adsorption of formaldehyde. MicroChamber products which consist of 

molecular traps, (zeolites and activated carbon) cast into a paper matrix containing 

alkaline buffers.75 The micro chamber product was developed as a more effective way 

to trap and neutralise pollutant molecules.8I The presence of MicroChamber within 

an enclosure increased the retained strength of a 30 year old book when subjected to 

88 hours of accelerated aging at 100°C in both acidic and alkaline conditions.82 

Activated carbon filters have been employed to reduce formaldehyde vapours in 

museum cases?6, 80 However carbon filters will only absorb 10 % of their weight in 

formaldehyde, require constant monitoring and after saturation they become a 

secondary source of formaldehyde. 8o Similar problems are associated with silica 

gels?6 Crucially it is difficult to determine when the sorbent media become saturated. 

Filter systems used to reduce internally generated pollutants can be passive, active or 

externally active whereby positive pressure is used inside the enclosure to force air 

outside the enclosure.I5 However the preferred choice is an internally active air 

filtration system. 

The Getty Conservation Institute created a specialised formaldehyde catalysed 

charcoal cartridge for use in museums. The formaldehyde eliminator was used as an 
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active mitigation method. During laboratory tests chamber enclosures were created 

with concentrations as high as 1700 Ilg m-3
. When the fonnaldehyde eliminator was 

used as a mitigation method the chamber enclosure was less than 0.24 Ilg m-3
•
69 

1.6. Aims and objectives 

The aim of this project was to overcome problems associated with current sampling 

and prevention strategies for indoor air pollutants. Mesoporous silicate based 

sorbents, containing large surface areas and specific pore sizes, were synthesised as a 

new type of indoor air pollution scavengers. In order to test the efficiency of the new 

materials for the extraction of formaldehyde vapour and VOCs, a number of tasks 

were undertaken. There are 5 main objectives associated with this research. 

1. Environmental chambers are required to provide environments with known 

concentrations of fonnaldehyde vapours or selected VOCs (toluene, 

ethylbenzene, o-xylene, cumene and dichlorobenzene). Static and dynamic 

systems will be assessed and validated for the pollutants of interest. Calibration 

experiments will include the use of direct injection and spiked Tenax tubes. 

2. Several materials will be synthesised as potential air pollutant sorbents: 

a. MCM-41 silicates 

b. SBA-15 

c. Commercially available materials (Purakol, Purafil and Puracarb). 

3. Several chemical modification methods will be used to alter the surface 

characteristics of selected materials (e.g., MCM-41 and SBA-15) to aid the 

extraction efficiency offonnaldehyde vapour from air. 
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4. Sorbents will be characterised by assessing their physical and chemical nature 

using techniques such as scanning electron microscopy, transmission electron 

mlcroscopy, x-ray diffractometry, nitrogen adsorption isotherms and 

microanalysis. 

5. Sorbents will then be used to extract target pollutants from air by determination 

of pollutant extraction efficiencies in active sampling mode. Tests will also be 

performed in a simulated museum enclosure. 
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2 THEORY OF INSTRUMENTAL METHODS 

2.1 Use of bell chambers to provide known 
concentrations of volatile organic compounds 
in air 

The polluted atmospheres, used for sampling, were created inside a 22.85 L glass 

bell chamber by injecting small volumes of liquid VOC's into the chamber and 

allowing the liquids to volatilise. The chamber was sealed with a silicone stopper. 

The atmosphere can be sampled by drawing a small volume of polluted air from the 

chamber onto a conditioned Tenax sampling tube at a specified flow rate, controlled 

by an air sampling pump. The bell chamber design used is shown in Figure 2.1. 

Tubing 

StOl) Cock 
/ 

Capillary Glass Tube " Glass 
'--__ --" Cbambel' 

Figure 2.1: Atmospheric Bell Chamber System 

To calculate the pollutant concentrations within the bell chamber the densities of 

each liquid injected were used to convert injection volumes to masses (Equation 2.1). 

The densities of toluene, ethylbenzene, o-xylene, cumene and dichlorobenzene 

(DCB) are 0.87, 0.87, 0.88, 0.86 and 1.30 g mL-1
, respectively. By multiplying the 

density (P) by the injection volume (V) the total mass (M) injected into the chamber 
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can be determined. The calculated masses can then be used to calculate the 

concentration of each analyte in the chamber in units of mg m -3 given that the 

chamber has a known volume. Injection volumes and chamber concentrations varied 

therefore specific details will be given in the appropriate following sections. To 

estimate the mass of analyte that can be theoretically trapped on to the Tenax 

assuming unit sorption probability, the total volume sampled from the chamber was 

calculated using Equation 2.2. The flow rate of the pump in mL min-I was converted 

to m3 s-I for use in Equation 2.2. Given that the sampling time was measured in 

seconds the volume of air sampled from the chamber was in m3
. The volume of air 

sampled was then used in Equation 2.3 along with the chamber concentration, in mg 

m-3
, to determine the mass trapped on the Tenax. 

M 
p=-

V 

Equation 2.1 

Volume sampled (m3 )= Flow rate (m3s-l )x Sampling time (s) 

Theoretical mass ofVOC 
trapped on Tenax (mg) 

= 

Equation 2.2 

Chamber concentration (mg m-3) 

x Chamber volume sampled (m3
) 

Equation 2.3 

2.1.1 Example calculation for the theoretical mass of toluene 
trapped on a Tenax sampling tube 

Toluene has a liquid density of 0.87 g mL-1 and a 5 JlL volume of a solution of 

toluene was injected into the chamber. Therefore the mass of toluene injected into 
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the bell chamber was 4.35 mg. The bell chamber has a volume of 22.85 L, or 

0.02285 m3
. Hence the chamber concentration for toluene was 190.4 mg m-3

• When 

the air was collected for 10 s at a pump flow rate of 50 mL min- I
, equivalent to 

8.3 x 10-7 m3 
S-I, the volume of air sampled was 8.3 x 10-6 m3

• Therefore the 

theoretical mass trapped on the Tenax for toluene was 1.58 J..Lg. For ethylbenzene, 

o-xylene, cumene and DCB similar calculations can be performed using their 

respective densities. 

2.2 Dynamic atmospheric chambers for the 
production of indoor air pollutants 

Atmospheric chambers were also used to provide a constant and controlled polluted 

air stream of VOCs or formaldehyde. The atmospheric chambers consist of a 

pollutant source, two flow streams and a 20 L sampling chamber as set out in Figure 

2.2 

Flow Metel' 

Smnpm11 ClUllnbel' 

Drescbel bottle 

Ail' Compl'essol' 
Flow 2 

Pollllut .Ivce 

Figure 2.2: Atmospheric chamber system 

An initial unpolluted air stream is obtained from an air compressor. This initial flow 

is split into two streams. Flow 1 provides the sample chamber with humidified air as 

the controlled air flow enters a dreschel bottle filled with water prior to the sample 
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chamber. The second flow stream enters a temperature controlled oven (Kin-Tek 

Laboratories Inc. Model 491M-B.). Inside the oven, flow 2 is further split into a flow 

which passes over a permeation device, holding the pollutant source, and a diluent 

flow. Both flows recombine before reaching the sampling chamber. Each permeation 

device, (Kin-Tek Laboratories Inc.) releases the required pollutant at a specific rate, 

when heated, into the controlled permeation flow. By varying the air flow rate over 

the device, the diluent oven flow and the temperature of the oven, the concentration 

of pollutant reaching the 20 L perspex chamber can be altered. The polluted air flow 

that reaches the perspex chamber is mixed with the humidified air (Flow 1). Mixing 

occurs through a holed shelf placed immediately above the inputs of the two streams. 

By careful control of both flow streams, estimates of the final pollutant concentration 

and relative humidity within the chamber can be calculated. 

2.2.1 The permeation device 

Each permeation device emits a specific pollutant type. The concentration within the 

chamber depends on the specific tube used as each has a different emission rate. The 

permeation tubes sit inside a glass housing unit which is 'o-ring' sealed, see Figure 

2.3. The unit sits inside the oven which is set at a required temperature. The pollutant 

is emitted through the porous coating of the tube. Each tube has been calibrated by 

the manufacturer and has a set emission rate (ER) in ng min- I and Ko value (specific 

for each pollutant). The Ko value converts the emission rate from weight per minute 

to volume per minute using Equation 2.4, where MW is the molecular weight of the 

pollutant. To calculate the concentration of the polluted air stream within the 

chamber, at a specified temperature, Equation 2.5 was used, I where C is the pollutant 
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concentration in parts per million (ppm) in the flowing air stream (F), in mL min-1
, at 

a specific temperature. A mixing ratio of 1 ppm implies that in 1 million volumes of 

air the pollutant occupies 1 volume. 

Oven 
Flow In 

t Polluted 
Flow Out 

.---.................... '---, 

Glass Housing 

Permeation 
Tube 

Pollution 
Emission 

Figure 2.3: Permeation Tube and glass housing 

K = 22.4 
o MW 
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2.2.2 Conversion of gas units from ppb to I-Ig m-3 

Gas concentration units of parts per billion (Ppb) and parts per million (ppm) are 

often used, however they are often also quoted as J.1g m-3 or mg m-3
, respectively. To 

convert the units of ppb (volume/volume) into ).lg m-3 (mass/volume) the gaseous 

density of the pollutant must be known. Gas densities are dependent upon 

temperature (T), however, nominally the values at 25°C are used. To calculate the 

gaseous density of the pollutant, the ideal gas equation is used, (Equation 2.6) where 

the gas constant (R) is 0.0821 L atm mor l K-t, temperature (T) is in oK, pressure (P) 

is in atm and the volume (V) is in L . The ideal gas law is rearranged as shown in 

Equation 2.7 and each side of the equation is multiplied by the molecular weight of 

the pollutant. 

PV=nRT 

Equation 2.6 

nMW PMW --=--
V RT 

Equation 2.7 

For n=l the units of the left hand side of the equation are g L-1 which is the unit used 

for density. 

For example consider the conversion of 1 ).lg m-3 of toluene to ppb at 1 atm pressure 

the gaseous density of toluene was calculated at 298 oK as 3.77 g L-1
• Now that the 

density of toluene is known the units of ppb (v/v) can be converted to J.l.g m-3 (m/v). 

1 J.l.g m-3 of toluene is equal to 1 ng L-1 of toluene. To convert the mass (1 ng) to 

volume, it is divided by the gaseous density as shown below: 

35 



Volume of toluene in 1 ng = 1 ng / 3.77 g L-1 

= 1 x 10-9 g /3.77 g L-1 

= 2.65 X 10-10 L 

=0.265 nL 

For toluene 1 ng is equivalent to 0.265 nL, so 1 ng L-1 is equal to 0.265 nL L-1
• 1 nL 

in a total volume of 1 L (1 x109 nL) is a part per billion (Ppb). Therefore 1 flg m-3 is 

equivalent to 0.265 ppb. Similar calculations were calculated for 1 flg m-3 of 

ethylbenzene, cumene, dichlorobenzene and formaldehyde giving conversion factors 

of 0.230, 0.204, 0.166 and 0.815, respectively. 

2.2.3 The trapping of formaldehyde on Ci8 cartridges 

To trap the formaldehyde from polluted air streams 2,4-DNPH was loaded onto C l8 

cartridges. When 2,4-DNPH traps formaldehyde a hydrazone derivative is formed 

known as F-DNPH. The mechanism for the reaction is shown in Figure 2.4 and 

occurs through the nucleophilic attack of the carbonyl followed by a 1,2-eIimination 

of water aided by the presence of acid.2 

Figure 2.4: Mechanistic Pathway for the reaction of 2,4-DNPH with 

formaldehyde producing F-DNPH 

To determine the concentration of formaldehyde in the polluted atmospheres the 

trapped F-DNPH was eluted from the CI8 cartridge. The extract was then analysed by 
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reverse phase high performance liquid chromatography to determine the mass of 

F-DNPH held by in the C18 cartridge. This mass is then used to calculate the mass of 

formaldehyde trapped by the cartridge. Quantitative analysis is achieved as one mole 

of2,4-DNPH traps one mole offormaIdehyde to produce one mole ofF-DNPH. The 

mass of F-DNPH present was calculated using Equation 2.8, this mass was used to 

calculate the number of moles of formaldehyde present, Equation 2.9. Equation 2.10 

was then used to determine the experimental concentration within the chamber. 

F - DNPH Concentration (ug mL -1) x Total elution volume (mL) = Total Mass of F - DNPH present (ug) 

Equation 2.8 

Mass F - DNPH (g) f f F Id hd Mass of Formaldehyde (g) 
-----....:::::.. = om 0 F - DNPH == om 0 orma e ye = ------~---'=-

FM of F - DNPH FM of Formaldehyde 

Equation 2.9 

Mass of Formaldehyde trapped (ug) ..-3 
---------:~----'~-..:...-=--- = Formaldehyde exp enmental concentratIOn (ug m ) 
Volume sampled (m3 ) = Flow (m3s·1)x Time (s) 

Equation 2.10 

2.3 Theory of chromatography3-5 

Chromatography has been defined by the International Union of Pure and Applied 

Chemistry as "a physical method of separation in which the components to be 

separated are distributed between two phases, one of which is stationary while the 

other moves in a definite direction". Separation is achieved on chromatographic 
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columns through differences in physical and chemical properties of the individual 

components. These differences determine their relative affinities for the stationary 

phase (SP), either liquids or solids, and the mobile phase (MP), either liquids or 

gases. If a component has large affinity for the SP then it will migrate through the 

column slower than a component with a small affinity for the SP. The differences in 

migration rates allow mixtures of components to be separated before analysis. 

2.3.1 High performance liquid chromatography3.6 

High performance liquid chromatography can be split into four main categories 

based solely on separation mechanisms: partition, adsorption, ion exchange and size 

exclusion chromatography. The type of chromatography required for efficient 

separation of analytes in a sample depends on the molecular weight and polarity of 

the analyte. Partition chromatography is the most widely used liquid chromatography 

method with liquid bonded phase packing dominating, as used in this research. The 

stationary phase is modified by reacting organosilanes with -OH groups formed on 

the silica surface. This produces organosiloxanes as shown in Figure 2.5. The R 

group is often a straight chain octyl- or octyldecyl- group; R groups can also contain 

amines, ethers, nitriles and aromatic hydrocarbons to introduce a range of polarities. 

Partition chromatography can be further split into normal and reverse phase 

chromatography. In reverse phase chromatography the stationary phase is non-polar 

while the mobile phase is polar, hence the most polar components elutes first. 

Common stationary and mobile phases in reverse phase chromatography are C18 

columns and acetonitrile:water, respectively. 
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silca particle 

Figure 2.5: Bonded stationary phase on silica particles 

With normal phase chromatography the polarities of the stationary phase and mobile 

phase are the opposite to reversed phase. After the sample has been separated in the 

chromatographic column the individual analytes are commonly detected by 

ultraviolet-visible spectroscopy (UV -vis). 

2.3.1.1 Ultraviolet-visible spectroscopy6. 7 

UV spectrometry involves the absorption of radiation, which promotes valence 

electrons within the molecules from a ground state to a higher excited state (Figure 

2.6). The UV - visible spectral region consists of wavelengths between 200-800 run 

that can also be represented in the pre-SI Angstrom unit whereby I run is the 

equivalent to lOA. Quantum theory predicts that each molecule will have a unique 

set of energy levels. Absorption of energy from a photon is only possible when 

energy from the photon exactly matches the energy difference between the ground 

state (highest occupied molecular orbital (HOMO» and the excited state (lowest 

unoccupied molecular orbital (LUMO». 
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Figure 2.6: UV transitions in energy levels 

During the analysis samples are irradiated with UV light of continuing changing 

wavelengths. When the wavelength corresponds to the energy level required to excite 

an electron to a higher level, energy is absorbed. The wavelength at which a 

molecule absorbs depends upon how tightly the electrons are bound. Therefore the 

wavelength of the absorption is a measure of the separation of the energy levels. 

Single bond electrons are held more tightly than double or triple bond electrons 

(termed conjugates). Electrons from double and triple bonds (1t-bonds) in organic 

molecules are relatively easy to excite by radiation. Molecules containing 1t-bonds 

separated by a single bond are termed conjugated. Molecular orbital calculations 

show that the energy difference between the ground state and excited state decreases 

as the extent of conjugation increases. With a reduced energy gap between the 

electronic energy levels less energy is needed to promote electrons, therefore, 

absorption occurs at a longer wavelength. Absorbing wavelengths can be influenced 

by solvent effects as well as other structural details of the molecule. Unsaturated 

organic functional groups (chromophores) are extremely useful for UV analysis; 

some are listed in Table 2.1. along with their absorbing wavelengths. 
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Table 2.1: Absorption wavelengths of common organic functional groups. 

Functional Absorbing 
Group waveleng!h / nm 
Alkene 177 
Alkyne 217 

Aldehyde 210 
Carboxylic Acid 200·210 

Amine 195 
Nitro 210 
Nitrite 220·230 

There are two important laws that are used in UV spectrometry, Lambert's Law 

states that "the fraction of incident light absorbed is independent of the intensity of 

the source". Beer's Law states that "the absorption is proportional to the number of 

absorbing molecules". 

Transmittance and absorbance are the two terms commonly used as quantitative 

measures of beam attenuation. As the beam of photons 10 passes through the 

absorbing medium the intensity of the beam is reduced to 1. Transmittance is often 

displayed as % Transmittance calculated from Equation 2.11. The term absorbance 

is defined in Equation 2.12 and can be related to concentration using Beer Lambert 

Law (Equation 2.13). For monochromatic radiation absorbance is proportional to 

absorptivity, L mor) cm-) (a), the path length, cm (b) and concentration, mol L-) (c), 

permitting quantitative analysis. 

I 
%T=-xl00 

10 

I 1 
A = 10g....Q. = log-

I T 
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A = a.b.c. 

Equation 2.13 

2.3.2 Gas chromatography5,6 

Gas chromatography (GC) is a technique that provides a mechanism to separate 

volatile, thermally stable analytes in mixtures. The length of time the analyte is 

retained on the stationary phase is due to the specific interactions it has with the 

stationary phase. The stationary phase determines the retention and separation of the 

analytes. Separation primarily occurs through differences in the boiling points of the 

analytes and the different analytes' relative affinities for the stationary phase. If an 

analyte has a low boiling point then the proportion of the analytes in the mobile 

phase is greater, these analytes will move down the column quickly with the carrier 

gas. Therefore lower boiling point analytes will elute faster than higher boiling point 

analytes. The solutes that partition most into the stationary phase will be retarded 

longest and therefore elute later. The mobile phase acts as a carrier for the analytes 

through the system from the injection port to the detector. The carrier gas does not 

interact with the stationary phase and is not involved in the chromatographic process. 

The carrier gas flow rate can affect the bandwidth of the analyte peak through 

longitudinal diffusion and mass transfer. 

Introduction of the sample to the GC is commonly via a microsyringe through a 

silicone-rubber septum. Sample volumes range from a microlitre to 20 ilL. When a 

smaller sample volume is required a sample splitter is used to limit the volume of 

sample entering the column and discards the remaining to waste. GC columns consist 

of two types, packed and capillary, generally constructed of stainless steel, glass or 
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fused silica. Column lengths vary from 10 to 100 m, which requires them to be 

coiled in order to be housed in the GC oven. When samples have a broad range of 

boiling points a temperature programme is used to ramp the temperature of the oven 

at a controlled rate. After separation the analytes are passed on to the detector. There 

are many different detectors used in conjunction with GC, these include flame 

ionization, thermal conductivity, infra red and mass spectrometry. For this research 

samples where introduced via a thermal desorption unit and detected by mass 

spectrometry. 

2.3.2.1 Gas chromatography sample introduction by thermal 
desorptionS-1o 

Analytes can also be thermally desorbed from the Tenax sampling tube using a 

commercial thermal de sorption unit (TDU) and diverted into the GC for analysis. 

Analytes are passed on to the column from the sampling tube via a two-stage 

mechanism as shown in Figure 2.7. 

The sorbent filled sample tube is heated to 300°C and a desorb flow (helium) is used 

to carry the analytes on to a cold trap where they are readsorbed on to Tenax. The 

cold trap temperature is operated at -30°C, using peltier coolers, to preconcentrate 

the analytes. The trap is then rapidly heated to 300°C at a rate of 99°C s·l, causing 

the analytes to be 'backflushed' from the cold trap onto the GC column in a small 

'plug' of vapour. During the 'injection' process of the TDU optional splits can be 

incorporated into the procedure. The splits are required to permit introduction of a 

small mass of sample onto the capillary column, in order to prevent overloading 

which would result in band broadening and poor resolution. Both inlet and outlet 
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splits are incorporated in the sample de sorption method. The split ratio was 

calculated as shown in Equation 2.14.8 

A) 

Inlet 
Flow 

Desorb 
Flow 

DI----D-~~~ Tenax 
Sampling 
Tube 

B) 

Outlet 
Flow 

Peltier 
Cooled 
Tl'ap 

Rapidly Heated Trap 

Carrier 
Gas 

Can'ier 
Gas 

l\:Iass 
Spec 

l'.IIass 
Spec 

Figure 2.7: Two stage desorption mechanism used in the TDU a) stage one 

analytes passed from sample tube to cold trap and b) stage two analytes passed 

from cold trap to column 

0 / A I C I (Column Flow x Desorb Flow) x 100 
10 na ytes on 0 umn = ___ ---------'"-----')--;-----''--------____ 

(Outlet Split Flow + Column Flow x (Desorb Flow + Inlet Split Flow) 

Equation 2.14 

44 



2.3.2.2 Analyte detection by mass spectrometry11, 12 

Analytes are passed from the GC system to the mass spectrometer (MS) via a heated 

transfer line. In the MS the ionisation process creates molecular ions, which are 

formed through the removal of an electron from the analyte molecule. The molecular 

ions can fragment to produce radicals, ions or neutral molecules. Ions are separated 

according to their mass to charge ratio and detected according to their abundance. 

The key units within the mass spectrometer include: the ionisation source, the 

analyser and the detector (ion collector), which are all held under vacuum. Each will 

be discussed in more detail below. 

Electron impact ion source 

The electron impact (El) source is widely used for the analysis of organic 

compounds. It consists of a filament that emits electrons. The electrons are 

accelerated towards an anode positioned perpendicular to the path of the gas sample 

inlet, a process illustrated in Figure 2.8. The electrons and molecules collide and 

produce ions. The ion source is held under vacuum to allow the ions produced to 

pass through to the mass analyser without further collisions. An electron acceleration 

potential of 70 e V is commonly used to expel an electron from the incoming 

molecule. Each electron produced from the cathodic filament with an acceleration 

potential of70 eV has a wavelength equal to 1.4 A. For many organic molecules the 

maximum number of ions are produced at 70 e V. At higher energies there are more 

fragments produced. The ions and fragment pattern produced allow the identification 

of the original molecule. 
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Figure 2.8: Basic electron impact diagram 

Quadrupole mass analyser 

Lenses 

III Mass 
Analyser 

Mass analysers scan and separate the ions produced according to their mass. In this 

research a quadrupole mass analyser was used. Quadrupole mass analysers separate 

ions according to their mass to charge ratio (m/z) by utilising the difference in 

trajectory paths. Quadrupole mass analyser consists of four rods (as seen in Figure 

2.9), where opposite pairs of rods have the same potential. Incoming ions are focused 

at the centre of the four rods. Positive ions will be attracted towards the negative 

rods. 

Ions fl'Oln 

source 

y -" .. 

Figure 2.9: Quadrupole rods and ion trajectory path 
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When an oscillating radio frequency is applied ions undergo a 'cork screw' motion 

towards the detector. By controlling the ratio of dc:rf only the chosen m/z values will 

be in "resonance" with the quadrupole and will pass through the analyser to the 

detector. If the m/z ratio is not in "resonance" with the quadrupoles the ions will 

collide with the rod and discharge themselves. 

Pbotomultiplier detectors 

A photomultiplier detector is one of a range of detectors such as an electron 

multiplier or a Faraday cup. Photomultiplier detectors consist of two conversion 

dynodes, a phosphor plate and a photo-multiplier tube as shown in Figure 2.10. Ions 

strike the conversion dynode where electrons are emitted. The electrons emitted are 

accelerated toward the phosphor plate. When the electrons strike the plate a photon is 

released on the opposite side to the incoming electron. The photons then strike a 

+Ye 

lOll Conyel'sioll 
Dynod('s 

-ye 

Pbosphol' 
Plate 

hy 

Electron 
Multiplier 

ClUl'ent 
"\x;~A'!! Generated 

Photons L--______ ----' 

Photocathode Anode 

Figure 2.10: Basic pbotomultiplier diagram 

Signal 

photocathode whereby dislodging an electron. The cathode is arranged so that the 

dislodged electrons will strike a number of dynodes, whereby each electron that hits 

the dynode dislodges several more electrons. This cascade effect results in an 

amplification of the signal in a relatively short period of time. The electrons will 
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strike the anode where the generation of a current can be used as the signal. 

Amplification ranges from 104 to 1 Os. 

2.4 Nitrogen adsorption isotherms for 
characterisation of mesoporous silicates 13 14 

An isotherm is a measure of the molar quantity of gas taken up at a constant 

temperature by an initially clean solid surface as a function of gas pressure. Nitrogen 

adsorption isotherms determine the surface area, pore diameter and pore volume of 

porous materials. 

2.4.1 Langmuir theory 

Langmuir theory is based on the assumption that gases form only one layer on a 

solid. When a gas molecule comes into contact with a surface the collision is taken to 

be inelastic. Therefore the gas molecule remains on the surface of the solid for a 

short time before returning to the gas phase, this process is responsible for the 

adsorption phenomenon. The surface of the sorbent is an array of equivalent 

adsorption sites (NS) which are independent from each other. Equation 2.15 

represents the proportion of sites filled by molecules (Na). 

Equation 2.15 

Equation 2.16 relates the rate at which molecules strike a surface to the rate at which 

they leave the surface. The quantity of gas adsorbed at pressure P is Va, the quantity 

of gas adsorbed when the surface is covered with a monomolecular layer is V rn, and b 
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is the adsorption coefficient. Equation 2.16 is generally rearranged into its linear 

fonn Equation 2.17. When PN a is plotted against P, b and V m are evaluated from the 

slope and intercept of the line. 

v = VmbP 
a l+bP 

Equation 2.16 

PIP 
-=-+-
Va Vmb Vm 

Equation 2.17 

The specific surface area of the sorbent (s) is determined from Equation 2.18 where 

cr is the area of surface occupied by a single adsorbed gas molecule, NA is Avogadro 

constant, m is the mass (g) of the adsorbing sample and Vo is the molar volume of 

the gas. When nitrogen is the adsorptive gas molecule the equation becomes 

Equation 2.19, as cr is 16.2 x 10-20 m\ and Vo is 22414 cm3
• 

4.35Vm s =---""­
m 

2.4.2 The Brunauer-Emmett-Teller theory 

Equation 2.18 

Equation 2.19 

An advance in Langmuir theory was proposed by Brunauer Emmett and Teller 

(referred to as BET). BET incorporates the concept of multimolecular layer 
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adsorption and includes the assumption that the forces active in the condensation of 

gases are also responsible for the binding energy in multimolecular adsorption. BET 

equates the rate of condensation of the gas molecules on to the surface layer to the 

rate of evaporation from that layer and summing for an infinite number of layers 

giving the Equation 2.20, where C is a constant and Po is the saturation pressure of 

the gas. 

Equation 2.20 

A plot ofP/(Va(Po-P) versus PIPo should give a straight line where the intercept and 

slope are equivalent to 1/(VrnC) and the slope (C-l)NrnC respectively which allows 

the determination of V m and C. The surface area of the sample is determined from 

Equation 2.21 and is based on the assumption of close packing at the surface, where 

0' is the mean area per molecule, M is the molecular weight and p is the density of 

the liquid adsorbate. The area occupied by a single nitrogen molecule is 16.2 A 2 at 

liquid nitrogen temperature. 

U::= (4XO.866 M 1/2 
{ ]

2/3 

4(2N AP) 

Equation 2.21 

Isotherms consist of three main stages i) the initial rise due to the adsorbing gas 

molecules interacting with the most energetic regions of the surface, ii) the mid point 

due to the formation of multilayers and iii) the end point rise due to the initiation of 

bulk condensation to a liquid. There are six basic adsorption isotherms and these 

were classified by International Union of Pure and Applied Chemistry (IUPAC) in 
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1985 as types I - type VI, shown in Figure 2.11 Isotherm shapes divulge information 

regarding the structure of the adsorbing material. 
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Figure 2.11: Six main types of gas physisorption isotherms, according to the 

IUP AC classification 13 

Type I isotherm is characteristic of a material which has extremely small pores. 

Types III and V isotherms arise when occur when the adsorptive molecules have a 

greater affinity for each other than they do for the solid, therefore these conditions 

are of no use in surface and pore analysis. A type VI isotherm is symptomatic of a 

solid material which is non-porous and has an almost completely uniform surface. 

Isotherm types II and IV are indicative of either nonporous or adsorbents having 

relatively large pores. The completion of a monolayer coverage is indicated by point 

B in isotherm types 11 and IV and the linear portions of the isotherms that follow 

indicate the start of multilayers. A type IV isotherm contains a hysteresis loop, the 

lower branch of the isotherm is representative of the gas molecules filling the pores 

of the adsorbent and the higher branch of the loop is associated with the gas 

molecules leaving the pores. The filling and emptying of mesopores, and therefore 
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the hysteresis loop is generally associated with capillary condensation. The IUP AC 

classifies hysteresis loops into four distinct types see Figure 2.12. 

1 
i 
I 

H2 

Figure 2.12: IUPAC classification of hysteresis loops 

Type HI has a very narrow loop with very steep parallel adsorption and desorption 

branches. Type HI loops are characteristic of adsorbents with narrow pore 

distribution and are common to MCM-41. A H2 type hysteresis loop has a broad and 

long adsorption branch while the desorption branch in much steeper. The type H2 

hysteresis represents a more complex pore structure and is made up of interconnected 

network of pores of different size and shape. Unlike hysteresis types HI and H2, 

hysteresis types H3 and H4 do not contain a plateau at high relative pressures. Types 

H3 and H4 are given when the adsorbents contain slit like pores. 

2.5 Scanning electron microscopy 15·18 

To determine the surface morphology of materials scanning electron microscopy 

(SEM) can be used to identify the surface composition of the material and give a 
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detailed microscopic image of the material. The process involves focussing a high 

energy beam, typically 30 keY onto the surface of the material, see Figure 2.13. 

Electron Gun ---. 

Back scattered electron 
secondary electron detectors 

Sample Stage 

Figure 2.13: Schematic diagram of an SEM 

Electron Lenses 
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High energy electron beam 

-ray analyser 

Sample 

Several types of electron guns exist, the most common is the tungsten thermionic 

type, consisting of three parts; a tungsten wire filament (cathode), an anode and a 

Wehnelt cylinder or grid cap. Thermionic emission occurs when heat is supplied to 

the tungsten filament in order for electrons to escape. The grid cap focuses the 

randomly directed electrons emitted from the filament. The anode accelerates the 

electrons towards the lenses through a small aperture to form the electron beam. 

Electron lenses situated beyond the gun are used to demagnify the image of the 

crossover of the electron gun to the final spot size on the specimen. The electron path 

and specimen chamber are under high vacuum. Deflection plates allow the beam to 

be scanned across the surface and an image of the surface is created. When the high 

energy electron beam (also known as the primary beam) interacts with the surface of 
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the material the electrons can be elastically or inelastically scattered. Elastic 

scattering causes the incident electron to change direction with no loss of kinetic 

energy a phenomenon known as back scattering. The back scattered electron is an 

important imaging signal in SEM. When inelastic scattering occurs some of the 

energy is transferred from the electron to tightly bound inner-shell electrons and 

loosely bound outer-shell electrons of the atom. An inelastic collision can result in 

outermost electrons being detached from the specimen atom, see Figure 2.14a, 

leaving behind an ionised atom with a positive charge. The dislodged electrons have 

a low kinetic energy and are readily captured by nearby ionised atoms and if they 

contain enough energy can cause an emission of a secondary electron. 

Primary 
Electron 
Beam -

Ejected 
Inner shell 

Electron rvvv~ 
Relaxation X-ray Photon 

/ --~ Emission 

(8) , / -
Figure 2.14: Process of secondary ion and x-ray production 
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The secondary electron can then propagate through the material. If the second 

electron contains enough kinetic energy it can also undergo inelastic scattering of its 

own, producing a cascade of electrons. When the electron beam has sufficient energy 

the interaction with the surface atoms can result in the ejection of a tightly bound 

inner-shell atomic electron. The ejection of the inner electron leaves the atom in an 

excited state. To relax the ionised atom the electron vacancy is 'filled' by an electron 

dropping from one of the outer shells and the excess energy in released as a 

characteristic x-ray, Figure 2.14b. The energy of the x-rays produced can transfer to 

another electron which can be further emitted, known as the Auger electron. X-rays 

are also emitted when the speed of the incident electrons are reduced. When the 

electron is decelerated the loss in energy is emitted as a photon of electromagnetic 

energy. Electron detectors are required to detect both backscattered electron and 

secondary electrons, each with different energetic properties. The most common 

electron detector in SEM is the Everhart-Thomley detector (E-T) see Figure 2.15. 

Faraday Cage 
Primary Beam 

Electrons 

Figure 2.15: Everhart-Thornley Detector 
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The electron strikes a scintillator material which produces a photon. The photons are 

transmitted to an electrode within a photomultiplier. At the electrode (photocathode) 

the photon is converted back to an electron. The electron signal is multiplied through 

successive electrodes of the photomultiplier. Surrounding the scintillator is a Faraday 

cage its purpose is to 'attract' the scattered secondary electrons through acceleration 

in order to strike the scintillator with enough energy to produce a photon. 

2.5.1 Environmental scanning electron microscopy 

In an environmental SEM, a small pressure limiting aperture exists between the 

specimen chamber and the gun chamber. This allows the gun to operate at a high 

vacuum while a poorer vacuum is maintained around the sample. The charge build 

up on the surface of insulating materials is neutralised by interaction between gas 

molecules and electrons. Therefore these materials can now be studied without first 

applying a conductive coating. By varying the pressure, temperature and gas mixture 

within the specimen chamber a wide range of samples can be observed. 

2.5.2 Energy dispersive x-ray spectrometry 

X-rays have particle and wave properties. Each element gIves a characteristic 

spectrum in the forms of lines at different energy levels. The energy transition (~) 

is characterised in Equation 2.22, where h is Planks constant equal to 6.63 x 10-34 Js, 

u is the frequency in Hz, c is the speed of light 3 x 108 ms-I and A is the wavelength 

of the x-ray. 
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he 
AE=hv=-

A 

Equation 2.22 

An energy dispersive x-ray spectrometer detector contains a Si(Li) detector crystal 

which adsorbs each individual x-ray photon and leads to an ejection of a 

photoelectron. The photoelectron gives up most of its energy to form electron-hole 

pairs. A charge pulse is formed which is converted to a voltage. Each voltage pulse 

is proportional to the incoming x-ray photon. Each element gives a characteristic 

spectrum in the forms of lines at different energy levels. Electrons within an atom 

occupy specific energy levels, each electron is described by a specific set of quantum 

numbers. In x-ray spectrometry atomic electrons are arranged into major and minor 

shells. The major shells are designated K, L, M, N and 0 and they represent n 

quantum numbers of 1, 2, 3, 4 and 5, respectively. When a K electron is removed an 

electron from the L, M, N & 0 shell fills the existing hole, the excess energy is 

released as an x-ray, this is known as the K series. When an L electron is removed, 

the L series is produced. Different series of lines are produced depending on the 

quantum number of the electron removed. However not all transitions between 

shells are allowed, therefore selection rules are applicable. The selection rules state 

that ll. n must be greater than zero. When ll. n is equal to 1 a. lines are produced while 

~ lines are produced when ll. n is greater than 1, illustrated in Figure 2.16. 
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Figure 2.16: Energy level diagram for an atom illustrating the formation of Ka 

and KP x-rays 

2.6 Transmission electron microscopy 19,20 

Transmission electron microscopy (TEM) is a technique which belongs to a family 

of techniques referred to as electron microscopy. TEM produces magnified images 

through the use of fast-moving electrons as illumination. TEM makes use of shorter 

wavelength electron illumination. As with a conventional light microscope a 

transmission electron microscope contains two-image forming lenses. Electrons are 

produced from an electron gun within a vacuum. The electrons pass through the 

sample and are focussed by an objective lens into a magnified image which is 

enlarged by a projector lens. The image is observed on a fluorescent screen or 

recorded on a digital camera. 

For me so porous silicates, structural information is obtained by viewing the pore face 

and perpendicular to the pores (channels). The hexagonal arrangement of mesopores 

58 



can be directly observed when viewing the pore face. The areas of light contrast in 

the TEM image correspond to the pores while the darker contrasted areas are the 

silica wall framework. 

2.7 Powder x-ray diffraction21
, 22 

Crystalline solids are defined as a 3D periodic array of atoms and molecules. Within 

a single crystal the periodic array of atoms extend throughout the entire solid 

unchanged. Space lattices are often used to describe the imaginary points which 

describe the scheme of repetition of a pattern. A unit cell is an imaginary parallel­

sided figure that contains one unit of the repeating pattern. The unit cell can be used 

to generate the whole lattice through translation of the unit cell. The length of the 

sides in a unit are denoted a, b and c and the angles between them are noted (1, ~ 

and y. Each plane of the lattice can be distinguished by the distances at which the 

intersection of the axes occurs e.g. (l a, 1 b, 1 c). However the label of the plane is 

more simply referred to as (1, 1, 1,). If the plane intersects the axes at a fraction or 

runs parallel to the axes, the reciprocal of the label is used to avoid fractions and 00, 

known as Miller indices. 

2.7.1 Generation of X-rays for use in PXRD 

X-rays are generated within x-ray tubes. Electrons are produced from a heated 

cathode, and are accelerated through a vacuum to an anode. Electrons are accelerated 

by a high electric potential between the cathode and anode. When the electrons strike 

the anode they decelerate and produce radiation. When higher energy electrons strike 
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the anode electrons from the anode can be released from the atomic orbitals, 

resulting in the refilling of orbitals by electrons with the generation of characteristic 

x-rays, as seen in Section 2.5.2. Figure 2.17 shows a common design used in powder 

diffractometers. A divergent beam of x-rays interact with the sample and a 

convergent beam of x-rays is diffracted. Before the x-rays reach the detector the x-

rays pass through a narrow slit and unwanted wavelengths of x-ray photons are 

removed by a single crystal monochromator. 

X-ray 
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Figure 2.17: Focusing schemes in powder diffraction 

---- ......... ~::~ 
, , 

\ 
\ 

\ 
\ 
\ 
\ , 

I 
I 
I 
\ 

Within PXRD the sample consists of many small single crystals at different 

orientations. The sample is prepared ensuring a flat surface. A conventional 

scintillation detector is used to measure the intensity of the diffracted x-rays, as 

covered in the SEM Section 2.5. 
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2.7.1.1 Construction of diffraction patterns 

Diffraction patterns use x-rays to characterise the crystalline solid. When an x-ray 

encounters a crystal the x-ray can be diffracted. The atoms within the crystal scatter 

the x-rays. For simplicity in x-ray diffraction the lattice planes can be regarded as a 

stack of mirrors, separated by the distance d, which reflect the incoming x-rays, as 

shown in Figure 2.18. 

Incoming 
X-ray 

Lattice 
Spacing 

d 

d 

Diffraction Vector 
Bragg 
Reflection 

Crystal 
~_-1.-__ :::""::-_..l...-_~~ __ ..l...-~L-___ Lattice Plane 

Crystal 
Lattice Plane 

Crystal 
Lattice Plane 

Figure 2.18: Diffraction of x-rays from a crystal set of planes 

The difference in path lengths of the two reflected x-rays of wavelength, A. is 

CB + BD, the length of which depends upon the incoming angle, O. This path length 

difference can also be represented as 2d sin fJ, where d is equal to the distance AB. 

Many values of B do not result in exiting x-rays in the same phase. If the x-rays 

diffracted by the atom are in the same phase then an amplitude in signal will be 

recorded, when out of phase there is destructive interference. For constructive 

interference the path length difference must be an integer (n) of the number of 
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wavelengths. A diffracted beam will be produced from a given set of planes when 

Bragg's Law is satisfied, Equation 2.23. 

nA = 2dsin8 

Equation 2.23 

2.7.1.2 Determination of pore wall thicknesses using PXRD 

In ordered mesoporous silicates powder x-ray diffraction is used to determine the 

thickness of the silica wall. The distance between the crystal lattice planes, d, can be 

used with hexagonally ordered mesoporous silicates as shown in Figure 2.19. From 

the figure the distance a, represents the pore diameter and pore wall thickness, given 

that d is determined through Braggs Law. The distances a and d make a right angled 

triangle by which given d, a can be calculated via Equation 2.24. 

a 

dlOO 

Figure 2.19: X-ray diffraction and the determination of pore wall thicknesses 

.J3 d=-a 
2 

Equation 2.24 

With the pore diameter determined through nitrogen adsorption the pore wall 

thickness is determined by the subtraction of pore diameter from the distance a. 
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3 SAMPLING VALIDATION 

The main aim of the research project is to synthesise novel mesoporous materials that 

can extract indoor air pollutants from contaminated environments. As part of the 

procedure, it is necessary to test the extraction efficiency of the new materials for the 

pollutants of interest; volatile organic compounds (VOCs) and formaldehyde vapour. 

As there were no in-house valid active sampling methods of analysis to quantify the 

concentration of pollutants in indoor air, the initial focus of the research involved the 

development of active sampling procedures for VOCs. The procedures developed 

focussed on sorbent filled sampling tubes to trap the pollutants from air. Active 

sampling was used where air is passed through the tube, using a hand-held pump, 

and if present, the pollutant of interest is removed from the air onto the sorbent 

material. 

3.1 Examination of the bell chamber system 

The original bell chamber used by Watt l was set up to provide an environment 

contaminated with VOCs as described in Section 2.1. The chamber was investigated 

as a stable, repeatable and reliable method for VOC analysis. It was vital that the 

method for VOC generation, sampling and analysis provided accurate concentrations 

of pollutants in order to use further in the testing of adsorbents as suitable pollutant 

scavengers. 

3.1.1 Analysis of Tenax tubes by thermal desorption - gas 
chromatography- mass spectrometry 

The system used to desorb, identify and quantify the VOCs trapped by a Tenax 

sorbent in the sampling tubes incorporated a thermal desorption unit, gas 

65 



chromatograph and mass spectrometer. The thermal de sorption unit (TDU) was a 

Perkin Elmer Turbo Matrix TD. The operating conditions used when analysing VOC 

samples are outlined in Table 3.1. The TOU was coupled to a Perkin Elmer 

Autosystem XL gas chromatograph (GC). The analytes were detected by a Perkin 

Elmer:Turbo Mass Gold Mass Spectrometer (MS), which was coupled to the GC. 

The operating conditions for the GC and MS are outlined in Tables 3.2 and 3.3 

Table 3.1: Operating conditions of the TDU for the desorption VOCs 

Oesorb flow: 19 mL min-! 
Desorb temperature: 300°C 
Conditioning: Held at 320 °C for 15 minutes 
Inlet split: 94 mL min-! 
Outlet split: 39 mLmin-! 
Cold trap sorbent: Tenax TA 
Cold trap temperature: Held at -30°C, Ramped at 99°C S-I to 

300°C, Held at 300 °C for 5 min 

Table 3.2: Operating conditions of the GC for the separation of VOCs 

Inlet line temperature: 180°C 
Oven Temperature: 65°C 
Heating Rate: 65 °C for 5 min 65°C for 5 min, Ramped to 

90°C at 8 °C min- I
, Held 90°C for 1.87 min 

Column: Perkin Elmer, SMS Elite, 
(dimethylpolysiloxane (5% diphenyl) 
30 m x 0.25 mm i.d. 

Carrier Gas: Helium 
Carrier Gas Flow 1 mL min-! 

Table 3.3: Mass spectrometer operating conditions for the detection of VOCs 

Electron Energy 70eV 
Trap Emission 70eV 
Multiplier 250V 
Scan Run Time 10 min 
Scan Time: 0.2 s 
Inter Scan Delay: 0.1 s 
rn/z range: 50-300 amu 
Solvent Delay 2min 

66 



To detect the VOCs the MS was run in two different modes. First an electron impact 

(El) spectrum continually scanned all mass to charge (mlz) ratios from 50-300 amu 

during the run producing a spectrum containing a number of peaks depending on the 

number of VOCs analysed, known as the total ion chromatogram (TIC). In this 

mode of operation, each peak represents an accumulation of all the mass fragments 

produced for a particular analyte. In addition, a second mode of operation was used 

where the MS was used to selectively monitor single ion responses (SIRs) at 

predetermined times. In this work, the analytes under investigation; toluene (mlz 92), 

ethylbenzene (mlz 91), o-xylene (mlz 91), cumene (mlz 105) or DCB (mlz 146) had 

retention times of 3.0-4.0, 4.0-6.5, 4.0-6.5, 6.0-7.5 or 8.0-10.0 minutes, respectively. 

3.2 Experimental: Sampling validation 

The sampling validation experiments conducted investigated i) the adsorption 

efficiency of Tenax as a VOC sampling method, ii) the suitability of the VOC bell 

chamber generation method and iii) reliability of the GC-MS analysis method used 

for the detection of VOCs. 

3.2.1 Laboratory prepared Tenax tubes 

To increase the number of Tenax sampling tubes available for testing new unpacked 

tubes (Markes, Unit D3, Llantrisant Business Park Pontyclun, UK) were packed with 

200 mg of Tenax in-house. The end of the sampling tube was then tapped lightly on 

the bench six to eight times to settle the Tenax evenly in the tube. The 'rear/open' 

end of the sampling tube was then connected to an air cylinder via a mass flow 

controller. Air was passed through the Tenax filled tube for 5 min at a flow rate of 

I L min-), after which time a rear gauze and retaining spring were inserted and the 
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tubes were capped. As the sampling tubes were made of stainless steel, it was 

impossible to know whether the method of packing adopted was adequate or the bed 

length formed inside the tube. Therefore five glass tubes, with identical internal 

dimensions to the stainless steel commercial sampling tubes, were packed with 

200 mg of Tenax using the procedure outlined above. The average Tenax bed length 

was measured as 36 ± 1.0 mm (2.8 % RSD). Visual examination of the packed tube, 

together with the consistent bed length indicated that no large voids were created 

during the packing procedure. The lab-packed tubes were then compared with the 

prepacked tubes to sample an atmosphere of VOCs. The atmospheric bell chamber 

system, as described in Section 2.1, was used to generate an atmosphere with known 

concentrations of toluene, ethylbenzene, o-xylene, cumene and DCB. The reagent 

suppliers are shown in Table 3.4. 

Table 3.4: Addresses of analyte Manufacturer 

Analyte Manufacturer 
Toluene Bamford Laboratories, Norden, Rochdale, UK{99.5 %) 

Ethylbenzene Sigma Aldrich, GilliJ:!gham Dorset, UK(99 %) 
O-xylene Arcos O~ganics, New Jersey, USA 199o/~ 
Cumene Fisons Scientific A~aratus, Loughbrough, Leics, UK 199.5 %) 

DCB Aldrich Chemical Co. Ltd (99 %) 

An injection volume of 5 j.lL of each analyte was then added sequentially to the 

chamber. The chamber was left for 1 hour to allow the VOCs to volatilise. Sampling 

from the chamber onto the conditioned Tenax tube was carried out for 10 s at a flow 

rate of 50 ml min- l using a SKC sidekick pump, thereby sampling a volume of 

8.3 X 10-6 m3
• The theoretical concentration, and expected masses, of each analyte 

trapped by sampling tubes using these conditions are given in Table 3.5. To 

account for any discrepancies in packing between sampling tubes, the flow rate 
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through each sampling tube was calibrated using a bubble meter immediately before 

use. 

Table 3.5: Expected mass of VOCs trapped on Tenax tubes when using 5 J.1L 

injection volumes, 10 s sampling times and a pump flow rate of 50 mL min- I 

Analyte Chamber Mass of analyte 
concentration I mg m-3 trapped on Tenax I 

J.L2 
Toluene 190.4 1.58 

Ethylbenzene 190.4 1.58 
O-xylene 192.5 1.60 
Cumene 188.2 1.56 

DCB 284.5 2.36 

The chromatograms obtained, (Figure 3.1) indicate that similar results were obtained 

for the two different sets of tubes, the chromatogram for the packed tube is retarded 

in Figure 3.1 for clarity. The responses of the analytes obtained from the prepacked 

tube were only marginally higher than those obtained by the in-house packed 

sampling tube. For each analyte, the intensities of response when using prepacked 

tubes were approximately 8 x107 greater than those produced when the in-house 

packed tubes were used. This equates to an increase of only 7 %. Therefore, it was 

assumed that the sampling beds produced by the in-house packed sampling tubes had 

similar absorbing efficiencies for each analyte as did the prepacked tubes. To 

examine the repeatability of the in-house prepacked tubes, an identical atmosphere 

containing known concentrations of VOCs was generated and sampled as before. 

Five replicate measurements were taken from the VOC chamber. On two days the 

average peak areas obtained for each analyte were obtained from the five 

chromatograms and the percentage relative standard deviation (% RSD) values were 

calculated (see Tables 3.6 and 3.7). For comparison, chromatographic responses 

were obtained using the mass spectrometer in both El and SIR mode. 
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Figure 3.1: VOC El chromatogram from a pre-packed sampling tube (- ) and 

a VOC El chromatogram from the lab made sampling tube (- ). The packed 

tube has a retention shift of 15s for clarity. 

Table 3.6: Repeatability measurements on lab made tubes used to sample VOC 

from bell chamber pollutant source on day 1. 

Day 1 
El SIR 

Ave. STD (% RSD) Ave. STD (% RSD) 
Toluene 47970450 1911838 (4.0) 376734 20752 (5.5) 

Eth~lbenzene 53205343 2319385 (4.4) 812095 40505 (5.0) 
O-Xylene 52395264 2319203 (4.4) 546090 63845 (11.7) 
Cumene 52116345 2283244 (4.4) 852048 50593 (5.9) 

DCB 50141494 3304102 (6.6) 475615 39185 (8.2) 

On day 1, the RSD values for the responses given in the El chromatograms were 

within 4.0 - 6.6 %, while those obtained from the SIR peak areas were between 5.0 -

11.7 %. This amount of variation was thought to be quite high and could indicate a 
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variance in absorption capabilities of the in-house packed Tenax tubes. The Tenax 

tubes were reconditioned and the experiment was repeated. 

Table 3.7: Repeatability measurements on lab made tubes used to sample VOC 

from bell chamber pollutant source on day 2. 

Da,2 
El SIR 

Ave. STD (%RSD) Ave. STD (%RSD) 
Toluene 57543549 1224701 (2.1) 444674 24348 (5.5) 

Ethylbenzene 51664328 136992 (2.61 814427 19073 (2.3) 
O-Xylene 60672623 1883398 (3.1) 654367 30042 (4.6) 
Cumene 53006562 1575898 (3.0) 851652 21542 (2.5) 

DCB 55078477 1725543 (3.1) 521684 15701 (3.0) 

The % RSD values on day 2 reduced to between 2.1 and 3.1 % for the El spectra and 

2.3 and 5.5 % for the SIR spectra. It was thought that the improvement of the % RSD 

values obtained on day 2 was as a result of the further conditioning of the Tenax 

within the tubes. The experiment was repeated with prepacked sampling tubes. The 

El and SIR peak areas were obtained with the standard deviations and % RSD values 

calculated (see Table 3.8). The % RSD values for the prepacked tubes were between 

2.3 and 4.5 % for the El spectra and 1.7 and 5.7 % for the SIR spectra. The El and 

SIR % RSD values obtained for the in-house packed tubes were comparable to the El 

and SIR RSD values for the prepacked tubes. 

Table 3.8: Repeatability measurements on prepacked tubes used to sample VOC 

from bell chamber pollutant source 

El SIR 
Ave. STDJ%RSD) Ave. STD (%RSD) 

Toluene 30411965 1004883 (3.3) 196226 3362 (1.7) 
Ethylbenzene 31547967 987654 (3.1) 452058 10900 (2.4) 

O-Xylene 36490251 847252 (2.3) 330219 11710 (3.6) 
Cumene 31812036 906149 (2.8) 434761 12765 (2.9) 

DCB 41007754 1829595 (4.5) 294824 16868 (5.7) 

71 



On this evidence it was proposed that the in-house packed sampling tubes could be 

used to sample VOCs from air. The main advantage of using the in-house prepared 

tubes was cost, as a saving of £300 was estimated if a set of lOin-house packed 

sampling tubes were used rather than a set which came prepacked. From the 

experimental results shown above the decision was taken to use in-house packed 

sampling tubes in further sampling procedures. From this point on in the thesis, no 

distinction will be made between in-house packed and prepacked sampling tubes, 

they will both be referred to simply as sampling tubes. 

3.2.2 Testing the sampling method for the collection of VOCs 
from the bell chamber 

It was crucial to test the sampling conditions used to extract the VOCs from the 

contaminated air. In the bell chamber three variables were investigated; a) sampling 

time, b) chamber concentration and c) pump flow rate. Each variable was studied 

individually. An atmosphere containing five VOCs of known concentration was 

generated using the bell chamber as described in Section 3.2.1. The original sampling 

time used for sampling VOCs from the chamber was 10 s. Sampling times of 20, 30, 

40, 50 or 60 s were therefore investigated. Increasing the sampling time that air is 

pumped through the tube corresponds to an increase in volume of air sampled and 

therefore an increase in the theoretical masses of analytes trapped by the sampling 

tubes, as shown in Table 3.9. The responses obtained for each analyte in the resultant 

SIR chromatograms are represented in Figure 3.2. 
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Table 3.9: Mass of analytes theoretically trapped when sampling at 50 ml min-1 

from a chamber created using 5 J.1L injection using different sampling times 

Analyte 
Mass of analyte trapped on Tenax / J..lg 

10 s 20 s 30 s 40 s 50 s 60 s 
Toluene 1.58 3.16 4.74 6.32 7.90 9.48 

Ethylbenzene 1.58 3.16 4.74 6.32 7.90 9.48 
O-xylene 1.60 3.20 4.79 6.39 7.99 9.59 
Cumene 1.56 3.12 4.69 6.25 7.81 9.37 

DCB 2.36 4.72 7.08 9.44 11.81 14.17 
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Figure 3.2: Analyte peak areas for the selected m/z ion when sampling time was 

increased. - Toluene, - Ethylbenzene, - O-xylene, - Cumene & - DCB 

As expected there was an increase in chromatographic responses with increased 

sampling times. Linear regression was performed on the results and the data are 

given in Table 3.10. To statistically evaluate the linearity of analyte responses, the 

errors on the intercept and slope were examined in addition to the correlation 

coefficient. If a linear trend is to be confirmed it is expected that the correlation 
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coefficient is > 0.9900, the confidence interval of the intercept includes zero and the 

result of the slope divided by the slope error is > 40.2 

Table 3.10: Statistical evaluation for the VOCs when sampling time was 

increased. 

Slope Intercept Correlation Error on Error on 
Coefficient Slope Intercept 

Toluene 36217 - 85255 0.9889 1109 39999 
Ethylbenzene 60827 -70082 0.9936 1408 50787 
O-Xylene 50576 -106152 0.9848 1815 65446 
Cumene 61829 - 67294 0.9931 1481 53429 
DCB 29125 - 82384 0.9481 1965 70867 

Ethylbenzene and cumene met the stated criteria for linearity as both had correlation 

coefficients greater than 0.9900, at 0.9936 and 0.9931, respectively. Furthermore 

both confidence intervals included zero and the gradient ratios were 43 and 42, 

respectively. Toluene and o-xylene marginally failed to meet the stated criteria as 

both correlation coefficients were less than 0.9900 at 0.9889 and 0.9848 respectively. 

Additionally the gradient ratios were less than 40 with toluene at 32 and o-xylene at 

27. However both toluene and o-xylene did meet the stated confidence interval 

criteria. DCB failed to meet the linearity criteria as the both the correlation 

coefficient and gradient ratio were well below the stated values at 0.9481 and 15, 

respectively. Although an increase in sampling time from 10 s to 60 s led to data 

which were deemed non-linear by statistical analysis it could be argued that the data 

fell well within analytically acceptable limits, with variations < 5 %. Thus it was 

thought that the sampling method was analytically valid for all 5 analytes when using 

sampling times between 10 - 60 s. Moreover, the results suggest that Tenax, the 

sampling and analysis methods were all suited to collection of toluene, ethylbenzene, 
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o-xylene, cumene and DCB, otherwise near-linear relationships would not be 

obtained. 

3.2.2.1 Sampling different concentrations of VOCs. 

For the sampling method to be valid for VOCs in air, the chromatographic responses 

of each analyte should also increase linearly with increased concentrations of VOCs. 

Different atmospheres of known analyte concentration were generated using the bell 

chamber system described in Section 3.2.1. Different liquid volumes of each analyte 

were injected into the system (2.5,5 7.5 or 10 J.lL). The expected concentrations and 

masses obtained by sampling each atmosphere are given in Table 3.11. The 

atmospheres were sampled at 50 mL min-) for 10 s. Two replicate measurements 

were taken for each chamber concentration. The peak areas of each analyte were 

taken from the SIR chromatograms and plotted against volume of analyte added to 

the chamber as shown in Figure 3.3. 

Table 3.11: Masses of analytes theoretically trapped when sampling for 10 s at 

50 ml min-1 from chambers of different concentrations 

Chamber concentration Mass of analyte trapped on 
Analyte Img m-3 

TenaxlJlA 
2.5 5.0 7.5 10.0 2.5 5.0 7.5 10.0 

Toluene 95.2 190.4 285.6 380.7 0.79 1.58 2.37 3.16 
Ethylbenzene 95.2 190.4 285.6 380.7 0.79 1.58 2.37 3.16 

O-xylene 96.3 192.5 288.8 385.1 0.80 1.60 2.40 3.20 
Cumene 94.1 188.2 282.3 376.4 0.78 1.56 2.34 3.12 

DCB 142.2 284.5 426.7 568.9 1.18 2.36 3.54 4.72 
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Figure 3.3: Peak area obtained from the SIR chromatogram when the 

atmospheric concentration was altered. - Toluene, - Ethylbenzene, 

O-xylene, -- Cumene & - DCB 

Note that injection volume was used as the scale on the x-axis because each VOC has 

a different density, therefore although the volume injected was the same, the mass 

injected was different for each VOC therefore generating different VOC 

concentrations (Table 3.11). Linear regression was performed and the results are 

shown in Table 3.12. Using the same criteria as outlined in Section 3.2.2 the linearity 

ofthe results was assessed. All of the VOCs failed to pass the linearity criteria based 

on correlation coefficients of above 0.9900 and gradient ratios above 40. Toluene, 

ethylbenzene, o-xylene, cumene and DCB had correlation coefficients of 0.9442, 

0.9103, 0.9185, 0.9128, 0.8855 and gradient ratios of 10.1 , 7.8, 8.2, 7.9 and 6.8, 

respectively. When evaluating the confidence intervals for each VOC, the criteria 

was achieved as all the confidence intervals included zero. One possibility why the 
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results failed to meet the stated criteria was due to variation in chamber concentration 

as each concentration level was set up on a different day. On each day the bell 

chamber would be subject to different laboratory conditions e.g. temperature and 

pressure, which would affect the volatilisation, and possibly the vapour phase 

concentration of the analytes produced within the bell chambers. It was thought that 

the variation experienced was due to chamber conditions rather than being an 

indication that the sampling method was not suitable over the concentration range 

studied. Moreover, when larger solution volumes of 7.5 or 10 ~L were injected into 

the chamber to create higher atmospheric concentrations, a large variation was noted 

for the two replicate measurements obtained. The reason for this variability was 

possibly due to inefficient vaporisation of the higher volume of solution used. Due to 

the high precision of the two measurements taken from the atmosphere created using 

5 ~L injection volumes, this injection volume was used for future experiments. 

Table 3.12: Statistical evaluation for the VOC's linearity with respect to 

different chamber concentrations 

Slope Intercept Correlation Error on Error on 
Coefficient Slope Intercept 

Toluene 85802 -19929 0.9442 8516 58302 
Ethylbenzene 190977 -232233 0.9103 24481 167610 
O-Xylene 142313 -181141 0.9185 17307 118490 
Curnene 208789 -282113 0.9128 26345 180371 
DCB 97905 -124124 0.8855 14375 98422 

3.2.2.2 Assessment of different sample flow rates of air through the 
sampling tubes 

A bubble meter was used to measure the rate of air flowing through sampling tubes. 

The rate of air passing through the tube is important. If it is too fast, there may not 

be enough time for analytes to interact with the sorbent material and be removed 
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from the air. If it is too slow then the sampling time becomes inefficient. Therefore 

atmospheres of known concentrations of VOCs were set up as described in Section 

3.2.1. giving atmospheric concentrations listed in Table 3.5. Four different sampling 

experiments were performed with a sampling time set at 10 s and different flow rates 

of 25, 50, 75 or 100 mL min-I. Although it was thought that tubes packed with Tenax 

(either in-house or pre-packed) had no obvious voids or channels through the Tenax 

when connected to the pump, slightly different flow rates were obtained for each 

tube. Therefore all tubes were individually calibrated before use. After calibration 

two tubes were used to sample each of the generated atmospheres. The peak area of 

the response on the SIR chromatograms were obtained and plotted against airflow 

rate (see Figure 3.4). 
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Figure 3.4: Peak area obtained from the SIR chromatogram when the pump 

flow rate for sampling was altered. -- Toluene, -- Ethylbenzene, -­

O-xylene, -- Cumene & -- DCB 
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Linear regression was performed and the results are shown in Table 3.13. A positive 

correlation was obtained between peak area and flow rate for each analyte. 

Table 3.13: Statistical evaluation for the VOC's linear graphs produced by 

altering the pump flow 

Slope Intercept Correlation Error on Error on 
Coefficient Slope Intercept 

Toluene 11730 -141563 0.9855 581 39725 
Ethylbenzene 21698 -301938 0.9834 1151 78610 
O-Xylene 16139 -233299 0.9826 877 59926 
Cumene 21343 -307980 0.9836 1126 76930 
DCB 12039 -218001 0.9871 561 38318 

The correlation coefficients produced for each VOC were narrowly below the 

accepted criteria of 0.9900; between 0.9826 and 0.9871. The slope ratios produced 

for the VOCs were below the stated criteria of greater than 40: with toluene, 

ethylbenzene, o-xylene, cumene and DCB ratios of 20.1, 18.9,18.0,19.0 and 21.5, 

respectively. None of the VOCs passed the confidence interval criteria as zero was 

not included in any of the intervals obtained. Therefore the data were deemed non-

linear. The two replicate measurements taken using a pump flow rate of 

100 mL min- l showed better precision than any other of the flow rates used; as 

repeatability for all VOCs was less then one percent. Due to the increased precision 

offered at 100 mL min- l the sampling procedure was altered to sample at this flow 

rate. However an increase in flow rate may increase the risk of breakthrough 

occurring. 

3.2.2.3 Breakthrough 

It is known that sorbents have a limited capacity for absorption of a given analyte, 

either by saturation or chemical displacement.3 Once this capacity has been reached 
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the analytes will pass through the sorbent un-absorbed. This is commonly referred to 

as 'breakthrough'. The point of breakthrough is identified when the concentration of 

analyte in the outlet stream is equal to 5 % of that in the inlet stream.3 Breakthrough 

can occur when the sampling volume or concentration is too high, and the point of 

breakthrough can vary with air temperature. Alternatively the sorbent used may not 

have the retention ability for the given analyte. In this case another sorbent will have 

to be used.4 To ensure that breakthrough was not occurring for an atmospheric 

chamber with analyte atmospheric concentrations of approximately 188-284 mg m-3, 

two sampling tubes were connected in-line and the atmosphere was sampled at 

100 mL min- l for 10 s. The resultant El chromatograms are shown in Figure 3.5. The 

intensities of the peaks produced on the first chromatogram range from 8.55 x 108 to 

1.13 x 109
• There was no evidence of breakthrough from the first sampling tube 

because there was no adsorption from any of the five selected VOCs onto the second 

Tenax tube at the appropriate retention times. The peaks present on chromatogram B 

do not correspond to those of the VOCs. The largest peak present in chromatogram B 

is only 0.1 % the intensity of the toluene peak present in chromatogram A. This 

experiment has shown that sampling an atmosphere containing toluene, 

ethylbenzene, o-xylene, cumene and DCB at concentrations of 190.4, 190.4, 192.5 

188.2 and 284.5 mg m-3 respectively, for 10 s at 100 mL min-I
, a total mass of 

17.4 J.lg of VOC was absorbed onto the Tenax with no breakthrough. Therefore 

sampling conditions of 100 mL min- I for 10 s was maintained and used throughout 

the rest of the experiments. 
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Figure 3.5: a) El chromatogram produced from first sampling tube b) El 

chromatogram produced from the second sampling tube inline. 

3.2.2.4 Repeatability 

The atmospheric chamber was set up as described in Section 3.2.1. The chamber was 

sampled for 10 s at flow rate of 100 mL min-I. Five replicate measurements were 

taken on three separate occasions. The average peak areas, standard deviations and % 

relative standard deviations obtained from the El and SIR chromatograms are listed 
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in Table 3.14. On day 1, the % RSD values for the average peak areas of toluene, 

ethylbenzene, o-xylene, cumene and DCB from the El chromatograms were 10.S, 

11.3, 11.2, 11.1 & 13.5 %, respectively, while the % RSD obtained from the SIR 

peak areas were 10.7, 11.8, 11.6, 11.5 & 13.7 %, respectively. This amount of 

variation was high and could indicate a variance in absorption capabilities of the 

Tenax. The % RSD values on day 2 improved to 0.97, 4.71, 4.68, 4.77 & 13.3 %, 

respectively, for the El spectra and 2.9,4.5, 6.0, 6.0 & 14.4 %, respectively, for the 

SIR spectra. The range of % RSD values on day 3 were improved for all analytes 

with values within 2.3 - 4.5 % for the El spectra and 1.7 -5.7 % for the SIR spectra. 

The improvements in the % RSD values was thought to be as a result of increasing 

familiarity with the technique. The repeatability of tubes obtained on days 2 & 3 was 

within similar ranges to those obtained in Section 3.2.1. The % RSD of the packed 

tubes varied between 2.1 - 6.6 % for the El spectra and 2.3 - 11.7 % for the SIR 

spectra. This experiment indicates that some variation is present within the sampling 

and analysis method. This variation may not be solely attributable to inefficient 

absorption of the analytes by Tenax. Contributions to the variation in the analysis 

may include varying chamber concentrations, inefficient desorption within the TDU 

or variation in the GC-MS response to the analytes. Therefore further experiments 

were undertaken to assess the variability of repeat injection of analyte solutions into 

the GC-MS. 

3.2.3 Examination of repeat injection of solutions into GC-MS 

Experiments were undertaken to ensure the TDU-GC-MS operating conditions used 

(see Section 3.1.3) were suitable to extract 100 % of trapped VOCs from sampled 

Tenax tubes. 
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Table 3.14: peak area repeatability of El and SIR spectra when sampling VOCs under optimised conditions 

Day 1 Day 2 Day 3 

El m1z El mlz El 

AYE STD AVE STD AYE STD AYE STD AYE STD 
(%RSD) (%RSD) (%RSD) (%RSD) (%RSD) 

Toluene 34734312 3637332 500270 58603 84465752 817970 582951 16858 30411965 1004883 
(10.5) (11.7) (1.0) (2.9) (3.3) 

Ethyl- 39432608 4446139 989369 116277 96505885 4542546 1345564 61364 31547967 987654 

benzene (11.3) (11.8) (4.7) (4.6) (3.1) 

0- 406880712 4545592 856775 99766 100367454 4700932 1009966 61138 36490251 847252 

xylene (11.2) (11.6) (4.7) (6.0) (2.3) 

Cumene 44468465 4933262 1040584 119692 13973774 6666997 1844612 110455 31812036 906149 
(11.1) (11.5) (4.8) (6.0) (2.8) 

DCS 35522762 4803652 537845 73663 122086387 16199016 828936 119311 41007754 1829595 
(13.5) (13.7) (13.3) (14.4) (4.5) 

- .. - ---

mlz 

AYE STD 
(%RSD) 

196226 3362 
(1.7) 

452058 10900 
(2.4) I 

330219 11710 
(3.6) 

434761 12765 
(2.9) 

294824 16868 
(5.7) 



It was therefore thought appropriate to examine the intensity of peaks given by direct 

injection of solution containing a known mass of each analyte into the GC-MS. 

Methanolic solutions were prepared containing similar masses of VOCs as used in 

the previous bell chamber experiments. An autosampler was used to introduce the 

solutions into the GC-MS. In this 'direct injection' mode only 5% of the injected 

solution passed onto the chromatographic column. In comparison, when using the 

TDU as a sample introduction system the sample is split twice before it is introduced 

onto the column, passing approximately 0.43% (see Equation 2.21) of the sample 

onto the column. It was therefore necessary to create methanolic solutions that would 

introduce the same masses of analytes onto the column, after a 5 % split, as would 

the TDU after a 0.43 % split. Therefore, a methanolic solution containing VOCs with 

concentrations of approximately 0.28 I-lg I-lL-1 was prepared and, using a 1 ilL 

injection volume, equivalent masses of vacs were introduced into the GC-MS 

permitting comparison of peak responses with those obtained by the TDU-GC-MS. 

When using the autosampler to introduce the standard vac solution, the GC-MS 

was operated using an injection temperature of 250°C. All other operating 

conditions for the GC-MS were similar to those listed in Tables 3.2 and 3.3. The 

intensities of the peaks recorded from the El GC chromatogram are given in Figure 

3.6. Included in the figure is a chromatogram recorded for a desorbed sampled Tenax 

tube. The toluene, ethylbenzene and o-xylene peak area intensities produced by the 

direct injection method were within 76-78 % of those produced by thermal 

desorption. The intensities of the cumene and DCB peak areas differed by 7.9 and 

0.1 %. The direct injection mode experiment confirmed that the TDU-GC-MS 

operating conditions were acceptable. 
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Figure 3.6: Comparison of El chromatograms. -- analytes injected on column 

through autosampler and -- analytes injected on column through TDU 

The small differences in intensities were thought to be as a result of small 

inaccuracies in the calculation of the TDU split. The flow rates of the inlet split, 

outlet split and desorb flow were all measured using a small bubble meter and 

stopwatch while the column flow was assumed to be 1 mL min-I. If the flow rates 

were slightly inaccurate then this would result in a different % of analytes reaching 

the column, therefore a different mass of analytes reaching the column than 

calculated. 

3.2.3.1 Repeat injection of a standard solution of VOCs into the 
GC-MS. 

To determine the repeatability of responses when injecting a standard solution of 

VQCs, five 1 ,....L injections of the standard solution (approximately 0.28 ,....g ,....L) were 
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performed. As an autosampler introduction system removes operator variability and 

increases precision,5 it was used to introduce the VOC standard solution into the GC-

MS. The average peak area, standard deviation and relative standard deviation of 

each analyte obtained from both the El and SIR chromatograms are given in Table 

3.15. 

Table 3.15: Repeatability measurements for El and SIR spectra when using the 

autos ampler to inject 1 }1L of combined VOC standard 

El mlz 
Ave Std (%RSD) Ave Std (%RSD) 

Toluene 29240612 896991 (3.1) 406898 14267 (3.5) 
Ethylbenzene 31785282 652784 (2.0) 754874 12993 (1.7) 
O-Xylene 35840635 571695 (1.6) 722317 13017 (1.8) 
Cumene 38676292 614052 (1.6) 943469 9569-<1.0) 
DCB 40006721 314999 (0.8) 595766 4940-<0.8) 

The % RSD values for the El peak areas were within 0.8 - 3.1 %, while similar % 

RSD values were obtained for the SIR peak areas, within 0.8 - 3.5 %. The best peak 

area % RSD obtained during atmospheric chamber sampling was within 2.3 - 4.5 % 

for El spectrum and 1.7 - 5.7 % for the SIR spectrum, see Table 3.14. Therefore this 

experiment confirms that some of the variation obtained during sampling is due to 

instrumental variation. However not all of the variation seen during the atmospheric 

sampling experiments has been accounted for. Hence further experiments were 

undertaken to assess other sources of variation. 

3.2.3.2 Injecting increasing concentrations of standard solutions into 
the GC-MS 

To ensure that the GC-MS method had a large linear range for the VOCs of interest a 

range of standard solutions containing all 5 analytes were prepared between 
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concentrations of 0.005 and 0.3 Ilg ilL-I. All solutions were injected by the 

autosampler; a 1 ilL injection volume was used and solutions were injected in 

duplicate. The peak areas for each analyte mass were obtained from the resultant SIR 

chromatograms and plotted against mass (Figure 3.7). Linear regression was 

performed (see Table 3.16) and the average peak area, standard deviation and 

% RSD were calculated (shown in Table 3.17). Within the range of masses injected 

the SIR peak areas variation between the duplicate injections, for all analytes, was 

within 0.1-6.8 % with the majority between 1-4 %. 
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Figure 3.7: Linear graph produced when reduced masses of VOCs are injected 

onto the column via the autosampler.- Toluene, - Ethylbenzene, 

- O-xylene, - Cumene & - DCB 

Table 3.16: Statistical evaluation for the VOCs when the autos ampler was used 

to introduce the analytes to the GC-MS system. 

Slope Intercept Correlation Error on Error on 
Coefficient Slope Intercept 

Toluene 1388 -3335 0.9969 17.2 1982.5 
Ethylbenzene 2523 -6624 0.9980 25.4 2930.8 
O-Xylene 2003 -5749 0.9967 25.6 2945.9 
Cumene 2329 -6167 0.9981 22.8 2621.7 
DCB 1375 -3232 0.9986 11.4 1315.9 
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Table 3.17: Peak area averages, standard deviations and %RSDs for each VOC 

at injection masses from 5-300 ng 

Toluene Ethyl- O-xylene Cumene DCB 
benzene 

Ave 4779 8526 6561 7739 4681 
5 Std 41 25 54 79 17 

(%RSD) (0.85) (0.29) (0.82) (1.02) (0.36) 
Ave 11291 20446 15616 18310 11138 

10 Std 79 461 144 84 116 
(%RSD) (0.70) (2.25) (0.92) (0.46) 0.04) 

Ave 17616 30992 24272 28155 17250 
15 Std 357 672 133 463 151 

(%RSD) (2.03) (2.17) (0.55) (1.65) (0.87) 
Ave 23236 42321 33234 39306 23686 

~ 20 Std 463 39 274 615 193 
S (%RSD) (1.99) (0.09) (0.82) (1.56) (0.81) 
"1:J Ave 50274 89884 70546 83143 50008 11) 

t) 
40 Std 728 424 49 617 426 11) 

.S' 
(%RSD) (1.44) (0.47) (0.07) (0.74) (0.85) ..... 

Vl 

~ Ave 76212 137868 107936 12788 76702 
60 Std 2453 2835 1231 1458 861 

(%RSD) (3.22) (2.1) (1.14) (1.14) (1.12) 
Ave 123997 226720 178002 209538 125121 

100 Std 6594 3723 4762 2932 1700 
(%RSD) (5.31) (1.64) (2.68) (1.40) (1.36) 

Ave 289762 518584 413858 478138 280700 
200 Std 11044 19564 28352 17364 7362 

(%RSD) (3.80) (3.77) (6.85) (3.63) (2.62) 
Ave 407371 744662 589768 687525 407192 

300 Std 7843 10125 8692 8777 6590 
(%RSD) (1.92) (1.36) (1.47) (1.28) (1.62) 

The correlation coefficients for the analytes were within 0.9967-0.9986. The gradient 

ratios for toluene, ethylbenzene, o-xylene, cumene and DCB were 80.7, 99.3, 78.2, 

102.1 and 120.6 respectively. All the analytes included zero when evaluating the 

confidence intervals. Therefore the GC-MS response was deemed to be linear with 

respect to increasing sample concentration. Linear regression could therefore be used 

to determine unknown VOC concentrations within the calibration range studied. 
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3.2.3.3 Limit of detection of VOCs on the GC-MS 

To determine the limit of detection of the GC-MS method used, a standard solution 

with analyte concentrations of approximately 0.001 J.lg J.lL-1 was prepared. Six 1 ilL 

injections of this standard were made into the GC-MS using an autosampler. The 

limits of detection for each analyte were determined using peak areas from the El 

spectrum. Table 3.18 shows the average values, standard deviations and % RSD 

calculated. The limit of detection corresponded to a 1 ng J.lL-1 injection of VQCs, 

which is equivalent to 50 pg of analyte reaching the detector. Using this value it is 

possible to back calculate and estimate the limit of detection in the corresponding 

atmospheric sampling method, which was approximately 0.684 mg m-3 (or 

181.3 ppb). This corresponds to a mass of 12 ng trapped on the Tenax. It should be 

noted that the actual limit of detection for the atmospheric sampling method may be 

slightly higher than this concentration value as it is likely to include more sources of 

error. 
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Table 3.17 : Peak area averages, standard deviations and % RSD for each VOC at injection masses from 5-300 ng. 

Mass injected Ing 

5 10 15 20 40 60 100 200 

AYE STD AYE STD AYE STD AYE STD AYE STD AYE STD AYE STD AYE STD 
('IoRSD) ('IoRSD) ('IoRSD) (%RSD) ('Y.RSD) ('YoRSD) (%RSD) (%RSD) 

Toluene 4779 41 11291 79 17616 357 23236 463 50274 728 76212 2453 123997 6594 289762 11044 
(0.86) (0.70) (203) (199) (144) (3.22) (5.31) (3.8) 

Ethyl- 8526 25 20446 461 30992 672 42321 38.9 89884 424 137868 2835 226720 3723 518584 19564 

benzene 
(0.29) (2.25) (2.11) . (0.09) (0.47) (2.1) (1.64) (3.71) 

O-xylene 
6561 54 15616 144 24272 133 33234 274 70546 48.8 107936 1231 178002 4762 413858 28352 

(0.82) (0.92) (0.55) (0.82) (0.07) (1.14) (2.68) (6.85) 

Cumene 
7739 79 18310 84 28155 463 39306 615 83143 617 127788 1458 209538 2932 478138 17364 

(L02) (0.46) (1.65) (1.56) (0.74) (1.14) (1.40) (3.63) 

DCB 
4681 16.9 11138 116 17250 151 23686 193 50008 426 76702 861 125121 1700 280700 7362 

(0.36) (1.04) (081) (0.81) (0.85) (1.12) (1.36) (2.62) 

. - _ .. _- - - ---- '-- - .. 

300 

AYE STD 
(%RSD) 

407371 7843 
(192) 

, 

744662 10125 
(1.36) 

589768 8692 
(1.41) 

687525 8777 
(1.28) 

407192 6590 
(1.62) 



Table 3.18: Peak area average, standard deviations and % RSD for each VOC 

when repeatedly injecting a 1ng f,1L-1 VOC solution 

El 
Ave Std 

(%RSD) 
Toluene 55191 842 (0.8) 
Ethylbenzene 43893 1825 (4.2) 
O-Xylene 34358 2443 J7.1) 
Cumene 36493 1380 (3.8) 
DCB 30215 1652 (5.5) 

3.2.4 Investigation into the introduction of volatile organic 
compounds onto the sampling tubes 

The sampling system described in Section 2.1 involved injecting known volumes of 

VOC into a bell chamber and volatilisation of the VOCs at room temperature. It was 

hoped that complete volatilisation of all analytes occurred and that the predicted 

VOC atmospheric concentrations were correct. It was thought appropriate to test this 

by injecting a methanolic solution of known VOCs concentrations onto a Tenax 

sampling tube and then analysing the tube using the TDU-GC-MS. To perform the 

direct injection of a solution onto a Tenax sampling tube, the sample introduction 

system of a Perkin Elmer GC 8000 was modified as shown in Figure 3.8. An 

adaption union was used to connect the sampling tube to the injection port of the GC. 

Helium was used as a carrier gas permitting the transport of the injected analytes 

onto the Tenax tube. The GC oven was controlled at 25°C. After injection of the 

standard solution, helium was passed over the Tenax tube for 2 minutes at a flow rate 

of approximately 100 mL min- I
. The Tenax tubes were then removed, capped and 

analysed by TD-GC-MS as outlined in Section 3.1.1. 
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earner Gas Inlet 

Figure 3.8: schematic of the modified Perkin Elmer GC8000 injection port used 

to directly inject a solution of VOCs onto a sampling tube. 

3.2.4.1 Preparation of a vac standard for direct injection 

The standard VOC solution used for direct injection onto the Tenax filled sampling 

tube was prepared in a 10 mL volumetric flask. The final concentration of each 

analyte is given in Table 3.19. The concentrations of each VOC in the standard 

solution were chosen so that the masses injected directly onto the Tenax, via a 5 !!L 

standard solution injection volume, were equivalent to the masses trapped in the bell 

chamber experiment (using 5 !!L injection of each VOC into the chamber and 

sampling at 100 mL min-1 for 10 s after a 1 hour equilibration time). The final 

concentration of the standard required was calculated using Equation 2.1 (pg 31) to 

determine the theoretical concentration of analytes in the chamber. 

Table 3.19: Final concentration of VOCs in the standard used for direct 

injection 

VOC Concentration / Ilg IlL-1 

Toluene 0.60 
Ethylbenzene 0.65 

O-Xylene 0.65 
Cumene 0.64 

DCB 0.97 
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A 5 ilL injection of the solution onto the sampling tube resulted in the transferral of 

3.24, 3.23, 3.26, 3.20 or 4.83 Ilg, of toluene, ethyl benzene, o-xylene, cumene or 

DCB, respectively. Sampling tubes were analysed by TDU-GC-MS as described in 

Section 3.1.1. The El spectra for the analytes trapped by the sampling tube are given 

in Figure 3.9, and are compared to the peak intensities of analytes trapped in tubes in 

the bell chamber experiments. Direct injection of the standard solution of toluene, 

ethylbenzene, o-xylene, cumene and DCB gave increased intensities of 58.7, 55.2, 

40.0, 83.8 and 30.4 % respectively. The slight difference in retention time, 

approximately 6 s, between the two chromatograms may be due to some column 

degradation. 

Figure 3.9: Comparison of El chromatograms. Chromatogram in - shows 

analytes sampled onto Tenax from the bell chamber and the - chromatogram 

shows analytes injected onto Tenax via the modified GC injection port. 
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Previous experiments (Section 3.2.3) have shown that there is efficient 

adsorptionldesorption of the VOC onto sampling tubes, therefore it was thought that 

the smaller masses of analytes trapped in the bell chamber experiment were not due 

to inefficient adsorptionldesorption of analytes from the Tenax. Smaller masses of 

analytes measured during the bell chamber experiments were possibly due to i) 

incorrect delivery of analytes to the bell chamber due to the very small sample 

volume or ii) incomplete volatilisation of the analytes within the bell chamber. Both 

of the scenarios would result in reduced chamber concentrations. That said, the 

superimposed chromatograms in Figure 3.9 were of similar magnitude in intensity, 

considering the number of possible contributions and combinations of variability 

within both methods, the intensities were deemed analytically acceptable. 

3.2.4.2 Repeat injection of a standard solution of VOCs onto a Tenax 
sampling tube. 

To assess the repeatability of the injection of a standard solution of VOCs onto a 

sampling tube five replicate 5 ilL injections of the standard solution were performed. 

The average peak areas obtained for each analyte were obtained from the 

chromatograms and the standard deviations and % RSD values were calculated (see 

Table 3.20). The % RSDs values obtained on day 1 for toluene, ethylbenzene, 

o-xylene, cumene and DCB were 6.0, 6.6, 8.6, 12.7 & 5.7 %, for the SIR 

chromatograms and 7.2, 5.8, 6.5, 7.4 & 6.4 %, respectively, for the El 

chromatograms. When the experiment was repeated on day 2 the % RSD values were 

3.5, 1.0,3.9, 1.2 & 2.4 % for the SIR chromatograms and 1.2, 1.0, l.1, 1.2 & 2.2 % 
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for the El chromatograms. These % RSD values were analytically acceptable being 

less than 10%. Therefore the method of direct injection of analytes on to the 

sampling tube was used to calibrate atmospheric sampling experiments. 

Table 3.20: Average peak areas, standard deviations and % RSD from El and 

SIR spectra of VOCs repeatedly injected onto five sampling tubes 

Day 1 Day 2· 
El mlz El mfz 

AYe Std AYe Std AYe Std AYe Std 
(%RSD) (%RSD) (%RSDL (%RSD) 

Toluene 47184589 3408723 339544 20339 44464251 535461 372437 12965 
(7.2) (6.0) (1.2) (3.5L 

Ethyl 47673681 2784762 710936 47050 46454208 486403 769579 8269 
benzene _(5.8) (6.6) (1.0) (1.0) 
0- 51721392 3373024 532385 45526 50572021 547031 580820 22697 
Xylene (6.5L (8.6) (Ll) (3.9) 
Cumene 57697592 4281949 811137 102715 55187189 663735 934692 11211 

(7.4) (12.7) (1.2) (1.2) 
DCB 52144365 3336318 462695 26206 51168994 1149624 504634 11992 

(6.4) J5.7) (2.2) (2.4) 
• Calculated from 4 replicates due to an out/ier. 

3.2.4.3 Direct injection of increasing concentrations of standard vac 
solutions onto Tenax sampling tubes. 

Should Tenax be an appropriate sorbent for the VOC sampling method, a linear 

correlation should be observed between analyte response and increasing analyte 

concentration. To investigate the linearity of the adsorption of the VOCs onto Tenax 

a range of standard solutions were prepared. The concentrations of analytes in 

standard solutions ranged from 0.005 - 0.40 I-lg flL-1, 5 flL of each solution 

corresponding to trapped masses of 25 - 2000 ng. The peak areas for the VOC 

masses injected obtained for the analytes are shown in Figure 3.10. Linear regression 

was performed on the results giving the parameters shown in Table 3.21. 
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Figure 3.10: Linearity graphs produced when varying the mass injected onto 

the sampling tubes via the modified injection port. 

- Ethylbenzene, - O-xylene, - Cumene & - DCB. 

- Toluene, 

Table 3.21: Statistical evaluation for the VOC's the direct injection manifold 

was used to introduce the analytes onto the sampling tubes 

Slope Intercept Correlation Error on Error on 
Coefficient Slope Intercept 

Toluene 105.5 -4685.8 0.9929 2.1 2515 
Ethylbenzene 215.8 -5432 0.9988 1.7 2172 
O-Xylene 148.2 -7799.0 0.9916 3.2 4046 
Cumene 250.4 -20334 0.9750 9.4 11729 
DCB 92.1 181.0 0.9992 0.6 1041.3 

Toluene, ethyl benzene, o-xylene and DCB had correlation coefficients of 

0.9929, 0.9988, 0.9916 and 0.9992, respectively, with gradient ratios of 50.24, 

126.94, 46.31 and 153.5 respectively. All of the confidence intervals included zero, 

therefore the responses obtained for toluene, ethylbenzene, o-xylene and DCB were 

deemed to be linear. Cumene responses were shown to be non-linear as it failed to 

meet the two of the three criteria for linearity. The slope ratio was less than 40 at 

26.64 while the correlation coefficient was less than 0.9900 at 0.9750. Previous 
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linearity investigations have shown that cumene GC response is linear within the 

range of 0.05 - 3.5 /lg when direct liquid injections on to the GC were made using 

the autosampler. Increasing the cumene mass adsorbed by increasing sampling time 

has also been shown to give a linear response within the range of 1.56 - 9.37 Ilg 

when the atmospheric sampler was used, see Figure 3.2. Therefore taking into 

account the previous experiments were cumene was adsorbed onto Tenax through 

sampling from the bell chamber environments. Tenax was still thought to be a 

suitable adsorbent for the adsorption of cumene. 

3.2.5 Investigation into the development of a dynamic 
sampling chamber for the production of volatile organic 
compounds 

The current system for producing vac atmospheres involved active sampling from a 

static bell chamber. Volumes of 5 ilL ofVOC were transferred by micropipette into 

the 22.85 L chamber, which was sealed for one hour to allow the VOC to volatilise 

before sampling commenced. However the VOC concentration produced inside the 

bell chamber was influenced by a) lab temperature, b) lab pressure and c) accurate 

transfer of small volumes without analyte loss. 

To eliminate some of the variation in the chamber concentration produced by the bell 

chamber experiments a dynamic system was designed, using Perspex atmospheric 

chambers see Section 2.2. First it was necessary to prepare permeation tubes that 

would be placed in the permeation oven. Commercial permeation tubes, which 

provide known and constant emission rates ofVOCs into an air stream, are available 

for the VOCs studied in this project, however they are extremely expensive per 
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pollutant source (- £800) and they have limited calibration lifetimes. Therefore an 

investigation was undertaken to produce in-house permeation tubes using GC 

autosampler vials with different sized evaporation apertures. Small GC sampling 

vials containing 1 mL of analyte were used. Three different apertures were made; 

vial 1 had a small gas syringe needle, vial 2 had two small gas syringe needles and 

vial 3 had a larger 18 gauge needle. Care was taken to ensure the syringe needles 

were not in contact with the liquid phase inside the vial. To determine the emission 

rate of each 'permeation vial' the vials were weighed before being placed inside the 

permeation oven, set at 25 DC and an air flow rate of 0.2 L min- I
. Over recorded 

periods of time the vials were removed and weighed before being re-inserted in the 

oven. The emission rate (ng min- I
) of the in-house permeation devices was 

determined from Equation 3.1 using the masses lost (ng) from the permeation 

devices over time (min). 

E 
_ mass loss 

R - . 
time 

Equation 3.1 

Initially toluene was examined to determine which permeation vial would be 

appropriate for use in the dynamic system The emission rates from the weight losses, 

were obtained, see Figure 3.11. Interestingly, for each vial used, the emission rate did 

not become relatively constant until day 8, regardless of the size of the evaporation 

aperture used. Permeation vial 1 contained the smallest syringe needle and 

consequently gave the lowest emission rate, with an average rate of 3400 ng min-1 

(calculated from 8 days onwards). The emission rate of vial 1 was determined giving 

a % RSD value of 16.7 %, (n = 7), most likely associated with the error in measuring 
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the small weight 10 (typicall 10's mg) on the weighing balance. Doubling the 

area through whi h p rm ati n ccurred by doubling the number of syringe needles 

piercing the ial re ult d in an incr a e in the emission rate to 6160 ng min- I
. Repeat 

measurement wer p rformed gi ing a decreased % RSD value of 4.35 % (n = 7). 

The largest emi ion rat 0 curr d from permeation vial 3 
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Figure 3.11: Emi ion rate of lab made toluene permeation tubes over a period 

of 24 days ba ed on weight 10 , ( . ) Permeation vial 1, (t ) Permeation vial 2 

and ( . ) Permeation vial 3 

which contain d th \arg l yring needle, at 12820 ng min- I
. Repeat measurements 

gave the lowe t % R alu at 3.55 % (n = 7). Therefore in order to produce the 

most consistent chamber ne ntration, and subsequently lower sampling times, the 

evaporation ap rtur iat d with permeation vial 3 was chosen to create future 

VOC contaminat d 
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Four further permeation vials were prepared, each containing 1 mL of toluene, 

ethylbenzene, cumene or DCB. Note although o-xylene was examined in the original 

bell chamber method it was omitted here as it would dissolve the glued rubber seals 

ofthe Perspex chamber. Each vac permeation tube was weighed and place within 

the chamber for a period of two weeks, the vials were then reweighed and the 

emission rates were measured for ethylbenzene, cumene and DCB at 8150, 4460 and 

2760 ng min- l
, respectiVely. The chamber concentrations produced from each VOC 

are given in Table 3.22 and were calculated using Equations 3.1, and 2.1 The 

theoretical chamber concentration ratios for toluene: ethylbenzene: cumene: DCB 

based on their emission rates were 1: 0.63: 0.35: 0.21, when normalised to toluene. 

Table 3.22: Permeation vial emission rates of VOC's determined through weight 

loss, and subsequent chamber concentrations. 

Calculated Ko Conversion Chamber 

Analyte Emission L got for Iflg m-l Concentration 
Rate to ppb 

n~min-t ppm mgm-l 

Toluene 12820 0.243 0.265 15.6 58.9 
Ethylbenzene 8150 0.211 0.230 8.6 37.4 
Cumene 4460 0.186 0.204 4.2 20.6 
DCB 2760 0.152 0.166 2.1 12.6 

To determine the stability of the vac concentrations generated in the chamber, the 

chamber was left to equilibrate for 1 week before sampling commenced. A sampling 

time of 40 s was chosen to trap 3 Ilg of toluene on the Tenax at a rate of 

100 mL min- l (to compare with the mass of toluene trapped during previous bell 

chamber sampling studies). However, the intensity of the toluene peak observed in 

the resultant chromatogram was smaller than expected, by a factor of 6. Therefore 

the sampling time was increased to 8 minutes. The GC chromatogram obtained then 
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had a toluene peak with a similar intensity to the previous bell chamber sampling 

method. However, the ratio ofthe intensities of the other VOCs were not as expected 

based on the theoretical chamber concentrations shown in Table 3.22 as shown in 

Figure 3.12. 
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Figure 3.12: GC-MS chromatogram of VOCs obtained from atmospheric 

chamber generated with in-house permeation vials and sampled at a flow rate of 

100 mL min- I 

This indicates a loss of analytes in the dynamic chamber due to adsorption onto the 

tubing used and Perspex chamber walls. The theoretically detennined chamber 

concentrations should not be used to detennine the concentration of VOCs within the 

chamber. The VOC chamber concentrations need to be detennined experimentally by 

calibration using liquid injections of VOC standards onto Tenax via the modified 

injection port. However regardless of the disproportion of the intensities, expected 

the chamber set up would usable if the chamber concentrations were stable over 

time. 
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3.2.5.1 Examination of volatile organic compound concentrations 
produced over time 

The VOC chamber was sampled using Tenax tubes at regular intervals for a period 

of 4 days, with a sampling time of 8 minutes and a flow rate of 100 mL min- I 
. A total 

of 11 measurements were obtained. The sampled Tenax tubes were analysed using 

thermal de sorption gas chromatography mass spectrometry using the conditions 

outlined in Table 3.1 to 3.3. The peak areas of each VOC in the resulting 

chromatograms are given in Figure 3.13. 
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Figure 3.13: TIC peak area measurements of Tenax tubes used to sample the 

stability of the four chosen VOCs when produced using in-house permeation 

vials over a period of 4 days, (.) Toluene, (_) Ethylbenzene, (A ) Cumene and 

(x ) DCB 
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The average (n=ll) peak areas for toluene, ethylbenzene and cumene were 

approximately 5.6 x 10 -7, 2.7 X 10-7 and 1.3 x 10-7
, respectively, all with % RSD's 

values between the range of 9.6 and 11.9 %. The DCB responses showed more 

fluctuation over the 4 days, the average peak area was 2.8 x 10-6 ± 16.9 %. A larger 

variation was also noted in the DCB % RSD's values. These experiments confirm 

that once the dynamic chamber is prepared and left to equilibrate it can be used for at 

least 24 days before new permeation vials are required. Therefore continuous 

monitoring of a vac chamber was possible. 

Using the atmospheric chamber allows the possibility of repeated sampling over a 

period of time. The continual regeneration of the sampling chamber from the 

permeation oven ensures that no dilution effects occur due to the continual removal 

of VOCs during sampling. Furthermore since the permeation vials were suitable for 

use for up to 24 days, the use of the dynamic atmospheric chamber removed the daily 

chamber preparation necessary when using the static bell chamber. 

3.3 Conclusions: Sampling validation 

The GC-MS has shown to be a reliable and repeatable method of analysis for the 

determination of vacs. It has a large dynamic range which is ideal for measuring 

the expected changes in the masses trapped on the Tenax when incorporating 

sorbents inline with the Tenax. 

The accuracy, repeatability and reproducibility of the overall sampling method is 

greatly influenced through the generation of stable and reproducible VOC 

environments. The original bell chamber method for the generation of VOCs was 
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heavily influenced by the daily temperature, pressure and human accuracy of 

injecting small volumes of volatile liquids accurately within the chamber. The 

preparation time for the bell chambers would only allow for the generation of one 

chamber per day, therefore limiting the number of sampling measurements allowed 

before dilution effects were evident and a new chamber was required. With the 

variability between day to day chamber production this would not be ideal for testing 

adsorbents. 

In developing a dynamic system it was thought that these factors would be 

minimised through oven temperature control and the removal of injecting small 

volumes of volatile liquids. However the repeatability did not improve greatly by 

using the dynamic system over the bell chamber method. The dynamic system set up 

allowed for a higher number of samples tested per day than the bell chamber method 

and therefore was chosen as the method to use test sorbents for their adsorption 

efficiency. Due to the variation in the dynamic chamber repeatability, it was 

determined that when testing sorbent adsorption efficiencies, a loss in mass less than 

15 % of the original value was possibly due to the sampling methods used and not 

the capability of the sorbent tested. 

The development of a liquid injection port method to introduce VOCs to the Tenax 

tube allowed a calibration method to be used to accurately determine the mass 

trapped on the Tenax. Furthermore because the use of o-xylene was not permitted 

within the dynamic chamber set-up the modified direct injection port could also be 

utilised to spike sampled Tenax tubes with o-xylene as an internal standard. 
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4 DEVELOPMENT OF A MCM-41 SYNTHETIC 
ROUTE AND CHARACTERISATION 

Mesoporous materials are classed as inorganic solids with pore diameters of 

approximately 20-500 A. They have large internal surfaces and cavities which enhance 

their catalytic activity. Mesoporous materials are typically amorphous, similar to silica, 

with an irregular atomic structure. Molecular sieves are a sub class of materials where 

regular arrays of uniformly sized channels are present. In 1992 a family of mesoporous 

molecular sieves, designated M41S, were discovered at Mobil Oil Corp in an attempt to 

design new porous materials that could selectively convert bulky, high molecular 

weight petroleum molecules into more valuable fuel and lubricant products. I
-
3 MCM-41 

(Mobil composite of mater) is a member of this family which is a hexagonally ordered 

mesoporous material with pore diameters between 1.5 - 10 nm and a surface area 

greater than 700 m2g- l
• The surface characteristics of the mesoporous material can be 

tailored through the synthesis procedure. 

4.1 General introduction to MCM-41 preparation 

MCM-41 is prepared via a self-assembly mechanism, see Figure 4.1, where an organic 

structure directing agent forms micelles which are used as templates for the inorganic 

silica precursor. The mechanism is known as liquid crystal templating. The templating 

mechanism may occur via two different pathways. Either the surfactant micelles are 

formed before the addition of the inorganic silica precursor, or the presence of the 

inorganic precursor causes the surfactant micelles to form. 
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Figure 4.1: Synthesis of MCM-41 via liquid crystal templating 
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The basic synthesis procedure for the preparation of MCM-41 involves mixing a silica 

source (typically tetraethylorthosilicate or fumed silica) and an aqueous surfactant 

solution (e.g. cetyltrimethyl ammonium bromide) in the presence of an acid or base. 

The solution is matured in an oven to produce the ' as-synthesised' product. The 

surfactant template is then removed through calcination or acidified solvent extraction 

to leave a mesoporous hexagonal framework. Within this general synthesis outline there 

are many different procedures for producing MCM-41. Further optional steps include; 

pH modification; 'aging' of the as-synthesised material prior to maturing and filtration, 

washing and drying before surfactant extraction. It should be noted that this process of 

'crystallisation' is rather poorly named as no true crystal structure is formed. Indeed the 

x-ray scattering contrast is not provided by atoms but rather by electron density contrast 

between pores and the matrix. A summary of the effects of different parameters on 

MCM-41 formation are given below for; pH modification, hydrothermal treatment, 

treatment of material before surfactant extraction or surfactant extraction. In addition 

the effect of surfactant type and concentration together with acidic or basic initiation of 

the synthesis procedure will be discussed. 

4.1.1 pH modification 

The pH of the as-synthesised material can be modified before the crystallisation step, 

either through a single addition or multiple additions of acid. Porous silicate materials 
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prepared with careful adjustments to maintain the pH conditions gave better diffraction 

patterns with higher intensity peaks indicating increased long range order.4
,5 The stage 

at which the pH is controlled appears to influence the materials pore size and surface 

area. Modification of the mixture to pH 10 before hydrothermal treatment with acetic 

acid resulted in a decrease in surface area from 1420 m2 g-I to 1240 m2 g-I, repeated 

adjustments of the pH during the hydrothermal treatment further reduced the surface 

area to 1060 m2 g-I .5 Interestingly modification of the pH by sulfuric acid to maintain a 

of pH 11 increased the surface area to 990 m2 g-I compared to modification using acetic 

acid which resulted in a surface area of 750 m2 g-I.4 Repeated adjustment of the pH to 

11 with acetic acid was shown to improve the uniformity of the pores produced and 

improved the total pore volume of the material compared to silicate material were the 

pH was unmodified.6 Modification of pH of the materials appears to result in more 

hydrothermally stable materials.4 Leonard and co-workers showed that the pH of the gel 

produced has an influential effect on the morphologies of the final product.7 When the 

pH is increased to 4 the surface of the materials becomes rough. At higher pH values 

submicrometer particles are present. Leonard concluded that too acidic or basic 

materials deeply affect the silica hydrolysis and condensation rates which in turn 

modifies the surfactant-silica interactions, with the formation of small submicrometer 

spheres a result of a fast condensation rate. Kim at al8 modified their silicate with NaP 

to adjust the pH of the 'gel' to 10 before crystallisation and they found that the material 

produced had a higher hydrothermal stability. By adding fluoride ions, the hydroxyl 

groups on the surface of the silicate are replaced and are less at risk of attack by water. 

4.1.2 Hydrothermal treatment 

Autoclaving is generally used to age the silicate. The times used in the aging process 

vary from 12 h to several days. I, 2, 4-7, 9-18 By increasing the hydrothermal crystallisation 
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time changes in the morphology and the surface characteristics can be induced. 

Moyaka9 has shown that increasing the hydrothermal crystallisation time from 48 to 

144 h at 150°C resulted in the MCM-41 transformation from sphere shaped particles to 

'rods' and 'ropes'. The increase in crystallisation time was also linked to an increase in 

the pore size and the wall thickness of the pores, accompanied with a decreases in 

surface area. Griin and co-workers l9 investigated the effect of aging on the morphology. 

Through x-ray diffractogram analysis it was suggested that by aging the material at 

105°C for 10 days the long range order of the material was improved, while a further 

increase of 55°C resulted in a broader Bragg peak at 1.140 2(9 suggesting the 

formation of a further pore system as well as maintaining the original pore array. The 

pore size distributions were obtained from the nitrogen adsorption isotherms. Extended 

hydrothermal treatment resulted in the partial collapse of the mesoporous structure 

and/or the formation of wider pores. 19 

4.1.3 Treatment of material before surfactant extraction 

The as-synthesised silicate is generally washed in water1, 2, 8, 10-14,20, or washed with 

water then with ethanol6
, 15, 21. The volumes of water and ethanol used to wash the 

as-synthesised product are often not given in the literature. When the volumes are 

quoted they range from 100 mL to 1 L. Before the surfactant extraction procedure the 

material is then dried overnight either at 100 cell, 13,22 or at room temperature I, 2, 12-14, 

16,20 

4.1.4 Surfactant extraction 

Surfactant extraction through calcination generally involves heating to temperatures of 

approximately 550°C at a ramp rate of 1 °C per min under a stream of air or nitrogen. 

Once the temperature has reached 550°C it is held there for between 4-24 h. The 
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temperature at which calcination occurs can influence the material's characteristics. For 

example, calcination temperatures exceeding 750 QC resulted in collapse of the pore 

structure, causing a significant effect on the surface area of the material produced?3 

Chenl2 showed that as the calcination temperature was increased from 550 to 800 QC 

the surface area ofMCM-41 was reduced from 1016 to 965 m2g-1 and the pore diameter 

was reduced by 3 A, while very little change was noted in pore volume. Shrinkage of 

pore diameter is also common with calcination.4 Solvent extraction of the surfactant 

template is mainly performed by refluxing the as-synthesised material in acidified 

alcohol (e.g. HCI (37 % wt) in ethanol). Soxhlet apparatus can also be used as an 

alternative extraction method. It has been suggested that a calcination step should 

follow a solvent extraction step,23 however this combination is not normally reported in 

the literature. 

4.1.5 Effect of surfactant type and surfactant concentration on 
the characteristics of final material produced 

The surfactants used to form the micelles are typically quaternary ammonium based 

compounds. The most common surfactants used are: cetyltrimethylammonium 

hydroxide/chloride or bromide. Beck at ell established that by increasing the carbon 

chain length of the surfactant from Cs to CI6 the pore size of the silicate approximately 

doubles from 18 to 37 A. In general, increasing the chain length of the surfactant 

increases the pore size as the micelle diameter becomes wider. Ottaviani24 also 

suggested that an increase in the chain length of surfactants resulted in a faster 

condensation rate of the silica. The surfactants used are typically in aqueous solution 

with a concentration range of 10-30 wt %. The molar ratio of the surfactants when 

normalised to the Si02 present, is usually in the range of 0.05-0.25. In general a 
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surfactant to silicate ratio less than one results in a MCM- 41 type product, whereas a 

surfactant to silicate ratio above one leads to the formation of MCM-48, due to the 

production of lamellar phases. I 

4.1.6 Effect of acidic or basic initiation of the synthesis 
procedure on the final mesoporous silicate 

Mesoporous silica formation can be initiated though an acidic or a basic route, for 

example quaternary alkyl ammonium hydroxides in the basic route and hydrochloric 

acid in the acidic route. Cai et a/.20 produced MCM-41 using various concentrations of 

ammonium hydroxide as the base source. The pH of the reaction mixtures ranged from 

10.4 to over 11.4. It was shown that outside the pH range of 11.3-11.6, amorphous 

materials were produced while within this range MCM-41 products where obtained. 

The product with the highest order came from a mixture composition of TEOS: 0.125 

CTAB: 69 NH40H: 525 H20. Schulz-Ekloff et a/17 replaced the basic initiator 

tetraethylammonium hyroxide with ethyl acetate to gradually lower the pH of the 

original synthesis. During the 2 h aging process at ambient temperature the pH of the 

mixture dropped from 13 to 7 achieved through the hydrolysis of ethylacetate. The 

MCM-41 silicate produced with ethyacetate had a surface area of 1092 m2 gol whereas 

the surface area of the silicate prepared with tetraethylammonium hydroxide was 

975 m2 gol. The morphology altered from non-uniform to raspberry-like by replacing 

tetraethylammonium hydroxide with ethylacetate. It was postulated that the 'gradual 

decrease in the pH enables control of the morphology of mesoporous molecular sieves. 

As the decrease in pH is achieved owing to the hydrolysis of ethylacetate, local 

variation of pH does not occur.' 
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4.1.7 Summary 

There is no definitive literature method routinely published to produce MCM-41. The 

choice of method used to produce MCM-41 is dependent on the resulting use of 

MCM-41 e.g. a high hydrothermal stability would be ideal when using MCM-41 as a 

catalyst in a thermal process with a high water content. 

4.2 Results: Initial investigation into the development 
of a synthesis route for the production of MCM-41 

The initial investigation into the use of MCM-41 as an indoor air pollutant adsorbent 

was conducted by Watt.25 Watt's synthesis method used to procedure MCM-41 was 

adapted from a method produced by GrUn!9. An overhead stirrer was used to dissolve 

2.42 g of cetyltrimethyl ammonium bromide (CTAB, Sigma-aldrich, Gillingham, UK & 

Steinheim, Germany) in 120 g of distilled water. To the surfactant solution 9.5 g of25% 

w/w tetramethylammoniumhydroxide pentahydrate (TMAOH, Sigma-aldrich) was 

added. After stirring at a constant rate for 10 minutes, 109 of tetraethyl orthosilicate 

(TEOS, Sigma-aldrich) was added dropwise over a further period of ten minutes. 

Stirring continued for a further hour. The white 'gel' produced was transferred to a 

bomb and placed in an autoclave for 24 hours at 100°C. The gel was then filtered and 

washed before calcination. The calcination programme consisted of three steps; i) ramp 

from room temperature to 550 °C at a rate of 1 °C min-! under a nitrogen flow, ii) hold 

at 550°C for 5 hours under an air flow and iii) cool back to room temperature under an 

air flow. The gel produced had a molar ratio of Si02: 0.54 TMAOH: 0.14 CTAB: 147 

H20, (7% eTAB). When analysed by nitrogen adsorption this method produced a 

material with a type IV characteristic isotherm, a BET surface area of 834 m2 g-! a total 

pore volume of 0.7 cm3 g-! and pore diameter of 2.9 nm. In order to develop a method 
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for the production of MCM-41 the method used by Watt required optimisation. The 

initial stage of optimisation focussed on the percentage concentration present of CT AB, 

therefore four materials were prepared as described with CTAB concentrations of 2.5, 

5.0, 7.5 and ID.O % CTAB. The gels produced had the following molar concentrations 

i) Si02: 0.54 TMAOH: 0.05 CTAB: 147 H20 (referred as MCM-41 (2.5 %) 

ii) Si02: 0.54 TMAOH: 0.10 CTAB: 147 H20 (referred as MCM-41 (5.0 %) 

iii) Si02: 0.54 TMAOH: 0.15 CTAB: 147 H20 (referred as MCM-41 (7.5 %) 

iv) Si02: 0.54 TMAOH: 0.20 CTAB: 147 H20 (referred as MCM-41 (10 %) 

4.2.1 Analysis and characterisation of samples prepared with 
different concentrations of CTAB 

Each material produced was characterised by nitrogen adsorption using BET analysis. A 

Micromeritics ASAP 2010 BET analyzer was used to determine surface area, pore 

volume and pore diameter. Each sample was place in the vacuum oven at 1000 mbar for 

at least 24 h before BET analysis. Between 300 and 400 mg was accurately weighed and 

transferred to a glass BET sample tube. The sample tube weight was recorded before 

and after the addition of the silicate material. The sample tube was attached to the degas 

port of the BET and degassed. When the pressure was below 100 J.1m Hg the sample 

was heated at 100°C overnight. The sample tube was then re-weighed before the 

analysis commenced. During analysis difficulties were encountered with this 

characterisation and abnormal, or no isotherms were obtained for the four samples, for 

example the nitrogen isotherm obtained for MCM-4l (5%) given in Figure 4.2. The 

isotherm produced has some characteristics associated with a type VI isotherm, 

therefore the materials were suspected as nonporous. The volume of gas adsorbed 

should be greater than few 100 cm3 g-) and not less than 2 cm3 g-) as indicated. These 

abnormal isotherms and problems were not encountered previously when the materials 

113 



were analysed by Watt. 
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Figure 4.2: Abnormal nitrogen adsorption isotherm for MCM-41 (5% CTAB) 

There were two possible explanations for not obtaining nitrogen isotherms for the 

samples either a) the inorganic framework was failing to form and produce mesopores 

or b) incorrect analysis of material by BET. Since the synthesis method had previously 

produced nitrogen isotherms it was originally thought that the BET was working 

incorrectly. Therefore in order to investigate if the BET instrument was the source of 

error a commercial hexagonal mesoporous silicate was purchased from Sigma Aldrich 

(Milwaukee, USA) and analysed by BET as a reference material. The commercial 

silicate was prepared as before for BET analysis. The isotherm obtained, see Figure 4.3 

had mesoporous properties with type IV isotherm, a surface area of 682.9 m2 g'), a pore 

volume of 1.24 cm3 g') and a pore diameter of 4.85 run. 
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Figure 4.3: Nitrogen adsorption isotherm of commercial silica (HMS-Corn) 

The production of a nitrogen isotherm for the commercial mesoporous matrerial ruled 

out the BET as the source of the problem for the failure to produce nitrogen isotherms 

of the lab synthesised MCM-41. In an attempt to understand why the silicate material 

failed to produce nitrogen isotherms, the materials were further analysed by SEM and 

EDAX. To investigate the morphology and elemental composition of the materials an 

environmental SEM CamScan MX2500 was used. Small amount of silicate material 

were deposited onto a platform. The platform was mounted inside the SEM and an 

exploratory analysis using EDAX was conducted on a selection of silicate materials. 

The SEM image of sample MCM-41 (5%) is given in Figure 4.4. 
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Figure 4.4: Environmental SEM image MCM-41 (5% Grun) 

The image shows that the sample produced was granular, unfortunately Watt provided 

no SEM analysis for the material. The EDAX analysis of MCM-41 (5%) shows high 

levels of carbon (Kat x-ray energy of 0.227 keV)26 and bromine (Lat x-ray energy of 

1.480keV)26 see Figure 4.5. The presence of carbon and bromine within a calcined 

product was unexpected. A possible explanation for the presence of carbon and bromine 

in the sample and the non mesoporous isotherms was a possible malfunction with the 

calcination rig during the calcination stage of the synthesis procedure, resulting in 

CT AB surfactant remaining within the mesopore. This theory was further strengthened 

when examining MCM-41 (10%) via SEM and EDAX. 
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Figure 4.5: Single point EDAX analysis of MCM-41 (5% Grun) 

The SEM image obtained (Figure 4.6) clearly shows a flat platelet type of material and a 

granular material randomly distributed throughout the silicate. EDAX spot analysis was 

carried out on both sections of the material for a similar number of counts. 

Figure 4.6: Environmental SEM image MCM-41 (10% Grun) 

The granular material (Figure 4.7) has a high ratio of silica to bromine and carbon 

where as the platelet material (Figure 4.8) contains almost equivalent ratios of carbon, 

bromine and silica. 
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Figure 4.7: Single point EDAX analysis of MCM-41 (10% Grun) 
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Figure 4.8: Single point EDAX analysis of MCM-41 (10% Grun) focussing on grey 

platelet material within Figure 4.6. 

4.2.2 Summary of CTAB produced MCM-41 extracted using 
calcination 

As seen with the MCM-41 (5%) CTAB appears In the final calcined product of 

MCM-41 (10%) further enhancing the theory of a malfunctioning calcination rig. 

Further synthesis development was therefore required in order to successfully produce 

mesoporous silicates. 
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4.3 Results: Modification of the surfactant removal 
technique by solvent extraction 

It was postulated that the failure to produce mesoporous silicate frameworks was as a 

result of an ineffective calcination of the materials to remove the surfactant template. It 

was therefore important that an alternative method was used for the removal of the 

cetyltrimethyl ammonium bromide. It was clear from the literature that solvent 

extraction was a common alternative extraction technique to calcination that also 

resulted in mesoporous silicates. Two alternative synthetic procedures for MCM-41 

based on the methods used by Xia27 and Lesaint et aP8 were investigated to produce 

materials labelled MCM-41-S1 and MCM-41-S2, respectively. The method used by Xia 

involved dissolution of 4.4 g of CTAB in 32 g of distilled water and 3.5 g of TMAOH. 

The solution was heated to 35°C with constant overhead stirring for 30 minutes before 

the drop wise addition of 109 of TEOS. The solution was stirred for a further hour at 

38°C then stirred for a further two hours without heat. The silica gel produced had a 

molar ratio of Si02: 0.25 CTAB: 0.1 TMAOH: 40 H20. The solution was transferred 

without filtration or washing to a steel bomb for autoclaving at 100°C for 24 h. This 

material will be referred to as MCM-41-S1. 

The method used by Lesaint et al 28 involved the dissolution of 0.8 g of CT AB fully 

under stirring in 43 g of 0.1 M aqueous solution ofTMAOH. The solution was heated to 

45°C before 3.81 g of TEOS was slowly added over 5 minutes. The solution was 

cooled to room temperature and stirring continued for a further 24 h. The molar ratio of 

the gel produced was Si02: 0.12 CTAB: 0.12 TMAOH: 130 H20. The gel was filtered 

and washed with 50 mL of distilled water. The material produced was placed on a 
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watchglass and heated at 70°C for 24 h. The MCM-41 material produced via the 

Lesaint method will be referred to as MCM-41-S2. 

Crucially the removal of the surfactant for both of the methods described above was 

achieved by acidified solvent extraction, 1 g of silicate material was added to 25 mL 

hydrochloric acid (37%, Sigma Aldrich, Germany) and 300 mL ethanol (Sigma Aldrich, 

Germany). The mixture was then refluxed for 24 h. Once the solution was cooled the 

silicate material was collected by gravity filtration. The expected molar ratios of the gels 

produced were 

i) Si02 : 0.25 CTAB: 0.10 TMAOH: 39 H20 (MCM-41-SI) 

ii) Si02 : 0.12 CTAB: 0.12 TMAOH: 130 H20 (MCM-41-S2) 

4.3.1 Analysis and characterisation of solvent extracted 
materials, MCM-41-S1 and MCM-41-S2 

During the solvent extraction the MCM-41 material was finely distributed throughout 

the acidified ethanol. Gravity filtration was used to recover the fine 'dust' like product. 

The materials were analysed by BET and the nitrogen adsorption isotherms are given in 

Figure 4.9 and Figure 4.10. Both materials possess type IV nitrogen isotherms. 

MCM-41-S1 has a much more defined IV isotherm with a steep type HI hysteresis loop 

within the PlPo region of 0.3-0.4, indicative of a narrow distribution of uniform pores. 

MCM-41-S2 possesses a much less defined hysteresis loop. For each of the materials 

produced using solvent extraction to remove the surfactant template, the volume 

adsorbed on the adsorption isotherms is greater then 100 cm3 gol unlike the nitrogen 

adsorption isotherms (Figure 4.2) gained using the calcination technique. 
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Figure 4.9: Nitrogen adsorption isotherm for MCM-41-S1 
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Figure 4.10: Nitrogen adsorption isotherm for MCM-41-S2 

The surface characteristics of the solvent extracted materials are given in Table 4.1. 

Unsurprisingly the pore diameters of the materials are identical as a direct result of 

using the same chain length organic template in the synthesis procedures. The surface 

area of MCM-41-S1 was lower at 644.6 m2 g-I compared to the surface area of MCM-

41-S2 at 818.5 m2 g-I . 
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Table 4.1: Surface characteristics of silicate materials MCM-41-S1 and MCM-41-

S2 produced with solvent extraction 

Sample No BET Surface Area! BJHPore BJH Pore 
m2 gO] Volume! cm3 gol' Diameter! nm 

. 
MCM-41-S1 644.6 0.67 3.2 
MCM-41-S2 818.5 0.57 3.2 
• Based on BJH adsorption isotherm calculations 

Both materials were mesoporous, confirming the previous theory that a malfunctioning 

calcination rig was the source of the original synthesis problems. The samples were 

further analysed by environmental SEM and EDAX. Figure 4.11 shows the SEM image 

obtained for MCM-41-S 1. 

Figure 4.11: Environmental SEM image of MCM-41-S1 

The material appears to be homogenous with smaller sized granules than were originally 

observed in the calcined products with no evidence of platelets containing bromine. The 

original mole gel ratio for MCM-41-S1 CTAB was calculated at 0.25 whereas for 
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MCM-4l(1O%) CTAB was calculated at 0.2. However when comparing the two DAX 

results (Figures 4.7 and Figure 4.12) MCM-4l-S1 was seen to contain lower values f 

carbon and bromine. Adding further evidence that solvent extraction was more effective 

at removing the surfactant template than the calcination method used. 
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Figure 4.12: EDAX analysis of MCM-41-S1 

Similar results were observed for the SEM and EDAX analysis of MCM-41-S2, Figure 

4.13 and Figure 4.14. The SEM image for MCM-4l-S2 contains fine granular areas as 

for MCM-41-Sl, but the sample appears less homogeneous as there were areas with a 

globular 'ice' like appearance. The EDAX analysis results again shows extremely low 

levels of carbon and bromine. 
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Figure 4.13: Environmental SEM image of MCM-41-S2 
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Figure 4.14: EDAX analysis of MCM-41-S2 
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This was conclusive evidence that the calcination rig was not removing the surfactant 

template leading to non-mesoporous materials containing carbon and bromine. However 

the solvent extraction does not remove all traces of the surfactant thereby suggesting 

that a further calcination step maybe required as suggested in some of the literature. 
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When using solvent extraction to remove the surfactant template the characterisation 

techniques confirmed that the material was mesoporous with typical surface 

characteristics for MCM-41 material. To investigate the structural regularity within the 

frame PXRD and TEM analysis was performed. The powder X-ray diffraction (PXRD) 

patterns were recorded on a Philips X'Pert diffractometer (operated at 2 kW) using Cu 

Koc. radiation source and accelerator detector. The samples were prepared for analysis 

by grinding the sample into a fine powder. A thin layer of the sample was then 

prepared on the sample stage. The diffraction pattern produced for the MCM-41-S1, 

Figure 4.15, solvent extracted material gave sharp diffraction peaks (1 0 0), (1 1 0) and 

(2 0 0) that are clearly visible. 
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Figure 4.15: PXRD pattern of solvent extracted MCM-41-S1 

The (1 0 0) diffraction peak for MCM-41-S1 was at angle 29 of 2.007 which 

corresponded to a d spacing of 44 A, and repeating unit (80) unit of 50 A. The repeating 

unit includes the pore diameter and pore wall distance therefore given the BJH pore 

diameter the pore wall of MCM-41-S1 was determined as 18 A. However when 

125 



MCM-41-S2 was analysed by PXRD a poor diffraction pattern was observed, see 

Figure 4.16, the (100) diffraction peak was at angle 29 of 2.157, however this 

diffraction peak was broad and the intensity value of roughly 25 000 a.u was 

approximately 4.5 times less than the (100) diffraction peak ofMCM-41-Sl. 
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Figure 4.16: PXRD pattern of solvent extracted MCM-41-S2 

Due to a shortage of instrument time only MCM-41-S1 was analysed by transmission 

electron microscopy based on the results from the PXRD. The transmission electron 

microscopy (TEM) images were taken using a JEOL-2000FX equipment operated with-

a 200 kV accelerating voltage. The mesoporous samples were prepared for TEM by 

dispersing a small quantity of the sample in ethanol and placing a drop of the mixture 

on a carbon - coated copper grid. TEM images of MCM-41 show a hexagonal structure 

were each pore is surrounded by six neighbours 1• The areas of light contrast in the 

image correspond to the pores while the darker contrasted areas are the silica wall 

framework. 

Figure 4.17 displays the TEM image for MCM-41-S1, the TEM shows the pores 'head 

on' with no evidence of channelling on the image. Further images of MCM-41-S 1 were 
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taken with no channelling seen on these images either. The TEM image obtained was 

contradictory to the well defined PXRD pattern obtained in Figure 4.15 for the material. 

Figure 4.17: TEM for MCM-41-S1 produced via solvent extraction 

4.3.2 Summary of surfactant extracted MCM-41 synthesised 
materials 

Surfactant removal by the original calcination method proved to be ineffective in 

producing mesoporous silicates; the problem was resolved by using solvent extraction 

methods. However solvent extraction increased the preparation time and extremely fin 

material was produced on a small scale. 

127 



4.4 Results: Surfactant removal of CTAB with an 
alternative muffle furnace technique 

An alternative method of removing the surfactant by 'burning out' the surfactant using a 

muffle furnace was investigated for two samples (MCM-41-MFl & MCM-41-MF2). 

The first sample was synthesised using a modified MCM-41-S1 synthesis, 4.4 g of 

CTAB was dissolved in 32 g of distilled water and 4.81 mL g of 1M aq TMAOH. The 

solution was heated to 35°C with constant overhead stirring for 30 minutes before the 

drop wise addition of 10 g ofTEOS. The solution was stirred for a further hour at 38°C 

then stirred for a further two hours without heat. The silica gel produced had a molar 

ratio of Si02: 0.25 CT AB: 0.1 TMAOH: 40 H20. The solution was transferred without 

filtration or washing to a Teflon bottle for autoclaving at 100°C for 24 h. The material 

was washed in ethanol and water before placement in a muffle furnace at 550°C for 8 h. 

The material produced, referred to as MCM-41-MF1, analysed by BET, see Figure 4.18, 

had a surface area of 787.85 m2 g-l, a pore diameter of 27.5 A and a pore volume of 

1.079 cm3 g-l. 

Compared to the material produced by solvent extraction (MCM-41-S 1), 

MCM-41-MFl had a reduced pore diameter of 4.5 A, a 22 % increase in surface area 

and an increase in pore volume of 0.4 cm3 g-l. Sample MCM-41-MFl was further 

analysed by PXRD and Figure 4.19 illustrates the diffraction pattern produced. The 

diffraction peak (1 00) at an angle 28 of 1.956° corresponds to a d-spacing of 45.12 A, 

indicating that the muffle furnace calcined material had a larger pore wall thickness at 

24.5 A. Compared to the solvent extracted material the intensity of the (1 00) peak was 

reduced by approximately one third. 
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Figure 4.18: Nitrogen isotherm of MCM-41-MF1 based on the synthesis method 

originally used to produce MCM-41-S1 
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Figure 4.19: PXRD of MCM-41-MF1 

As the use of the muffle furnace was encouraging a second sample (MCM-41-MF2) 

based on the method by Grun was analysed. The method was slightly altered, 2.41g of 

CTAB was dissolved in 116 g of water at 35 QC and magnetically stirred at 400 rpm in a 
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sealed Teflon bottle. Added to the surfactant solution was 13.5 mL of 1M TMAOH (aq) 

and the solution was stirred for a further 15 minutes. After which time 109 of TEOS 

was added drop wise over 10 minutes and the solution was stirred for a further 1h. The 

sealed Teflon bottle was transferred to an oven at 100°C for 24 h. The material was 

recovered through filtration and washed with 100 mL of water. The surfactant was 

removed through calcination in a muffle furnace at 500°C for 8 h. The material 

produced would be comparable to MCM-41(7.5%). The material produced, analysed 

with a micrometric Gemini BET analyser, was shown to have a surface area of 1155.5 

m2 g-I, a pore diameter 25.4 A and a pore volume 0.929 cm3 g-I. The isotherm produced 

is shown in Figure 4.20. 
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Figure 4.20: Nitrogen isotherm of MCM-41-MF2 based on the method produced 

by Watt 

The sample labelled MCM-41-MF2 had a BET surface area of 46.6 % greater than 

MCM-41-MFI, however the pore size of MCM-41-24 is 2.1 A smaller than MCM-41-

MFl. The PXRD pattern of MCM-41-MF2, see Figure 4.21, gives the angle 20 value 

of 2.267°, which corresponds to a d spacing value of 39.1 A and subsequently a pore 
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wall thickness of 19.7 A. The peak (1 0 0) is similar in intensity to the peak produced 

for MCM-41-MFl, however the peak (1 1 0) is more defined in Figure 4.21, suggesting 

better long range order. 
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Figure 4.21: PXRD of MCM-41-MF2 synthesised under the synthesis route 

developed by Watt 

4.5 Conclusions: Developmental synthesis route for 
MCM-41 

The original synthesis problems encountered when using Watt's original method to 

produce MCM-4l was due to a malfunctioning of the calcination rig used. When the 

method was altered to use surfactant extraction, or calcination via a muffle furnace, 

mesoporous silicates were produced. None of the original 'failed' MCM-4l materials 

produced under the original method by Watt and the calcination rig were investigated 

further as indoor air pollutants. The material MCM-41-S2 was not investigated further 

due to the poor PXRD patterns and less defined nitrogen isotherms produced. The 
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materials chosen for further analysis as potential indoor air pollutant scavengers were 

MCM-41-S1, MCM-41-MFl and MCM-41-MF2. From the characterisations MCM-41-

SI had the best regularity but had a smaller BET surface area than both MCM-41-MFl 

and MCM-41-MF2. The largest BET surface area obtained was that of MCM-41-MF2 

at 1155.5 m2 
g"l. 
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5 CHARACTERISATION AND DEVELOPMENT 
OF ALTERNATIVE MESOPOROUS 
SILICATES, WITH AND WITHOUT 
FUNCTIONALITY 

Previous research within the project focussed on the synthesis and characterisation of 

MCM-41 as a potential mesoporous silicate used as an indoor air pollutant scavenger. 

Due to some of the difficulties encountered in synthesising MCM -41 with the desired 

physical characteristics alternative methods used to produce high surface area 

mesoporous silicates were investigated. 

5.1 Introduction: 
synthesised 
copolymers 

Family of mesoporous silicates 
through the use of tri-block 

In 1998 a family of mesoporous silicates with similar properties to MCM-41, was 

developed. I, 2 In these highly ordered silicate structures non-ionic alky poly( ethylene 

oxide) oligomeric surfactant and poly (alkene oxide) block copolymers, or tri-block 

copolymers, were used in acidic media as the organic template directing agent. The 

silicate framework was provided by a silicate species such as TEOS. When the organic 

template was removed mesopores remained within the inorganic framework. 

5.1.1 Formation and structure of SBA-15 

The formation of a highly ordered hexagonal structured material called SBA-15 is based 

on an (SoH+)(X-t) pathway, see Figure 5.1. First the alkoxysilane species is hydrolysed 

and co-condensation steps further the formation of the silicate structure. In strongly 

acidic media the ethylene oxide (EO) moieties of the triblock copolymer (So) associates 

with hydronium ions (H+). The charge on the EO units and the cationic silica species 
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(1+) are assembled together by a combination of electrostatic, hydrogen bonding, van der 

Waals interactions. The presence of the halide ion (X) coordinates directly with the 

silicon atom. 

Figure 5.1: Assembly pathway for SBA-15 (s'1I+)(X-t), where REO represents the 

block copolymer 

Unlike MCM-41, the methods used to produce SBA-15 are more consistent. Most of the 

literature methods3
-
9 use the original method published by Zhao and co-workers1• 2. The 

synthesis procedure involves dissolution of the tri-block copolymer P123, made from 

poly(ethylene oxide) (PED) and poly(propylene oxide) (PPO) in the ratio of 

PE02oPP07oPE02o, in water with the addition of TEOS under acidic conditions using 

hydrochloric acid. The mixture is stirred at 35°C for 20 h, statically aged overnight, 

then the as-synthesised product is filtered, washed and air dried before calcination at 

500°C for 6 h. The structure of SBA-15 shows similarities to that of MCM-41 with the 

final inorganic structure demonstrating a hexagonal arrangement and a comparable 

surface area greater than 700 m2 g-l. There are also a number of differences. SBA-lS 

has a thicker wall structure compared to MCM-41 (31-64 A) and has a unifonn pore 

size typicallylOO A. When analysed by BET, the nitrogen adsorption isothenns 

produced are type IV, however the point at which hysteresis takes place occurs at a 

higher relative pressure, generally around 0.6-0.7 PlPo, indicative of larger pores.) 

During calcination pore shrinkage is also observed like MCM-41, a 20 % contraction 

has been noted for SBA-15 materials compared to 5% for MCM-41.4
, S One final 
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difference in the structure of SBA-15 compared to MCM-41 is the presence of 

disordered micropores within the ordered mesopores walls. 

5.1.1.1 Presence of a micropores in SBA-i5 

When PEOmPPOnPEOm is dissolved in water micelles are formed where the PO 

(propylene oxide) blocks form the core of the micelle and the EO (ethylene oxide) 

blocks form the exterior of the micelle. At temperatures between 35-100 °C the PO 

block is strongly hydrophobic whereas the hydrophobicity of the EO block increases as 

the temperature increases. Therefore as the temperature increases the hydration of the 

EO block decreases. In 2000 Kruk and Jaroniec6 suggested that at 35°C the triblock 

copolymer micelle has extended EO blocks, like fingers, which penetrate the silica 

framework. Upon calcination the triblock copolymer is removed to leave a framework 

of mesopores, with micropores present in the framework where the EO blocks resided 

during the as-synthesised stage. When analysing the as plots calculated from the 

nitrogen isotherms the presence of micropores with estimated volumes of 0.12 and 

0.06 cm3 g-1 were recorded.6 

The presence of micropores was further confirmed by Ryoo et aP through the organic 

modification of SBA-15 (discussed later in Section 5.2) with trimethylsilyl and 

octyldimethylsilyl. The surface area of the SBA-15 was reduced on modification from 

780 to 450 and 210 m2 g-l, respectively. The authors concluded that the larger 

octadimethylsilyl blocked all the complementary pores while the smaller trimethylsilyl 

blocked only a fraction of the pore,. which indicated that a large fraction of the 

complementary pores were sized between 1-3 nm. Ryoo et aP also suggested the 

possibility of connectivity between mesopores, since EO blocks of adjacent micelles 

may become entangled. 
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Galarneau and co-workers4
, 5 suggested that the presence of micropores and the 

connections between mesopores were as a direct result of the synthesis temperature of 

the SBA-15. At synthesis temperatures between 36-60 °C micropores are present but no 

connections between pores are present. As the temperature is increased to around 

100 °C microporosity is reduced and the mesopore connections form due to the 

decreased interaction between the EO fingers and the silica. At 130 °C no micropores 

are present however bridges between structural mesopores are formed. 

When comparing argon isotherms of MCM-41 and SBA-15 of identical mesopores 

diameter. The amount of gas adsorbed prior to capillary condensation is greater for 

SBA-15 than MCM-4l. This was attributed to the pores present within the pore walls 

that increase the surface area of the material. IO 

5.1.2 SBA-i6 

MCM-48 is part of the M41S family to which MCM-41 belongs. It has a cubic periodic 

arrangement of mesoporous pores that can be replicated by a material known as 

SBA-16. This is a cubic cage structured mesoporous silicate also prepared with tri-block 

copolymers with larger EO blocks, typically F127 (EOlO~070EOI06). The XRD pattern 

produced can be indexed as (110) (200) (211) (310) (222) and (321) corresponding to a 

cubic structure. The nitrogen isotherm of SBA-16 is type IV and contains a hysteresis 

loop type Hl.! The SBA-16 originally produced by Zhao and co-workers l had a pore 

diameter of 54 A, a pore volume of 0.45 cm3g-1 and BET surface area of 740 m2g-l • 

SBA-16 also contains microporosity in the walls of the mesopores. 
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5.1.3 Modification of the porosity of SBA-15 and SBA-16 
through modification of organic templating agents 

The pore size is a critical physical parameter of the material as it influences the 

suitability of the material for the specific task. Zhao and co-workers I expanded the pore 

size of SBA-15 through the addition of organic co-solvents such as 

1,3,5-trimethylbenzene. The pore size expanded to around 260 A while the BET surface 

area was 910 m2g-1 and pore volume was 2.2 cm3g- l
• Through altering the ratio of 

1,3,5-trimethylbenzene in the reaction, mixture pore sizes between 89-300 A were 

obtained. Lindlar et alii increased the mesitylene molar ratio in the as-synthesised 

product from 0.25 to 0.75 which resulted in an increase in both surface area, from 810 

to 1190 m2 g-I, and pore diameter from 44-80 A. Fan et a/12 used the addition of 1,3,5-

trimethylbenzene to enlarge the mesotunnels ofSBA-15 to approximately 80 A, thereby 

completely interconnecting the hexagonal channels. 

The tri-block copolymers can be mixed in different ratios to produce different distances 

of pore centre to pore centre hexagonal pore spacing. 13 These mesoporous silicates are 

sometimes referred to as MSU-X (Michigan State University) material where X denotes 

the type of poly ( ethylene oxide) used. 14 The three surfactants commonly used are P65 

(PE0106PP070PE0106)' The synthesis procedures reported involved dissolving 

approximately 1 g of solid surfactant in 1.8 g of tetramethoxysilane (TMOS), under 

acidic conditions. Rotory film evaporatoration was used to remove any methanol 

produced in the reaction. The viscous gel produced was left to condense at 40 QC for 

one week in a sealed flask. The template was removed from the silicate by calcination at 

450 QC for 24 h. Any residual organic template was further removed by flowing a 5 % 

ozone stream over the dried silicate for 30 min. When pure P123, P85 and P65 were 
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used to produce mesoporous silicates the centre to centre distances produced were 110, 

85 and 75 A, respectively. When the tri-block copolymers were mixed with a shorter tri-

block copolymer the pore centre to pore centre distance was reduced. e.g. when 100 % 

P123 was mixed with P65 to produce a 60:40 mixture the pore centre to pore centre 

distance was reduced by 21 A to 89 A. By mixing the ratio of copolymers used no 

swelling reagent was needed to change the pore size. 

In 2004 Kim et aIlS modified the mesopores diameter and entrance size of SBA-16 by 

blending the ratio of co-polymers F127 and P123 present. The two tri-block copolymers 

were mixed to give average molar compositions of EOI06P070EOI06, E090P070E090, 

EOSOP070EOso, and E070P070E070. In reducing the average length of the EO units an 

increase in unit cell parameter was noted. 

5.1.4 Alteration of the pore size SBA-15 without changing 
surfactant type. 

Pore size can also be controlled using supercritical CO2. Morris et a/16, 17 introduced 

supercritical CO2 to the silicate procedure (using P123) after the methanol had been 

removed via rotorevaporation. The viscous gel produced from the rotorevaporator was 

loaded into a 50 mL stainless steel cell which was heated to 40°C and pressurised with 

C02 using a 260 mL Isco syringe pump and then left to stand for one week. The sample 

was then thermally treated at 450°C for 24 h. The C02 was used to pressurise the 

sample from 138-482 bar. As the pressure increased the pore diameter increased in a 

linear manner (81-100 A) as did the pore volume (0.76- 0.93 cm3 g"\ It was noticed 

that a thinning of the pore wall was also associated with increasing C02 pressure 

(50-34 A). The nitrogen isotherms produced were typical of type IV. The increase in 
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CO2 pressure causes an increase in the sorption of C02 into the polymer core of the 

surfactant micelle thereby causing an expansion in the pore diameter and pore volume. 

The pore size of SBA-15 can be tailored by the choice of the synthesist aging 

temperature used. I By increasing the temperature the EO block increases its 

hydrophobicity and therefore the EO block interacts less with the silica wall and creates 

an increased hydrophobic domain of the micelle forming larger micelles, with less 

microporosity.4 Kim et aIlS also showed that by increasing the hydrothermal duration or 

temperature the pore entrance of SBA-16 could be enlarged. 

5.1.5 Modification of the synthesis procedure of SBA-15 

The temperature at which calcination occurs can effect both the mesopore and 

micropore diameter. IS When SBA-15 is calcined between 500-800°C silicates were 

produced with type IV isotherms and HI hysteresis loops. At 500°C SBA-15 possessed 

a mesopores diameter of 60 A and a micropore diameter of 6 A. With an increase in 

calcination temperature to 800°C the mesopore diameter decreased to 4 om while the 

micropore diameter increased to 1.1 nm. The micropore distribution was narrower when 

calcined at 500°C compared to 800 °C. Escax et a/19 noted the same trend when 

increasing the calcination temperature from 450 to 800°C, additionally a decrease in 

micropore volume from 0.03 to 0 cm3g-1 and a decrease in mesopore volume from 1.51 

to 0.77 cm3g-1 was noted. 

Recently Escax et al19 have modified the porosity of SBA-15 after the calcination 

procedure. By treating 250 mg of SBA-15 in either 25 mL of water or aqueous 

ammonia (PH 11) at room temperature, or 100°C, for 24 hours the porosity was altered. 

By treating SBA-15 in water at 100°C the elimination of micro pores was noted. When 
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treating the SBA-15 in aqueous ammonia at room temperature the presence of 

micropores was eliminated from 0.1 cm3 go!, while the mesopores volume and surface 

area was reduced by 0.03 cm3 g-! and 268 m2 g-!, respectively. When treating SBA-15 

under the harsher conditions, i.e treating with aqueous ammonia (PH 11) at 100°C, no 

micropores were present however mesopores and macropores were produced with an 

average pore diameter of 108 A. 

5.2 Introduction: Addition of functionality to 
mesoporous silicates 

Functionalisation of the silicate produced offers an opportunity to enhance the chemical 

reactivity of the silicate whilst retaining its desired structural properties. There are two 

ways in which organo-functionality can be added to mesoporous silicates. The first 

method involves post synthesis grafting (PSG) of the functionality onto the silianol 

groups present on the silicate after it has been prepared. The second method is referred 

to as the direct synthesis, co-condensation, or the one pot synthesis method. Here 

organo alkyl siloxane precursor is mixed with the silicate precursor during the synthesis 

stage. 

5.2.1 Post synthesis grafting addition of organo functionality 

Post synthesis grafting (PSG) adds functionality to an already present silicate 

framework. In general alkyl siloxanes have been added through silation and the method 

is traditionally carried out by refluxing the silicate, along with the alkyl siloxane, in 

toluene. Functional groups successfully grafted onto the silicate include: alkyl chains, 

20-22 amines,23-26 thiols,27 cyanides?3 After the organo-functionalised silicate forms it 

may be washed, filtered and dried (soxhlet procedure is often used). In the PSG method 

the functional group is thought to be grafted on to the inside, or opening, of the pores in 
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the silicate and is therefore not uniformly distributed throughout the framework. It has 

been suggested that almost all the organo-functionality is present on the surface of the 

material.26 In general the pore size and surface area are reduced after PSG. For example, 

when grafting 3-aminopropyltrimethoxysilane (0.53 m mol g-l of amine) onto MCM-41, 

y okoi and co-workers26 noticed a reduction in pore size from 3.64 run to 3.10 run, along 

with a surface area reduction from 1281 m2 g-l to 939 m2 g-1
• The higher the 

concentration of alkylsiloxane used the greater the extent of functionalitsation through 

the capping of Si-OH groups, hence an even greater reduction in surface area and pore 

size from the original values. Secondary post synthesis grafting has also been used to 

end cap the remaining OH groups present with methyl groups, thereby reducing the 

polarity of the surface of the silicate material, a method commonly used to endcap silica 

stationary phases used in high performance liquid chromatography.9, 24, 28 

Mercaptopyridine has been grafted onto the surface of SBA-15 through a two step 

process, firstly 3-chloropropyltriethoxysilane was reacted with 2-mercaptopyrimidine 

and the product subsequently grafted onto SBA-15.7 

SBA-15 has been modified with thiols and amines; as with MCM-41 modifications a 

reduction in surface area, total pore volume and pore size was recorded.8 Before 

modification the SBA-15 had a surface area of 814 m2 g-l after modification with 

3-aminopropyltriethoxysilane the surface area was reduced to 279 m2g-1 and the carbon 

content was 9.5 %. 8 

In 2005 Luan et al29 grafted 3-aminopropyltriethoxysilane onto SBA-15 using a 

incipient wetness impregnation technique. Here Ig ofSBA-15 was added to dry toluene 

and dissolved 3-aminopropyltriethoxysilane and mixed for 10 min. The mixture was 
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then transferred to a Teflon bottle and heated at 100 QC for 24 h. The product was 

filtered, washed with dry toluene followed by dichloromethane, and dried at 120 QC for 

12 h. An increase in the molar addition of 3-aminopropyltriethoxysilane during the 

synthesis stage resulted in a decrease in surface area, pore volume and pore size. When 

8 % of 3-aminopropyltriethoxysilane was grafted onto the parent silica the surface area 

reduced from 584 m2 g'l to 460 m2 g'l while the pore volume decreased from 

0.98 cm3 g'l to 0.82 cm3 g'l. Lin and co workers3o suggest that the grating procedure can 

be combined into one step with the surfactant removal technique, when refluxed in 

ethanol. 

5.2.2 Addition of functionality through nitridation 

Nitridation (also referred to as ammonolysis) is a process which produces porous 

oxynitride, or nitride materials via partial or complete displacement of silanol groups 

and bridging oxygen in the precursor oxides. The procedure is carried out at high 

temperatures under a flow of nitrogen or ammonia. Xia and Mokaya31 recently 

investigated the effects of nitridation on calcined MCM-41. MCM-41 was treated with a 

flow of ammonia at a rate of 100 mL min'l, while the temperature of the furnace was 

increased at a rate of 5 °C min'l to the reaction temperature which was held for 20 h 

before cooling to 100 QC. Further cooling to room temperature was performed under a 

flow of nitrogen. MCM-41 was treated at temperatures of 850, 950 1050 or 1150 QC. 

Using nitrogen adsorption analysis they found that by increasing the reaction 

temperature the surface area decreased from 903 m2g'I to 743 m2g.l, while the pore 

volume and pore size halved. All materials produced still produced type IV isotherms. It 

was postulated that the high treatment temperatures used induced contraction in the 

silica network influencing pore size and diameter more than surface area. Elemental 

analysis of the materials indicated that the nitrogen concentration increased from 8.6 % 
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to 25.1 % with increasing reaction temperature. Increasing the reaction time from 20 to 

80 h also resulted in an increase in the nitrogen incorporation in the interior framework 

of the pores. When analysed by fourier transform infra red spectroscopy symmetric 

bending ofNH2 and stretching ofNH bonds were visible at 1555 cm-I and 3505 cm-I, 

respectively. 29Si NMR and x-ray photoelectron spectroscopy were used to confirm the 

presence of nitrogen in the framework. Similar trends were observed when carrying out 

nitridation on periodic mesoporous organo-silicas.32 

5.2.3 Co-condensation addition of organo functionality during 
initial framework formation 

Using the co-condensation or direct synthesis method the alkyl siloxane precursor is 

mixed with the silicate precursor and added to the surfactant during the initial synthesis. 

The material is then hydrothermally treated and the as-synthesised product can be 

washed before surfactant removal. To remove the surfactant template from a co-

condensation produced silicate, solvent extraction must be used; generally by an acidic 

reflux. Calcination is not possible as the induced functionality would be removed at 

high temperature. All the organic groups successfully grafted via post synthesis grafting 

have also been successfully introduced via co-condensation?O, 22, 27, 33-37 The direct 

synthesis method resulted in the functionality being distributed throughout the 

framework and within the pores. In addition, the functionality was more firmly bound to 

the surface.38 As with adding functionality through post synthesis grafting, co-

condensation reactions also decrease surface area and pore size. When Y okoi and co-

workers26 used 3-aminopropyltrimethoxysilane in a co-condensation method the 

surface area was reduced from 1194 m2 g-l to 1114 m2 g-l, while the pore size was 

reduced from 3.76 nm to 3.60 nm. When the molar ratio of 
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3-aminopropyltrimethoxysilane to silicate increased above 0.2 the array of mesopore 

channels became disordered. 

Direct synthesis work has been successful in bi-functionalizing MCM-41 with 

phenyltriethoxysilane (PTES) and either 3-aminopropyltrimethoxysilane (APTES),39 

allytrimethoxysilane or 3-mercaptopropyltriethoxysilane.4o When MCM-41 

bifunctionalised with 5 mol % PTES and 5 mol % APTES was analysed by x-ray 

diffraction, four diffraction peaks where observed with a unit cell length below 4 nm. 

The surface area of this material was determined to be 1220 m2 g-l with a pore diameter 

of3.5 nm. 

Saridaran et atl modified the original SBA-15 synthesis method by Zhao to directly 

incorporate organo functionality during the initial synthesis steps. The triblock 

copolymer poly(ethylene oxide)- poly(propylene oxide)-poly(ethylene oxide), and the 

aniline organic moiety N-[3-(trimethoxysilyl)propyl]aniline were mixed with the 

silicate precursor. To remove the triblock copolymer, the as-synthesised product was 

boiled in ethanol. The resulting organically modified SBA-15 contained a hexagonal 

mesoporous structure with a surface area of 289 m2g-l, a pore diameter 7.8 nm, wall 

thickness of 3.4 run, mesopores volume of 0.8 cm3 g-l and a micropore volume of 

5.2.4 Co-condensation method using anionic surfactant for the 
addition of amino functionality 

Recently amino-functionalised mesoporous silicate has been synthesised by Yokoi and 

co-workers42 using a novel templating mechanism. The anionic surfactant, lauric acid 

sodium salt (LAS), was used as the organic template and structure directing agent. The 
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mechanism for the formation of the silicate-micelle framework was designated 'S"N+ -I', 

where S- is the anionic surfactant, N+ cationic amino group and r is the inorganic 

species. The organoalkoxysilane 3-aminopropyltriethoxysilane (APS) was used to add 

amine functionality to the silicate and as the co-structure directing agent. With a pH 

below 10, a large proportion of amino groups were protonated and could therefore 

interact with the anionic surfactant. The direct electrostatic interaction between the 

positively charged amino groups and the negatively charged head groups of the anionic 

surfactant are the driving force for the formation of the silicate micelle framework. As 

with ordinary co-condensation methods, removal of the surfactant must be performed 

by acid extraction to avoid disrupting the functionality introduced. The final amino­

functionalised materials synthesised via this route have amino groups located on the 

surface instead of the silica wall due to the interaction between the APS cationic head 

group and the anionic surfactant head group, see Figure 5.2. The functionalised 

mesoporous silicates were produced from gels with molar ratios ofx APS: (I-x) TEOS: 

0.1 LAS, 180 H20: 20 EtOH, were x was between 0.1-0.6. The products were 

characterised using elemental analysis, nitrogen isotherms, 29Si MAS NMR (magic 

angle spinning nuclear magnetic resonance) and XRD. When the APS ratio increased 

from 0.2-0.6 the XRD patterns produced had broader peaks indicating an increase in the 

disorder. However when the proportion of APS was at 0.1 a highly ordered 2D­

hexagonal structure was obtained. The nitrogen isotherms produced for ratios of APS 

from 0.2-0.6 showed type IV isotherms. The largest surface area of 660 m2 gol was 

created from APS at 0.3, with corresponding mesopore volume of 0.33 cm3 g-l and a 

pore radius of 3.8 nm. Solid state NMR, l3C and 29Si, was used to investigate the degree 

of condensation within the silicates produced from a typical co-condensation method 

and the anionic co-condensation method. 
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siloxane networks wh n an anionic surfactant was used. The degree of incorporation of 

APS into th iliea framew rk wa determined by looking at the ratio of Si-C bonds 
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compared to the total silicons present. At low ratios there was little difference in 

incorporation of APS into the framework between anionic surfactant and cationic 

co-condensation method. However at higher levels there were differences in the two 

methods as only half the APS was incorporated into the MCM-41 framework compared 

to the anionic surfactant method. Production of amino functionalised MCM-41 with 

anionic surfactant indicated that 94 % of the amino groups were exposed to the surface 

and were not included in the silica wall for all APS ratios, this compared to only 80 % 

of amino groups exposed when using a cationic surfactant. 

5.3 Experimental: Methods used to synthesise 
alternative mesoporous silicates 

Alternative methods for producing mesoporous silicates with high surface areas were 

investigated as possible indoor air pollutant scavengers. The silicates synthesised were 

SBA-15, SBA-16 and a novel silicate material. In addition, a variety of methods were 

investigated to add an organo moiety to the silicate framework, either through the post 

synthesis grafting of a selection of synthesised silicates or through the direct synthesis 

of a new silicate material. 

5.3.1 Mesoporous silicates prepared with tri-block copolymers 

The mesoporous silicate synthesis for the production of SBA-15 was modified from the 

original method by Zhao et a/.1 A surfactant tri-block copolymer solution of 4 g 

Pluronic P123, PE02oPP07oPE02o (BASF Corporation, 3000 Continental Drive) was 

dissolved in 120 mL of 2 M HCI (37%) and 60 mL of distilled water in a sealed glass 

bottle at room temperature, and the mixture was magnetically stirred at 330 rpm. The 

surfactant solution was then heated to 40 °C and 11.3 g of TEOS was added and left for 

24 h at 40 °C. The mixture was then placed in an oven for 5 days at 60 °C. The material 

was filtered and washed with water and dried overnight at 60 °C before calcination at 
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550°C for 24 h. The resulting mixture had a ratio of Si02: 0.0032 P123: 4.4 HCI: 144 

H20 and will be referred to as SBA-15. A mesoporous silicate similar to SBA-16 was 

prepared using an experimental procedure based on that reported by Kim et aIls. A 

surfactant mixture of 5 g Pluronic F127, PEOlO6PPO,oPEOlO6 (BASF Corporation) and 

1 g Pluronic P123 was dissolved in 280 mL 1.6M HCI (37%, Sigma Aldrich) solution in 

a sealed Teflon bottle. The surfactant mixture was heated at 35°C and stirred at 

400 rpm using a magnetic stirrer bar. After the surfactant was fully dissolved, 22 g of 

TEOS was added to the mixture. The sealed silicate mixture was stirred for a further 

15 min, after which the stirrer was switched off and the silicate was left to • age' for 24 h 

at 35°C. The Teflon bottle was transferred to an oven and held at lOO °C for 5 days. 

The white solid produced was recovered through filtration, without washing and dried 

overnight at 60°C. The product was subsequently filtered, washed with ethanol, and 

dried before calcination in air at 550°C for 24 h. This material will be referred to as 

SBA-16. The molar ratio of the silicate material produced was Si02:0.0037 F127: 0.016 

P123: 4.4 HCI: 144 H20. 

A novel silicate method developed by Glantreo at University College Cork was used to 

produce silicates with distinctive sphere morphology. To prepare the silicate material 

500 mL of distilled methanol and 88 mL of distilled water were added to aIL glass 

beaker. A large magnetic stirrer was used to stir the solution before the addition of 

1.25 g of CT AB. After the CT AB was dissolved in the solution at room temperature 32 

mL of ammonium hydroxide (NH40H) was added and the beaker was covered with 

parafilm. After dissolution 8 mL of TEOS was then added to the mixture which was 

then left for 24 h. The material was Buchner filtered and washed with methanol and left 

to air dry overnight before calcination at 550°C in air for 6 h. The gel ratio of the 
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material was Si02: 0.0956 eTAB: 0.17 N~OH: 14.59 MeOH: 136.3 H20. This 

material will be referred to as SM-Ol. 

5.3.2 Post synthesis grafting method for the addition of propyl 
amine to the synthesised mesoporous silicates 

The method used for post synthesis grafting (PSG) was adapted from the literature?3,24 

Figure 5.3 displays the swface properties desired from the PSG procedure. 

Figure 5.3: Organofunctionality grafted onto the silicate surface via post synthesis 

grafting 

A round bottom flask was used, which was flame dried under nitrogen to ensure no 

moisture was introduced into the synthesis procedure. The silicate material was dried in 

a vacuum oven overnight. Then 0.5 g of silicate was added to 50 mL of dry toluene 

before 4.6 g of 3-aminopropyltriethoxysilane (3-APTEOS, Sigma-Aldrich, Steinheim 

Gennany) was added. The mixture was refluxed for 24 hours under nitrogen. The 

resulting solution was rotorevaporated for approximately 1 hr to remove toluene and 

produce a slurry. The slurry was transferred into a soxhlet filter and washed with 

100mL of 1: 1 dimethylether and dichloromethane for 24 h under nitrogen, see 

Figure 5.4. The soxhlet filter was removed and the slurry in the round bottom flask was 

transferred to a fume hood to allow the remaining solvent to evaporate. The three 

materials modified in this way were HMS-Corn, SBA-15 and MCM-41-MFl. 
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Figure 5.4: Soxhlet washing of PSG product 

5.3.2.1 Nitridation method used to add functionality to silicates 

Ammonia was passed over the silicate materials at high temperature. The heating 

consisted of a three step programme. First a drying step was used where the material 

was heated from room temperature to 100°C at a rate of 5 °C min -I and held at 100°C 

for 30 min. The sample was then heated up to 600 °C at a rate of 5°C min- I and held for 

180 min. The sample was then cooled to room temperature under a flow of nitrogen see 

Figure 5.5. A sample of HMS-Co m was modified using this method. 

High Temperature Furnace 

Ammonia 
AirFlow 

Figure 5.5: Nitridation Set Up 
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5.3.2.2 Co-condensation method for the addition of propyl amine 
functionality during the synthesis of mesoporous silicates 

The co-condensation procedure used was that described by Yokoi and co-workers.26 An 

aqueous solution of CT AB (2.6 g in 134 g H20) was prepared; the pH of this solution 

was adjusted using 7.6 g of TMAOH. A silicate solution containing 11 g of TEOS and 

1.4 mL of APTEOS was added to the surfactant solution, and the final mixture was 

stirred for 2 hours, before it was transferred to a Teflon bomb and heated in an oven for 

3 days at 100°C. The silicate product was then obtained by filtration, washed with 

100 mL of ethanol and then dried at 100°C. The functionalised silicate gel had a molar 

composition of 0.9 TEOS: 0.1 APTEOS: 0.12 CTAB: 0.36 TMAOH: 130 H20. To 

remove the surfactant, 1 g of the as-synthesised product was stirred with 100 mL 

ethanol containing 9 mL of hydrochloric acid (37 wt%) at 25°C for 4 hours. The 

silicate material produced will be referred to as MCM-41-cocon. 

5.3.2.3 Anionic co-condensation method for the addition of propyl amine 
functionality during the synthesis of mesoporous silicates 

The anionic co-condensation method used was modified from Yokoi and co-workers.42 

Lauric acid «LA), SLR Grade, Fision, Loughborough, England) was used as the 

surfactant directing agent for the amino groups. 1.16 g of Lauric acid was dissolved in 

190 g of water and 54 g of ethanol. A silicate solution with 11 g of TEOS and 1.4 mL 

APTEOS was prepared. The silicate solution was added slowly over 15 min to the 

surfactant solution. The mixture was stirred at ambient temperature for 1 hour and 

transferred to a bomb and placed in an autoclave for 3 days at 130°C. The silicate 

material was filtered and washed with 100 mL of EtOH. The surfactant template was 

removed through solvent extraction then 1 g of as-synthesised material was added to a 

solution containing 100 mL of acetonitrile and 9 mL of HCI (37% wt) and stirred for 
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2 hours. The molar ratio of the material produced was 0.1 APTEOS: 0.9 TEOS: 0.1 LA: 

180 H20: 20 EtOH. The material produced will be referred to as MCM-41-FA. 

5.4 Results: Characterisation of mesoporous 
silicates produced using alternative methods 

Where possible each of the materials produced, as described in Section 5.3 were 

characterised using BET, SEM, TEM or PXRD. Mesoporous materials containing 

carbon and nitrogen were also analysed by elemental analysis with a Perkin Elmer 2400 

CHN analyser by the microanalysis service within the Department of Pure and Applied 

Chemistry at the University of Strathclyde. 

5.4.1 Characterisation of SBA-15 and SBA-16 

Samples of SBA-15 and SBA-16, prepared as outlined in Section 5.3.1, were 

characterised. The SEM image of SBA-15 (Figure 5.6) is notably different from the 

SEM obtained for MCM-41-S1 (Figures 4.11). The material obtained had a worm like 

morphology. The nitrogen adsorption isotherm of the SBA-15 showed type IV 

characteristics with an HI hysteresis loop present at a relative pressure between 0.6-0.7 

(see Figure 5.7), which corresponds to a pore diameter of69 A. The BET surface area 

of the material was 849.49 m2 g-l, with a BJR pore volume of 1.01 cm-J g-l and a 

micropore volume of 0.1346 cm-J gel. The pore size distribution for the SBA-15 was 

between 60-90 A, see Figure 5.8. The pore volume of SBA-15 obtained from the 

nitrogen isotherm analysis was larger than the previously made MCM-41 materials, 

therefore in order obtain the diffraction pattern a beam knife was used to avoid 

overloading the detector with of x-rays from the source reaching the detector as the 

(1 0 0) diffraction peak would be lower. 
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Figure 5.6: SEM image of SBA-15 
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Figure 5.7: Nitrogen adsorption isotherm for SBA-15. 
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The diffraction pattern produced for the SBA-15 sample, see Figure 5.9 was sharper 

than either of the MCM-41 diffraction patterns produced, with the (1 00) diffraction 

peak intensity of approximately 1 SO 000 a.u. at an angle 29 of 0.871. Corresponding to 

a d-spacing of 101 A. 
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Figure 5.9: PXRD ofSBA-l5 
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Figure 5.12: Pore size distribution of SBA-16 

When SBA-16 was examined by SEM, see Figure 5.13, the material had a distinct 

irregular globular morphology. When analysed by PXRD no diffraction peaks were 

evident even though literature suggested that PXRD peaks should have been obtained. IS 

No TEM analysis was conducted on the SBA-16 material due to the unavailability of 

the instrument. 
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Figure 5.13: SEM of SBA-16 

5.4.1.1 Characterisation of SM-01 

The nitrogen isotherm produced for the novel silicate material, Figure 5.14, wa 

designated a type rb isotherm as it is concave to the relative pressure, rises harply t 

low relative pressures and reaches a plateau.43 The isotherm is reversible and contain 

no hysteresis. The material had a BET surface area of 802.94 m2 g-l, a pore volume f 

0.4447 cm3 g-l and a pore distribution less than 20 A (Figure 5.15). The urfa l! 

characteristics suggest that the material produced was microporous rather mesopor u . 
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The SEM of the ph re material details a random distribution of spherical particles with 

diameters of appro imately Illm. PXRD diffraction was used to characterise the 

material howe er no diffraction patterns were observed. 
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Figure 5.16: of phere material 

5.4.2 Characterisation of mesoporous silicates modified using 
post synthesis grafting to include propyl amine groups 

he materials s lected for post synthesis grafting were based on the successful 

production of the unmodified parent silicate. On this basis three materials were chosen 

for P G; M M-41-MFI BA-I5 and HMS-Corn. The silicates modified by the PSG 

method are lab lled with P G after the original parent material. The nitrogen isotherm 

for HM -com-P is given in Figure 5.17. Compared to the unmodified material (the 

original unmodified nitrogen isotherm is given in Figure 4.4), the hysteresis loop at the 

relative pre sure 0.4-0.5 had become reduced. 
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Figure 5.17: itrogen ad orption isotherm for HMS-Com-PSG 

Additionally th BET urface area had reduced by approximately one third to 

463.5 m2 g-I and th pore volume had also reduced to 0.79 from 1.24 cm3 g-l. The 

reduction of urface area and the reduction of pore volume was evidence that the post 

grafting synthesis was successful. When HMS-com-PSG was analysed for the presence 

of carbon and nitrogen they were found to be present at a concentration of 9.70 and 

2.91 %, respectively. The approximate ratio of3:1 would indicate that the propyl amine 

groups were uccessfully grafted, however the nitrogen isotherm obtained had a 

characteristic type 11 isotherm indicating that the material was now non-porous. It was 

possible that the propyl amine was binding to the surface of the material blocking the 

mesopores. 

When the MCM-41-MF1-PSG was analysed by BET, the surface area was greatly 

reduced compared to the parent MCM-41 sample at 120 m2 g-I, while the pore volume 

was reduced to 0.111 cm3 g-I. Again the isotherm produced showed a relatively small 

volume of nitrogen adsorbed and the de sorption branch stopped at relative pressure 
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around 0.15. The elemental analysis gave carbon and nitrogen present at 10.2 % and 

2.99 %, respectively. 

Q. 

90 

80 

t; 70 
.El 

.... E 60 
CJ 

~ 50 
€ 
~ 40 

" : 30 
E 

- Adsorption 
1- Desorptio~ J 

-= ~ .= 20 
~ / 

10 

o 
0.0 0.1 0.2 

/ 1 
/ / 

~L ---

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Relative Pressure (PIP 0) 

Figure 5.18: Nitrogen isotherm obtained for MCM-41-MFI-PSG 

Unlike the previous two attempts to produce mesoporous materials containing propyl 

amine, the SBA-15-PSG material retained the Type IV isotherm with hysteresis after 

grafting, see Figure 5.19. However the BET surface area was reduced by almost a factor 

of four to 159.6 m2 g'\ compared to the unmodified material. The relative pressure at 

which the hysteresis occurred was reduced from between 0.6-0.7, see Figure 5.7, to 

between 05-0.7. Elemental analysis again showed the 3:1 ratio seen in the previous two 

grafting attempts with carbon present at 11.5 % and nitrogen at 3.69 %. The pore 

volume and pore diameter were reduced at 0.265 cm3 g'\ and 64 A. Unfortunately due to 

lack of instrument time no SEM, TEM or PXRD was carried out on any of the three 

materials produced by the PSG method. 
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5.4.2.1 Characterisation of materials modified through nitridation 

The nitrogen i othenn for th HM -corn sample modified by the nitridation procedure 

is given in Figur 5.20. When comparing the isotherm with the parent isotherm (see 

Figure 4.3) it can b n that the isotherms show similar characteristics. The surface 

area was 623 .5 m2 
g -I while the pore volume and pore diameter were 1.16 cm3 g-l and 

4.94 nm, re p cti ely. The elemental analysis showed that no carbon was present while 

nitrogen was pre ent at 1.23 %. Unfortunately relatively little material was produced 

using thi process, and due to lack of instrument availability at Glasgow University, no 

more material wa ynthesised and therefore an extensive adsorption testing procedure 

was not pos ible. 
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Figure 5.20: Nitrogen Isotherm of HMS-Corn after nitridation 

5.4.2.2 Characterisation of materials prepared through co-condensation 
methods 

The material produced by the co-condensation method, MCM-41-cocon was 

characterised by BET analysis, the resulting isotherm is given in Figure 5.21. The 

volume of nitrogen adsorbed was small compared to other materials modified with the 

post synthesis grafting technique. The isotherm was difficult to distinguish with the 

desorption branch stopping at a relative pressure of 0.15. The isotherm possessed traits 

of a type I or 11 isotherm. The elemental analysis showed carbon and nitrogen present at 

a ratio of 7: 1. Further elemental analysis showed the presence of bromine at 4 % and 

this may account for the high C:N ratio. It was possible that the method used to remove 

the surfactant was not as successful as the previous acidified reflux method. It was 

determined that the material was not mesoporous and did not have the large surface area 

required for an indoor air pollutant scavenger. 
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Figure 5.22 shows the nitrogen isotherm obtained for MCM-41-FA. The isotherm was 

difficult to class. The isotherm could be classed as type III as it has no point B and the 

isotherm is convex to the PIPQ axis over the complete range.43 The hysteresis loop at an 

increased relative pressure was indicative of the material containing larger diameter 

pores, the average pore diameter was determined at 12.6 nm. The large pore diameter 

was surprising considering the chain length of lauric acid is C ll and shorter than the 

chain length of CTAB at C 16• As a result of the increased pore diameter the surface area 

of the material was only 353.7 m2 g-l. The surface area obtained was larger than 

reported in the literature when lauric acid sodium salt was used as the anionic 

surfactant, 298 m2 g-I.42 The microanalysis showed that the material contained 7.88 % 

carbon and 1.87 % nitrogen, giving a ratio of 4: 1. 
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The SEM of the MCM-41-FA material shows a solid rock-like morphology, see Figure 

5.23, while the r EM analysis, Figure 5.24, showed the material to be porous but there 

Figure 5.23: SEM of MCM-41-FA 
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was no e idence of structural ordering. The pores observed may be as a result of inter-

particulate p ro ity a ociated with very small particles packed together and the voids 

between the partic1 appear as pores. 

5.5 Conclusion: Alternative synthetic routes to the 
production of mesoporous silicates 

The goal of this synthesis section was to produce mesoporous silicates using alternative 

synthetic routes from the production of MCM-41. In order for the synthesised materials 

to be selected for further testing as indoor air pollutant scavengers successful 

characterisation was required. Successful characterisation included distinct nitrogen 

isotherms and powder diffraction patterns with typical traits of ordered mesoporous 

silicates. 
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The successful production of SBA-15 was evident from each of the techniques used to 

characterise the material. The presence of microporosity within the pore walls is a key 

difference between SBA-15 and MCM-41. Therefore SBA-15 was selected as a 

potential material for an indoor air pollutant scavenger. Although SBA-16 failed to 

show evidence of structural ordering with cubic symmetry the material was not ruled 

out as an indoor air pollutant scavenger based on the XRD pattern produced. 

Furthermore the positive characteristics of high surface area, large pore diameter and 

pore volume ensured that the material needed to be tested before being eliminated as an 

unsuitable indoor air pollutant scavenger. The novel silicate material (SM-Ol) provided 

an interesting morphology, and despite the lack of mesoporosity, the material was 

selected for further investigation as an indoor air pollutant scavenger. 

The organic modification methods provided mixed results. Based on the elemental 

analysis, the post synthesis grafting of 3-aminopropyltriethoxysilane on to samples of 

HMS-Corn, MCM-41-MFl and SBA-15 appeared to be successful as the carbon to 

nitrogen ratios were close to 3: I. However on close examination of the BET analyses 

results it was thought that not all the silicate materials may be suitable scavengers. 

When grafted all the materials showed a decrease in surface area, pore size and pore 

volume compared to the parent material, a common characteristic when grafting organic 

moiety on to the surface of mesoporous silicates. However the nitrogen isotherms for 

HMS-com-PSG and MCM-41-MFI-PSG no longer showed the typical type IV isotherm 

associated with mesoporous silicates. An extensive characterisation of the post grafted 

materials was not possible due to the unavailability of the instruments, therefore the 

materials were selected for further adsorption efficiency testing. 
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The co-condensation method used to add 3-aminopropyltriethoxysilane to a sample 

failed to produce a material with definitive mesoporous characteristics. The nitrogen 

isotherm indicated that relatively little nitrogen was adsorbed compared to previous 

MCM-41 materials. This material, MCM-41-cocon, was eliminated from any further 

testing procedures due to the poor characterisation evidence of the presence of 

mesopores. 

Unfortunately the production of mesoporous silicate with organic moieties directed into 

the pore was deemed unsuccessful. The nitrogen isotherm was not one typically 

associated with mesoporous materials. It was suspected that the material produced was 

macroscopic and the surface area small compared to other materials. The ratio of carbon 

to nitrogen from the elemental analysis had a higher ratio than expected at 4:1, therefore 

the MCM-41-FA material was no longer investigated as a potential indoor air pollutant 

scavenger. 

Overall 6 materials were thought to possess mesoporous characteristics and therefore 

these materials were of interest as potential air pollutant scavengers. The selected 

materials were tested for their adsorption efficiency as an indoor air pollutant scavenger 

using generated environments containing VOCs and formaldehyde. 
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6 MESOPOROUS SILICATES AS INDOOR AIR 
POLLUTANT SCAVENGERS 

Previous areas of the research project focussed on two objectives. First the 

generation of stable polluted environments and the methods used to detect and 

quantify VOCs and formaldehyde, see Chapter 3. Second was the synthesis of 

mesoporous silicates with the physical characteristics that had the potential to 

become indoor air pollutant scavengers. The remainder of the project focussed on 

assessing the adsorption capabilities of a selection of synthesised sorbents for VOCs 

and formaldehyde. 

6.1 Introduction to mesoporous silicates as adsorbents 

Mesoporous sorbents have been developed as adsorbents for a range of different 

processes. 

6.1.1 Mesoporous silicates as water pollutant scavengers 

Boron removal from waters has been achieved using modified MCM-41. 1 Using the 

PSG method, propyl bromide was grafted onto the surface and was subsequently 

reacted with N-methylglucamine to produce a tertiary amine. To test the adsorption, 

the modified MCM-41 was added to an aqueous solution containing 10 mg L-1 of 

boron for 30 minutes. The silicate recovered was analysed by inductively coupled 

plasma optical emission spectroscopy and the sorption efficiency for the silicate 

containing 1.5 mmol g-l of propyl bromide was shown to be higher than the 

alternative unmodified commercial resin Amberlite IRA 743. The modified silicate 

was shown to extract almost 100 % of the boron (using 200 mg of sorbent) while a 

commercial resin required double the mass to produce the same percentage sorption 
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efficiency. MCM-41 was also modified to remove dyes from waste water? The 

material was post synthesis grafted to incorporate amine or carboxylic acid 

functional groups. The modified materials were used to adsorb Acid blue 25 and 

Methylene blue from a 100 mL aqueous solution. Amine modified MCM-41 had a 

higher adsorption capacity for Acid blue 2S than Methylene blue. The adsorption 

capacity was determined at 250 mg of Acid blue 25 per gram of amine modified 

MCM-41. Alternatively Methylene blue had a good affinity for the carboxylic acid 

modified MCM-41. The adsorption capacity was determined at 0.3 mmol of 

Methylene blue dye per gram of carboxylic acid modified MCM-41. 

6.1.2 Mesoporous silicates modified for the adsorption of 
transition metals 

MCM-41 has also been used to adsorb metals as well as organics. Perez-Quitanilla et 

aP investigated the use of modified MCM-41 for the removal of Hg2+ from waste 

water. MCM-41 was post synthesis grafted using a two-step process to add the 

organo functional group propylsulfanyl pyridine. A sample of 0.2 g of modified 

MCM-41 material was suspended in 30 mL of aqueous solution. A 5 mL solution of 

Hg2+ O.IM was added to the mixture. The sorbent was removed by filtration and the 

remaining Hg2+ concentration in the solution was analysed. The adsorption capacity 

of the material was determined to be 0.12 mmol of Hg2+ per gram of sorbent. 

Mesoporous silicates modified with amino groups have been used as ligands to trap 

C02+ cations in an octahedral complex parallel to the functionalised surface.4 

Unmodified MCM-41 showed negligible adsorption of C02
+ while amino 

functionalised silicas produced via the traditional co-condensation and anionic 

surfactant co-condensation methods both adsorbed C02+. When these silicate 
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materials, containing the same molar ratio of 3-aminopropyltriethoxysilane, were 

compared, the adsorption of larger amounts of cation occurred on the co­

condensation MCM-41 produced via the anionic surfactant method, possibly as a 

result of the higher content of amino groups on the surface of the material. Amino 

functionalised silicates have also been used to adsorb Fe3
+ cations.s Co-condensation 

amino functionalised silicate, molar ratio 0.6 TEOS: 0.4 APTES: 0.12 CTAB: 0.36 

TMAOH: 130 H20, adsorbed more Fe3+ ions at 0.56 mmol g"1 compared to 

0.27 mmol g"1 of Co2+ 

Liu et at functionalised SBA-15 with 3 mercaptopropyl and 3-aminopropyl through 

post synthesis grafting. The thiol and amino modified SBA-15 was investigated as a 

sorbent for Hg2+, Cu2+, Zn2+, Cr3+ and Ne+ from waste water. A sorbent mass of 

lOO mg was used to remove the metal ions with concentration ranges between 10.2 

and 5.1 ppm in 10 mL of water. The thiol functionalised SBA-15 removed Hg ions to 

below the detection limit of the inductively coupled plasma spectroscopy detector, 

however was ineffective in the removal of the other metal ions under investigation. 

In comparison the amino functionalised SBA-15 showed the reverse trend to the thiol 

functionalised SBA-15. The difference in adsorption capacity was based on the 

formation of stable complexes of the metal ions with the grafted ligands. Softer 

transition metals, e.g. Hg are prone to form stronger complexes with softer donor 

ligands, e.g. S, while harder metals, e.g. Cu form stronger complexes amine donors. 

In 2006, SBA-15 functionalised with 2-mercaptopyrimidine was tested for the 

adsorption of cadmium.' The maximum adsorption of cadmium was 0.99 mmol g-I 
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for the modified material compared to 0.04 mmol gO) for the unmodified material. 

The adsorption efficiency was affected by the pH; at pH's lower than 6 the 

adsorption was limited, as coordination could only occur through the sulfur atom. 

Co-ordination was possible through both the sulfur and the nitrogen atom at pH 6, 

therefore increasing the binding capacity. 

6.1.3 Mesoporous silicates as air pollution adsorbents 

In 1998 Zhao and co-workers8 predicted that MCM-41 would be a promising 

adsorbent for the removal of VOCs as it has a larger pore volume than hydrophobic 

zeolites and pure-silica ZSM-5. Through the adsorption isotherm of benzene, 

MCM-41 was shown to have the highest saturation mass at approximately 700 mg gO) 

while the zeolite and ZSM-5 had saturation masses of 350 and 275 mg gO), 

respectively. Similar trends were seen with carbon tetrachloride and n-hexane. When 

adsorption isotherms were determined with water MCM-41 had a significantly 

bigger saturation mass at approximately 800 mg gol while for the zeolite and ZSM-5 

the adsorption saturation mass was less than 200 mg gol. This was thought to be a 

potential problem when sampling VOC's from environments with a high relative 

humidity. Serrano and co-workers9 have shown that through modification of the 

synthesis procedure MCM-41 materials may exhibit different organophilic and 

hydrophobic properties which influence the adsorption behaviour for VOC removal. 

MCM-41 materials produced via the sol-gel method (without an oven heating step) 

gave higher adsorption masses and adsorption strength for toluene. RecentlylO MC M-

41 synthesised with a pore size of 29 A has been used to trap VOC's, with carbon 

ranges from 3-12 (including toluene, ethylbenzene, o-xylene and cumene) from the 

air. MCM-41 was packed into sampling tubes and retained using glass wool. Glass 
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beads were used to enhance the polluted air flow through the sampling tube by inter 

dispersing the fine silica powder. The VOC's absorbed onto the MCM-41 were then 

desorbed and analysed via a TDU-GC-MS. MCM-41 preferentially absorbed larger 

VOC's, typically larger than Cg. The trapping ability for smaller molecules within 

the range of C3-CS was poor. 

When Serrano and co-workers9 studied SBA-15 as an adsorbent for toluene they 

noted that SBA-15 adsorbs a lower amount of toluene compared to MCM-41 

produced under various different methods. However the temperature at which 

desorption occurs was higher than the MCM-41 sorbents indicating a higher strength 

of adsorption. This higher desorption temperature was linked to the higher 

temperature release of toluene in the micropores compared to the toluene released 

from the mesopores. The lower amount of toluene adsorbed was directly linked to 

the limited micropores available for adsorption. 

Unmodified SBA-15 has been shown to have a preferential adsorption rate for CO2 

over C~ and N2.11 This preferential adsorption results in SBA-15 separating C02 

from a gas stream containing CH3 and N2. Aminosilane functionalised SBA-lS has 

also been investigation for the adsorption of C0212 where various aminosilanes were 

grafted onto SBA-15. When the SBA-15 was functionalised with 

3-aminopropyltriethoxysilane the adsorption capacity for C02 increased from 0.05 to 

0.15 mmol gol. When the amino content increased, the amount of CO2 adsorhed 

increased, e.g. 0.15 to 0.52 mmol gol. Hiyoshi et a[12 suggested that the adsorption of 

C02 onto the SBA-15 resulted in the production of an alkyl ammonium carbamate, 
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see Figure 6.1. Interestingly the adsorption capacity of the sorbents were not effected 

by the presence or absence of water. 

Densely anchored amine 
SBA-iS 

A1kylammonlum carbamate 

Figure 6.1: Adsorption of CO2 onto densely situated amine funcfionalised SBA-

15 to produce alkylammonium carbamate.12 

SBA-16 functionalised with N' -[3-(trimethyoxysilyl)propyl] ethylenediamine has 

also been used successfully for the adsorption of CO2, at a pressure of 30 bar, with an 

adsorption capacity of 6 mmol g-I.13 

Ueno and coworkers l4 have investigated the adsorption characteristics ofSBA-15 for 

the aromatic hydrocarbons toluene and benzene. When a calcination temperature of 

773 K was used the resulting SBA-15 showed an absorption selectivity for benzene 

over toluene. The selectivity was a result of the uniform micropore distribution 

created at the calcination temperature of 773 K. The micropores were suitable for the 

adsorption of benzene and not the larger toluene molecule, therefore micropore 

structure can exhibit selectivity of aromatic hydrocarbon gases. However in this 

study further investigation was required to determine the effect of non-bonding 

interactions. 

In 2007 Kosuge et ailS investigated the effect of pore structure of me so porous silicas 

on the adsorption of VOCs. Kosuge determined that the presence and number of 
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micropores were essential contributing factors to achieving a large VOC adsorption 

capacity. The adsorption capacity of toluene and benzene was directly compared for 

MCM-41 and SBA-15. The SBA-15 was prepared under three different methods to 

induce different extents of microporosity and various morphologies. The adsorption 

behaviour was investigated by looking at the breakthrough curves produced from a 

mixed gas flow of 500 ppm. For SBA-15 with a fibre like morphology breakthrough 

was noted after 60 min for toluene and 20 min for benzene, while MCM-41 

breakthrough occurred after 20 and 5 min, respectively. The SBA-15 materials 

prepared with rod like morphology showed similar trends to that of MCM-41. MC M-

41 had a lower breakthrough capacity despite its larger pore volume of 0.75 mg g-1 

and surface area of 1154 m2 g-l, compared to 0.63 mg g-1 and 730 m2 g-1 of the fibre 

like SBA-15. Kousuge states that ''the presence of micropores directly leads to an 

increase in the dynamic capacity for these VOCs and is therefore an essential factor 

in determining the dynamic capacity of the adsorbents". 

6.2 Experimental: Investigation of synthesised sorbents 
as indoor air pollution scavengers 

To identify the synthesised sorbent suitable for the application of an indoor air 

pollutant scavenger, a range of testing was carried out through the use of polluted 

environments. 

6.2.1 Materials to be examined as indoor air pollutant 
scavengers 

A selection of the materials prepared in Chapters 4 and 5 were selected, based on 

their favourable physical characteristics, for further testing as indoor air pollutant 

scavengers. A summary of the materials selected and preparation methods used are 
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given m Table 6.1. Atmospheric chambers were used to create VOC and 

formaldehyde en ironments for testing, (see Section 2.1). The VOC environment 

was created using four in-house permeation vials as described in Section 3.2.5. To 

create the formaldehyde environment a second similar independent chamber was set 

up with a con entional commercial formaldehyde permeation vial as the pollutant 

source. 

6.2.1.1 Packing of materials for efficiency testing 

In order to acti ely sample from the polluted chambers it was essential that the 

sorbents were suitably packaged to allow active sampling to occur. The sorbents 

were packed into glass tubes 10 cm in length with dimensions of 5 mm internal 

diameter and an 8 mm outer diameter. Each glass tube was packed with 100 mg of 

sorbent inter-dispersed with 1.5 g of glass beads (750-1000 /lm) , contained within 

two plugs of glass wool as shown in Figure 6.2. The glass beads were incorporated 

within the sampling tubes to reduce the backpressure within the tube and enable the 

flow rate required. This method of adding glass beads to reduce the impedance in air 

flow has previously been used by Wu et a/IO. Each sorbents' adsorption efficiency 

was tested using two packed sampling tubes. Blank sampling tubes were prepared in 

the absence of any sorbent for control measures. Sampling tubes were re-prepared 

with fresh sorbent for each experiment. 

( [ ) SorbeJlt & GJa$,S Beads [ G .... ] l 
Wool j 

Figure 6.2: Sorbent packed within glass sampling tubes inter-dispersed with 

glass (750-1000 Ilm) plugged with glass wool 
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Table 6.1: Summary of methods used to produce the materials ofinterest for testing 

Sample Preparation Method 

Number 
Synthesis Hydro thermal Filtration Extraction 

HM8-COM 

Puracarb 
Commercial Products 

Purakol 

Purafil 

MCM-41- 4.4g CT AB dissolved in 32g H2O Statically heated to No Filtration I g refluxed in 
SI with 3.5g of TMAOH. Stir 100°C for 24 h in 25mL HCt in 

3Omin. Add 109 of TEOS. Stir a steel bomb 300mL EtOH 
for Ih at 38°C for 24 h 

MCM-41- 4.4g CT AB dissolved in 32g H2O Statically heated to No Filtration Calcined at 
MFl with 3.5g of TMAOH. Stir 100°C for 24 h in 500°C in a 

30min. Add 109 of TEOS. Stir a sealed Teflon muffle furnace 
for Ih at 38°C bottle for 24 h 

MCM-41- 2.41g ofCTAB dissolved in 116g Statically heated to Filtered and Calcined at 
MF2 of Water at 35°C. l3.5mL of IM 100°C for 24 h in washed with 500°C in a 

TMAOH stirred for I h. 109 of a sealed Teflon 100mLH2O muffle furnace 
TEOS added over IOmin bottle for 24 h 

Characterisation 

BET SEM TEM PXRD 

./ le le le 

le le le le 

le le le le 

le le le le 

./ ./ ./ ./ 

./ le le ./ 

./ le le ./ 
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Table 6.1 : continued 

Sample 
Preparation Method 

Number Synthesis Hydro thermal Filtration Extraction 

4 g P123, 120 mL 2M HCI, 60 24h at 40°C Filter. Wash Calcined in 

SBA-lS mL H20, 330 rpm at rm tp (Static) 5days at with H20. Dry air at 550 DC 
(until dissolved ). Heat to 40 60°C overnight at for 24 h 
°C , 11.3 g TEOS 60°C. 

5 g F127, 1 g P123, 280 mL 24 h at 35°C Filter. Oven Calcined in 

SBA-16 1.6 M HCI, 22 g TEOS, Stir (Static) 5days at dried over night air at 550°C 
15 min at 400 rpm. lOO °C at 60°C. Filter for 24 h 

& WashEtOH 

Spbere 500 mL MeOH, 88 mL H2O 24 h at 16°C Filtered and Calcined in 
Material 1.25 g CTAB, 32mL washed with air at 550°C 

NHtOH, 8 mL TEOS MeOH. Air for 24 h 
dried overnight 

Synthesis Modification Method 

HMS-Com Commercial Product O.5g of material added to 50mL dry Toluene with 4.6 g 
-PSG 

3-APTEOS. Refluxed for 24 h under N 2• Soxhlet 

MCM-41- As MCM-4I-MFI washed in 100mL dimethyl ether and dichloromethane 
MFI-PSG 

under N2 for 24 h 

SBA-lS As SBA-15 
PSG 

-----

N/A- Characterisation absent due to instrument unavailability 

Characterisation 

BET SEM TEM PXRD 

./ V- V- V-

V- V- x V-

./ V- JC V-

V- x x x 

V- x x x 

V- x JC X 

--



6.2.2 The preparation of contaminated environments 

The dynamic vac chamber was set up as outlined in Section 2.2. Permeation vials 

were used as pollutant sources for toluene, ethylbenzene, cumene and DCB as 

described in Section 3.2.5. The permeation oven temperature was set at 25°C with 

an oven flow of 200 mL min-!. The relative humidity within the chamber was set at 

zero. The vac chamber was actively sampled using Tenax TA filled thermal 

de sorption tubes at a rate of 100 mL min-! for 8 minutes. The formaldehyde 

atmosphere was generated inside an identical 20 L Perspex chamber, outlined in 

Section 2.2. The commercial permeation tube used to create the formaldehyde 

concentration stream has an emission rate (ER) of 981 ng min- l and a Ko value of 

0.746 L gol. The chamber conditions were set with a oven temperature of80 °C and a 

flowrate of 0.2 L min-l with a 0.1 L min-! relative humidity flow. The theoretical 

concentration within the chamber was calculated using Equation 2.5 at 4478 /-lg m-3
. 

To determine the concentration of the formaldehyde chamber C18 cartridges loaded 

with 2,4-DNPH were used to actively sample the chamber at a rate of 50 mL min-! 

for 40 minutes. 

6.2.2.1 Determination of formaldehyde vapour concentration 

The solution used to trap formaldehyde consisted of O.1g recrystallised 2,4-DNPH 

(Aldrich, Gillingham, UK) dissolved in 49.5 mL acetonitrile (HPLC grade, Sigma 

Aldrich, Steinheim, Germany) and 0.5 mL orthophosphoric acid (BDH Laboratory 

supplies). Immediately before sampling each cartridge was flushed with 10 mL of 

acetonitrile and air-dried. The Sep Pak C!8 cartridge (Waters Corporation, 34 Maple 

Street, Massachusetts) was then loaded with 2 mL of 2,4 DNPH solution, at a rate of 

1 mL min- l
, and dried for 10 min under a stream of nitrogen. After sampling was 



completed each cartridge was immediately eluted with 5 mL of acetonitrile. The 

solutions were analysed by HPLC consisting of a Jasco PD-980 Intelligent Pump and 

a Jasco DV -975 Intelligent UV NIS detector. Injections were made manually through 

a rheodyne valve with a 10 f..ll injection loop. The peak. area results were printed on a 

ChromJet integrator. A calibration graph was produced using 2, 4, 8, 12, 16, & 

20 ng J.LL-) F-DNPH standards (Aldrich, Milwaukee, US) in acetonitrile, created from 

a 200 ng IlL-) stock solution. The mobile phase used was acetonitrile:water at a ratio 

of 40:60. A flow of 1.5 mL min-) was passed through an APEX II aDS C l8 column, 

15 cm in length with a 4.6 mm internal diameter. The concentration of F-DNPH 

present from the eluted C)8 cartridges was determined from the calibration graphs. 

6.2.2.2 Stability of formaldehyde atmospheric chamber 

The stability of formaldehyde concentration produced by the commercial permeation 

tube was assessed over 4 days. Although the permeation tube had a calibrated 

emission rate of 981 ng min-) this was most likely inaccurate as it was no longer 

within its calibration period. In order to increase the emission rate of the tube the 

oven temperature was increased from 70°C to 80 CC. C18 cartridges loaded with 

2,4-DNPH were used to sample the formaldehyde chamber at a flow rate of 

50 mL min-) for 40 min. The experimental chamber concentration was calculated to 

be approximately 1470 f..lg m-3 ± 6.8 % RSD, whereas the theoretical concentration, 

with the oven temp set at 70°C, was 4478 J.Lg m-3
• From the average chamber 

concentration detected, the emission rate of the permeation tube was estimated to be 

482 ng min- l
, approximately half the original value. The formaldehyde chamber 

stability was thought to be suitable for the determination of adsorption efficiency of 
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the sorbents, with replicate measurements of concentration (n equal to 14) giving an 

RSD value less than 7 %. 

6.2.3 Calculation of adsorption efficiency for volatile organic 
compounds, or formaldehyde, extracted from polluted 
air 

Evaluation of the pollutant stream concentration was critical in the determination of 

the adsorption efficiency of the synthesised sorbents. To test the adsorption 

efficiencies of synthesised materials for the target pollutants the following steps (a-c) 

were adopted. 

a) First the dynamic sampling chamber, described in Section 3.2.5, was used to 

generate a known concentration of VOCs or formaldehyde. The atmospheres 

were then actively sampled, using specific flow rates and sampling times, 

onto Tenax tubes or modified CI8 cartridges, respectively. Sampling tubes 

were then analysed to determine the mass of the pollutants trapped by the 

sampling tube. These masses will be referred to as 'massA' 

b) The dynamic sampling system was then modified by placing the material to 

be tested in the outlet flow immediately before the Tenax sampling tube or 

modified Cia cartridge (see Figure 6.3). The sampling procedure described 

above was then repeated. Sampling tubes were again analysed and the mass 

of pollutants trapped by the sampling tubes is denoted 'massB'. 
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r ntag ad orption of pollutant mass retained by the sorbent (the 

ffi i ncy) the following calculation was used 

% = 1- 100 
[ [ 

massB II 
}i(massA + massC) 

Equation 6.1 

Th V chamber was ampled for 8 minutes using a flow rate of 100 mL min- I 

thr ugh th th rb nt ampling tube and Tenax tube. The flow rate and sampling 

tim u d t d t rmine the formaldehyde efficiency was altered to 50 mL min- I and 

4 minut r pe ti ly. Each orbent was independently assessed for their 

ad rpti n ffici n f the selected VOCs and formaldehyde. In addition to 

ynthe i d material previou ly mentioned, three commercially available sorbents 
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known as Puracarb, Purakol and Purafil (Purafil, 2654 Weaver Way, Georgia, 

U.S.A.) were also investigated for their adsorption properties. 

6.2.4 Preliminary investigation into adsorption mechanism of 
formaldehyde on mesoporous sorbents 

The modification of the synthesised sorbents with propyl amine was investigated as a 

method for increasing the strength of adsorption of formaldehyde. Synthesised 

sorbents and modified sorbents were used to sample the VOCs and formaldehyde 

dynamic chambers as described in Section 6.2.3. The sorbents exposed to the 

pollutants were then sent for analysis by the thermo analytical techniques of thermal 

volatisation analysis mass spectrometry (TV A-MS) and thermo gravimetric analysis 

mass spectrometry (TGA-MS). Attempts were made to identify the mechanism of 

adsorption of the sorbent, however the results proved inconclusive. Therefore a 

preliminary experimental method was developed in-house to help investigate the 

strength of adsorption of formaldehyde on the synthesised sorbents. 

To compare the adsorption strength of modified and unmodified mesoporous 

silicates for formaldehyde, the following steps (a-c) were adopted. 

a) First a formaldehyde sampling chamber, described in Section 3.2.5, was 

generated. The atmosphere was then actively sampled with a modified C)8 

cartridge at a rate of 50 mL min-) for 40 min. The cartridge was then eluted 

with 5 mL of acetonitrile and analysed by HPLC as described in Section 

6.2.2.1. The mass of formaldehyde trapped by the cartridge was then 

calculated and will be referred to as 'masso'. 
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b) The formaldehyde sampling system was then modified by placing either a 

packed sampling tube of SBA-1S or SBA-1S-PSG in the outlet flow 

immediately before the modified Cl8 cartridge (see Figure 6.3). The sampling 

procedure and analysis described above was then repeated. The mass of 

formaldehyde trapped by the modified Cl8 cartridge was denoted 'massE'. To 

determine the mass on the sorbent, massF, the following Equation 6.2 was 

used. 

Formaldehyde mass on sorbent (mass
F

) = massn -massE 

Equation 6.2 

c) Each of the packed and sampled sorbent tubes was then further 'backflushed' 

under a reverse flow of nitrogen through the sorbent at rate of approximately 

100 mL min"l for a period of 20 minutes, where any exiting formaldehyde 

from the sorbent was trapped by a fresh Cl8 cartridge, as shown in Figure 6.4. 

These secondary Cl8 cartridges were eluted with S mL of acetonitrile and 

analysed with HPLC to determine the mass of formaldehyde on the cartridge 

(masso) and therefore the formaldehyde retained by the sorbent (massH) was 

determined using Equation 6.3. 

Mass retained by sorbent (massH) = massp - massG 

Equation 6.3 

The greater the mass of formaldehyde retained by the sorbent after the backflushing 

was indicative of a greater strength of adsorption of formaldehyde by the sorbent. 
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6.3.1 Determination of sorbent efficiency for volatile organic 
compounds or formaldehyde extracted from polluted air 

r nt, li t d in able 6.1, were tested for their adsorption efficiency for 

and £ rmald h de. ach sorbent was packed into glass sampling tubes as 

d n d in ti n 6.2.1.1 and placed in a sampling stream containing either 

r V . B fore the sorbents were tested a tube containing glass 

b ad pJa ed inline in the system. It was shown that neither formaldehyde nor 

an tudi d were adsorbed onto the control glass beads, therefore the 

ad rpti n calculated for tested sorbents were solely attributed to the 

r nl th m el 

192 



6.3.1.1 Investigation of commercial sorbents as indoor air pollutants 
for VOCs and formaldehyde 

The commercially available sorbents described in Section 6.2.1 were examined first. 

The commercial sorbents were packed and sampled using the procedures outlined in 

Sections 6.2.1.1 and 6.2.3; the adsorption efficiencies were calculated and given in 

Table 6.2. 

Table 6.2: Adsorption efficiencies of commercial sorbents when sampling from 

atmospheric chambers. 

Commercial % Adsorption Efficiency 

Sorbent Formaldehyde Toluene 
Ethyl-

Cumene DCB 
benzene 

Puracarb 72.0 99.9 100.0 100.0 100.0 
Purakol 76.1 100.0 100.0 100.0 100.0 
Purafil 83.5 4.0 17.7 38.2 8.2 

Purcarb's active ingredient is potassium hydroxide and is generally used for the 

removal of hydrogen sulfide gas via chemisorption. 16 Therefore it was surprising that 

it adsorbed the VOCs at 100 % and had reasonable formaldehyde adsorption 

efficiency at 72.0 %. Purakol is a premium grade activated carbon that can adsorb 

hydrocarbons, nitrogen oxides and volatile organic compounds. Unsurprisingly the 

Purakol absorbed the vac's at 100 % efficiency. The adsorption of formaldehyde 

was 76.1 %. Purafil removes sulfur oxides, organic acids and aldehydes by 

chemisorption with impregnated potassium permanganate. This explains why Purafil 

had the highest commercial sorbent adsorption efficiency for formaldehyde at 

83.5 %. However Purafil adsorbed the lowest amount of any of the VOCs studied 

with the highest adsorption efficiency obtained for cumene at less than 40 %. The 

results indicate that there was no one commercial sorbent with 100 % adsorption 

efficiency for both formaldehyde and the VOCs studied. Therefore the synthesised 
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mesoporous silicates were investigated as possible alternatives to the commercial 

sorbents available. The mesoporous pore size of the silicates makes them ideal for 

the adsorption of VOCs while the possibility of organo functionality allows the 

specific targeting of formaldehyde. The adsorption efficiency of the most suitable 

sorbent produced would ideally have a high adsorption efficiency for both 

target groups. 

6.3.1.2 Investigation of synthesised materials as indoor air pollutant 
scavengers for VOCs and formaldehyde 

A selection of sorbents synthesised in Sections 4 & 5 were chosen to sample VOCs 

and formaldehyde based on their suitable structural characteristics. Each sample was 

packed into sampling tubes and used to sample formaldehyde and the VOC chambers 

independently as outlined in Section 6.2.3. The adsorption efficiencies calculated are 

displayed in Table 6.3. 

The adsorption efficiencies of HMS-COM for the indoor air pollutants was between 

97.6-100 % for the VOCs while the adsorption efficiency for formaldehyde was less 

than 25 %. This high VOC adsorption efficiency of between 98.0-100 % was also 

obtained for MCM-41-MFl and SBA-15. However unlike HMS-Corn the adsorption 

efficiency for formaldehyde using the synthesised mesoporous silicates of MCM-41-

MFI and SBA-15 was much improved at 83.1 and 95.1 %, respectively. The material 

SM-Ol had a high adsorption efficiency for the VOCs selected however none of the 

adsorption efficiencies were determined at 100 % and the adsorption efficiencies 

were lower than for MCM-41 and SBA-15. 
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Table 6.3: Adsorption efficiencies of a selected range of mesoporous silicates 

used to sample polluted environments 

% Adsorption efficiency of sorbents 
Sorbent 

Toluene Ethyl- Cumene DCn Formaldehyde 
benzene 

HMS-COM 97.5 99.9 100 100 23.2 

MCM-41-Sl n.a.f n.aJ n.aJ n.a.f n.a.f 

MCM-41-MFI 98.0 99.9 100 100 83.1 

MCM-41-MF2 n.a.f n.a.f n.a.f n.a.f n.a.f 

SBA-15 99.6 99.8 100 100 95.1 

SBA-16 n.a.f n.a.f n.a.f n.a.f n.a.f 

SM-Ol 77.2 88.7 94.8 94.2 85.8 

n.a.f = no air flow obtamed through the sampling tube to allow adsorptIOn efficiency testmg to 
occur. 

The corresponding formaldehyde efficiency for SM-OI was similar to the 

ethyl benzene efficiency at 85.8% and the MCM-41 formaldehyde adsorption 

efficiency at 83.1 %. From these results the indication was that either MCM-41 or 

SBA-15 was suitable for the adsorption of VOCs and formaldehyde. However 

problems were noted for a number of sorbents tested where it was impossible to 

achieve an air flow over the sorbent (indicated by 'n.a.f in Table 6.3). It was 

therefore imperative that a method was created to increase the particle size of the 

sorbents used for air sampling purposes. 

6.3.2 Improved design for the flow of polluted air through 
mesoporous silicates 

To overcome the aforementioned sampling difficulties selected sorbents were 

pressed into pellets, using a hydraulic press and half inch die at a load pressure of 25 

tonnes for 5 min. The pellets were subsequently crushed with a mortar and pestle and 
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sieved with mesh sizes of 300 and 425 J.lm and the sorbents were re-examined for 

formaldehyde and VOC adsorption under identical conditions as the previous testing 

method. The results are given in Table 6.4. 

Table 6.4: Adsorption efficiency for sorbents with particle sizes 300-425 "m 

% Adsorption Efficiency 
Sorbent 

Ethyl-Toluene Cumene DCn Formaldehyde 
benzene 

HMS-COM 94.0 99.9 100.0 100.0 N/A 

MCM-41-S1 42.4 68.8 83.9 85.1 N/A 

MCM-41-MFl 98.0 99.0 99.4 99.6 78.5 

MCM-41-MF2 86.2 98.6 99.6 99.8 92.7 

SBA-15 88.6 99.7 100.0 100.0 94.0 

SBA-16 92.8 100.0 100.0 100.0 82.5 

SM-Ol 92.8 98.0 99.0 99.5 93.9 

N/A - no analysis results due to sorbent shortage for secondary analysis 

The pelletisation, crushing and sieving procedures to produce particle sizes of 

300-425 J.lm solved the problems encountered when trying to draw 50 and 

100 mL min- I of air through the sorbent sampling tubes. If this method of sorbent 

sampling was to be used throughout the rest of the research project as it was 

important that the method of producing the sorbent with particular sizes of 300-

425 J.lm was not detrimental to the adsorption efficiency of the synthesised sorbents. 

Comparing the adsorption efficiency for SBA-15 in Table 6.3 with the adsorption 

efficiency of the 300-425 J.lm, the difference for each of the VOCs was by less than 1 

%, except for toluene which was reduced by 11 %. The reduction of the toluene 

adsorption efficiency was not in evidence for the other mesoporous silicates, MCM-

41-MFl and SM-OI, that were sampled as 300-425 J.lm and un-pelletised sampling. 
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From the adsorption efficiency testing investigation of these mesoporous silicates it 

was apparent that the mesoporous silicates were suitable for the adsorption of indoor 

air pollutants. It was unpractical to continue testing each of the sorbents in further 

experiments and therefore one sorbent was selected for continual investigation. To 

select the sorbent for continual investigation its physical characteristics and 

adsorption efficiencies for VOCs and formaldehyde were taken into account. 

MCM-41-S1 and MCM-41-MFl were eliminated based on their poorer adsorption 

efficiencies of VOCs and formaldehyde, respectively. SBA-15, MCM-41-MF2, 

SBA-16 and SM-Ol all showed promising adsorption properties and therefore could 

not be ruled out of the investigation based on these results. 

SM-Ol had the best adsorption efficiency for VOCs and formaldehyde however the 

physical characterisation suggests that the material is microporous in nature and no 

PXRD patterns were observed indicating no long range order. Therefore SM-Ol was 

not investigated further. Due to lack of evidence of long range order SBA-16 was 

also eliminated at this stage. Based on the literature evidence which suggests the 

importance of the presence of microporosity within the mesopores for an enhanced 

adsorption capacity SBA-15 was chosen for future testing over MCM-41-MF2.9 

6.3.3 Investigation into the use of post synthesised 
mesoporous silicates as indoor air pollutant 
scavengers 

Surface modification of the silanol groups present on the silicate sorbents was 

investigated as a possible method to enhance the strength of adsorption of 
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formaldehyde from the air. Surface modification was attempted through the post 

grafting synthesis of propyl amine groups onto the silicate as described by the 

method in Section 5.3.2.1, to produce materials MCM-41-MFI-PSG and 

SBA-15-PSG. Each of the sorbents were pressed and sieved to produce particle sizes 

between 300-425 nm and the sorbents were then packed into the glass sampling tubes 

as described in Section 6.2.1.1. Each of the modified materials was tested for 

formaldehyde and VOC adsorption using the sampling procedure and chamber set up 

as outlined in Section 6.2.2 & 6.2.3. The adsorption efficiency for 

MCM-41-MFI-PSG and SBA-15-PSG for both formaldehyde and VOCs is given 

Table 6.5. 

Table 6.5: Adsorption efficiencies of organically modified synthesised sorbents 

for indoor air pollutants 

Modified 
% Adsorption Efficiency 

Sorbent Toluene 
Ethyl-

Cumene DCB Form-
benzene aldehyde 

SBA-15-PSG -10.8 19.6 38.1 78.6 97.6 
MCM-41-MFI-PSG -44.6 44.0 73.0 92.8 92.2 

The adsorption efficiency for ethylbenzene, cumene and DCB was reduced from the 

unmodified parent materials, which had adsorption efficiencies of approximately 

100 %. The increase in the toluene mass trapped on the Tenax was most likely the 

result of residual toluene used in the modification process. For each of the modified 

materials the adsorption efficiency for formaldehyde was similar to the adsorption 

efficiencies gained from the parent material. The results indicate that propyl amine 

modified mesoporous material is suitable for the adsorption efficiency for 

formaldehyde however reduced adsorption efficiencies were observed for the 
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selected VOCs. This reduction may result from the decrease in pore size and pore 

volume of the mesoporous silicates compared to the original parent silicates. 

6.3.3.1 Strength of adsorption of formaldehyde on organically 
modified mesoporous silica 

To compare the adsorption strengths of modified and unmodified mesoporous siliates 

for formaldehyde, SBA-15 and SBA-15-PSG sampling tubes were prepared and used 

to sample a formaldehyde environment under previously stated conditions (see 

Section 6.2.4). C!8 cartridges were placed immediately after the sorbent tubes to 

ensure there was no breakthrough of formaldehyde. Both sorbent sampling tubes 

were then 'backflushed' under a flow of nitrogen at rate of approximately 

100 mL min-! for a period of 20 minutes, where any exiting formaldehyde within 

stream was trapped by a further C!8 cartridge. Table 6.6 contains the masses of 

formaldehyde trapped on each C!8 cartridge. 

Table 6.6: Mass trapped on modified and unmodified SBA-lS, and the masses of 

formaldehyde remitted from the sorbent after sampling through bacldlushing 

Mass of formaldehyde trapped (J.lg) 
OnCl8 Suspected on Re-emitted by Retained by 

cartridge sorbent sorbent under sorbent after 
backflushing flushing 

No Sorbent 9.74 nla nla nla 
SBA-15 1.25 8.48 6.24 2.24 
SBA-15-PSG 0.32 9.43 0.29 9.14 

Under the chosen conditions, 9.74 J.lg of formaldehyde was trapped onto a Cl8 

cartridge. When the sorbents SBA-15 or SBA-15-PSG were placed immediately 

before the C!8 cartridges and the sampling repeated, the masses of formaldehyde 

trapped was reduced to 1.25 and 0.32 Ilg respectively. Therefore the masses of 
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formaldehyde trapped on the sorbents were calculated to be 8.48 and 9.43 ~g, 

respectively. To asses how strongly bound the formaldehyde was to each sorbent the 

sorbents were immediately backflushed with nitrogen and the eluents passed over a 

Cl8 cartridge. The masses trapped by the CI8 cartridges were 6.24 ~g for the SBA-15 

sorbent and 0.29 ~g for the SBA-15-PSG sample. 

6.4 Conclusion: Development of an indoor air 
poll utant adsorbent 

The initial testing regime was flawed due the problems encountered when trying to 

draw polluted air through some of the fine particulate material produced. In an effort 

to overcome the air flow problems the preparation method used to pack the sorbent 

into the sampling tubes was altered. The production of 325-400 ~m particulate 

material from crushed pellets alleviated the air flow problems. From the second set 

of efficiency testing carried out using the modified packing procedure several of the 

sorbents were shown to be potential candidates for further investigation as indoor air 

pollutant scavengers. Based on the adsorption efficiency testing and the physical 

characterisation of each of the sorbents SBA-15 was selected for further detailed 

adsorption experiments. 

It was hoped that mesoporous silicates modified with propyl amine groups would 

chemisorb formaldehyde from air. The SBA-15-PSG appeared to absorb the 

formaldehyde suggesting possible chemisorption. This would provide a very strong 

pollution adsorbent as formaldehyde would be eliminated from the environment. 

However toluene, used in the modification procedure, was released from the 

SBA-15-PSG material. The release of toluene into the environment is undesirable if 
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the sorbents were to be used to reduce the occurrence of SBS. However if the 

modified and unmodified materials were used in combination to produce a multi-bed 

sorbent, where the modified material was placed inline before the unmodified 

material, then the released toluene would be adsorbed by the unmodified material. 

Alternatively the solvent used in the method to graft propyl amine to the silicate 

parent material must be changed or the cleaning stage used after the grafting is 

completed must be improved to remove the suspected residual toluene within the 

pores which is released during testing. 
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7 SIMULATED USE OF MESOPOROUS SILICATES 
SAMPLING INSIDE A CLOSED CABINET 

In t r pr limin ' p riment w r carri d out to identify a suitable mesoporous 

. an ind r ng r. Fr m th ad orption efficiency investigation, in 

hara t ri ation, BA-IS was selected as the sorbent 

the m t p t ntial an ind r air pollutant sca enger. To further 

th uira jJity f BA-1S a an indoor air pollutant sca enger a series of 

.. nn nt den ir run nt . 

7.1 Experimental: Preparation of simulated environments 
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The internal pump was set to pull air through the sorbent tube at a flow rate of 100 mL 

min- I
. To create the VOC environment a 20 J.1L liquid injection volume of each VOC, 

was added through a sampling port situated on top of the 100 L chamber. The initial 

VOC concentrations generated are given in Table 7.1. To restrict the loss of analyte 

through the door seals the edges were coated in Vase line. 

Table 7.1: Theoretical concentrations of VOCs inside the 100L Perspex chamber 

from VOC injection volumes 20 "L and corresponding theoretical masses trapped 

on Tenax sampling tube given a sampling time of 10 s at lOO mL min-1 

Theoretical Mass trapped on 
ConcentrationlJ.1g m-3 Tenax /J.1g 

Toluene 174000 2.87 
Ethylbenzene 174000 2.87 

Cumene 172000 2.84 
DCB 260000 4.29 

To ensure mixing was achieved inside the 100 L chamber a small d.c. powered fan was 

added to the chamber before the addition of any VOC analytes. The power cables to the 

fan exited the chamber via the door, to stop analyte loss the power cables were coated 

with Vaseline around the entrance to the chamber. The fan was switched on before the 

addition of analytes. The internal pump inside the chamber was switched off during the 

initial addition of the analytes and for a one hour equilibration period to allow the 

atmosphere to stabilise. The concentrations generated inside the chamber were 

measured by actively sampling 16.7 mL of air, sampling at 100 mL min- I for 10 s, from 

the chamber onto a Tenax sampling tube that was connected to a second, external pump. 

To pass the polluted air over a sample of SBA-15 the internal pump was switched on. 

To activate the internal pump a glass rod was inserted through a small sampling port 

(1.1 cm dia.) on the roof of the chamber. After the contaminated air passed over the 

sorbent for 2 hours, active sampling was performed to reassess the pollutant 

concentration inside the chamber. Any decrease in the pollutant concentrations was 
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attributed to the successful extraction of analytes onto the sorbent. The internal pump 

was left to run for 8 hours with reassessment of the pollutant concentrations every 2 

hours. 

To determine the masses ofVOCs trapped on the external Tenax sampling tube a set of 

three calibration standards were used. Each calibration standard contained the VOCs 

toluene, ethyl benzene, cumene and DCB at equal concentrations. The standards were 

prepared in methanol at concentrations levels of 0.1, 0.4 and 1.0 ~g ~L-l. For calibration 

5~L of each standard was injected directly onto individual Tenax tubes, via the direct 

injection port shown in Figure 3.8 and analysed by TDU-GC-MS. Prior to analysis 5 ~L 

of 0.4 ~g ~L-l o-xylene was added to each Tenax tube to act as an internal standard in 

the calibration experiments. Tenax tubes used in the sampling experiments were also 

spiked with o-xylene prior to analysis. 

7.1.1 Simulated environments with reduced volatile organic 
compounds 

An identical 100 L chamber experiment was set up with a reduced VOC concentration 

using the method discussed in Section 7.1. To create the reduced VOC concentrations 

the liquid injection volume for each VOC was reduced to 1 J..lL. The theoretical 

concentrations generated within the chamber are given in Table 7.2. Due to the reduced 

chamber concentration the sampling time was increased to 60 s. The theoretical masses 

trapped by the Tenax are given in Table 7.2. 

To determine the mass ofVOCs trapped on the external Tenax sampling tube a new set 

of calibration standards were required. Methanolic standards with concentrations of 25, 

44, 77, 130, 160 and 200 ng J..lL-1 were prepared. The internal standard of o-xylene was 

reduced to 100 ng ~L-l. 
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Table 7.2: Theoretical concentrations of VOCs inside the 100L Perspex chamber 

from VOC injection volumes 1 ilL and corresponding theoretical masses trapped 

on Tenax sampling tube given a sampling time of 60 s at 100 mL min- l 

Theoretical Concentration Mass trapped on Tenax 
/~g m-3 /~g 

Toluene 8700 0.870 
Ethylbenzene 8700 0.870 

Cumene 8600 0.860 
DCB 13000 1.284 

To determine the mass ofVOCs trapped on the external Tenax sampling tube a new set 

of calibration standards were required. Methanolic standards with concentrations of 25, 

44, 77, 130, 160 and 200 ng J..lL-1 were prepared. The internal standard of o-xylene was 

reduced to 100 ng J..lL -1. 

7.1.2 Passive adsorption 

To investigate the effectiveness of SBA-15 as a passive adsorbent a static 20 L 

atmospheric chamber was used to generate a VOC environment. The chamber was 

sealed with Vaseline and unused sampling ports were plugged and sealed with Vaseline. 

A VOC injection volume of 1 ilL of each VOC was used to create the atmosphere. The 

VOC concentration generated inside the 20 L chamber would be approximately five 

times greater than the previous reduced VOC 100 L chamber experiments, see Table 

7.3. 

Table 7.3: Theoretical concentrations of VOCs inside the 20L Perspex chamber 

from VOC injection volumes 1 ilL and corresponding theoretical masses trapped 

on Tenax sampling tube given a sampling time of 10 s at 100 mL min-l 

Theoretical Mass trapped on 
Concentrationl~g m-3 Tenax/~g 

Toluene 44000 0.73 
Ethylbenzene 44000 0.73 

Cumene 43000 0.72 
DCB 65000 1.08 
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After introduction of the VOC solutions the chamber was left for a further hour to 

allow the VOC concentrations to equilibrate. The chamber was sampled at 10 s and 100 

mL min"1 to determine the experimental VOC concentration. A mass of 500 mg of 

SBA-15 sorbent was then loaded into a passive sampling tube and introduced to the 

chamber system from a sampling port on the roof of the chamber. After the addition of 

the SBA-15 sorbent the chamber concentration was measured twice every two hours for 

a period of 8 hours. 

To determine the masses of VOCs trapped by the external Tenax tubes methanolic 

calibration standards with concentrations of 25, 44, 77, 130, 160 and 200 ng IlL"l were 

used in conjunction with a methanolic o-xylene internal standard of 0.1 Ilg IlL"I. The 

preparation of calibration tubes and spiking of the sampling tubes with the internal 0-

xylene standard used the direct injection port as described in Section 3.2.4. 

7.2 Results: Simulated use of mesoporous silicates 
sampling inside a closed environment 

Two types of experiments were designed to reduce VOC concentrations within a closed 

environment. The sorbent SBA-15 was used to reduce VOC concentrations in both 

active and passive mode. 

7.2.1 Sampling inside a closed environment 

Before a 100 L Perspex chamber could be used to assess the efficiency of selected 

sorbents as pollutant scavengers (see Section 7.1 and Figure 7.1) the 'goodness' of seal 

was tested to ensure that any significant loss of analytes during simulated testing was 

due to the action of the chosen sorbent and not to leakage of the analyte from the closed 

environment. A polluted environment was created, using the method similar to that of 
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the bell chamber set up; a four-fold increase in VOC injection volume was used to 

compensate for the approximate four fold increase in chamber size. Therefore a 20 ilL 

aliquot of each VOC solution was injected into the chamber. During this experiment the 

internal pump and the sorbent filled sampling tube, shown in Figure 7.1, was omitted. 

The theoretical concentrations expected from the 20 ilL liquid injection volumes are 

given in Table 7.1. To determine the VOC chamber stability Tenax sampling tubes were 

used to measure the chamber concentration levels by sampling the chamber from the 

active sampling port at 100 mL min- I for 10 s. The chamber was monitored at 1,22 and 

48 h after the addition of the VOCs to the system. To determine if there was a chamber 

leak, the VOC peak areas obtained after the one hour equilibration time were compared 

to the VOC peak areas obtained after 22 and 48 h and the % loss calculated, the results 

are given in Table 7.4. 

Table 7.4: % Loss ofVOCs from tOOL chamber over a 48 h period 

Timelh Toluene Ethylbenzene Cumene DCB 
TIC SIR TIC SIR TIC SIR TIC SIR 

22 -8 -9 -5 +2 -4 -3 -1 -1 

48 +9 +14 +2 +1 +1 -2 -6 -10 

Over the 48 h the analyte losses were determined to be less than 10 % however, 

increases in VOC concentration were also noted up to 14 %. This was attributed to the 

variation in atmospheric concentrations due to room temperature fluctuations. 

7.2.1.1 Sampling of a closed environment using glass beads 

A control experiment was carried out using the same 20 ilL VOC injection volume to 

create the polluted environment. A sampling tube was prepared containing only glass 

beads and was connected to the internal sampling pump, as shown in Figure 7.1, see 

Section 7.1 for the method used to asses the chamber concentration. The theoretical 
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masses trapped on the Tenax sampling tube are given in Table 7.1. After the chamber 

was produced and equilibrated it was monitored over 8 h with the external pump and 

samples were taken from the chamber at 2 h intervals at a sampling rate of 

100 mL min- I for 10 s. A set of three calibration standards were used to quantify the 

masses of analyte trapped on the Tenax sampling tube through use of the direct 

injection procedure, see Section 3.2.4. The concentrations of VOCs used in the direct 

injection standards were 0.1 , 0.4 and 1.0 Ilg ilL-I, made in methanol; SilL of each 

calibration standard was used to load Tenax tubes. The experimental mass trapped on 

each Tenax tube at each time interval is shown Figure 7.2. 
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Figure 7.2: The calibrated VOC mass on each Tenax tube when sampling from a 

100 L chamber made from 20 p.tL VOC injections containing a sampling tubes of 

glass beads. 

After the equilibration time the masses of toluene, ethyl benzene, cumene and DCB 

trapped on the Tenax were 2.1, 2.4, 2.2 and 2.8 Ilg, therefore the chamber 

concentrations of the VOCs at 0 h were 126000, 144000, 132000 and 168000 Ilg m-3, 
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respectively. The chamber concentrations for each of the VOCs and their masses 

trapped on the Tenax tubes were lower than the theoretical calculated values in Table 

7.1. After 4 h of sampling through the glass beads a decrease in all V OC masses trapped 

was evident. The largest loss in analyte mass trapped was DCB with the mass trapped 

decreasing from 2.8 Ilg to below 1 Ilg. The decrease in the masses trapped was thought 

to be due to surface adsorption of VOCs onto the glass beads. Theoretically 1.5 g of 

glass beads have an approximate surface area of 41.4 cm2 

7.2.1.2 Sampling inside a closed environment with SBA-15 present to 
reduce the VOC concentration 

To determine the influence of 100 mg of SBA-15 had on the VOC concentration inside 

a sealed environment an identical experiment was conducted as above where the glass 

beads sampling tube was replaced with a sampling tube containing SBA-15. The 

pressed SBA-15 sorbent was packed into the glass tube as described in Section 6.2.1. 

The sorbent sampling tube was connected to the sidekick sampling pump via Tygon 

tubing, as shown in Figure 7.1. The flow through the sorbent was calibrated to a flow 

rate of 100 mL min-I. The 100 L vac chamber was created from 20 ilL VOC liquid 

injection and assessed for a reduction in concentration as described in Section 7.1, the 

expected vac chamber concentrations are given in Table 7.1. The chamber was 

sampled every 2 hours for a period of 8 hours at 100 mL min-I for 10 s with Tenax 

sampling tubes, see Figure 7.3. To calibrate the exact masses of VOCs trapped by the 

Tenax tubes, VOC standards were used as described in Section 3.2.4. The 

concentration of the calibration standards and internal standard used are given in 

Section 7.1. When the chamber was sampled for 10 s at a rate of 100 mL min-I the 

expected masses trapped onto the Tenax were 2.87, 2.87, 2.84 and 4.29 Ilg for toluene, 

ethylbenzene, cumene and dichlorobenzene, respectively. Experimentally the masses 
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trapped on the Tenax at 0 h for toluene, ethylbenzene, cumene, and dichlorobenzene 

were determined at 1.9, 1.6, 1.4 and 1.5 Ilg, respectively, giving starting chamber 

concentrations of 114 000, 96 000, 84 000, and 90 000 Ilg m-3
, respectively. 
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Figure 7.3: Ma e of VOCs trapped on Tenax sampling tube when ampling 

from a lOO L polluted environment generated for 20J.1L VOC injection within 

which BA-IS wa u ed to reduce the concentration. 

Th n ironment had lower analyte concentrations than was generated in 

th glas bead experiment (see Figure 7.2). The reduction in chamber 

n \i po ibly du to either an incorrect injection of 20 ilL into the 

ampling chamber r dif~ rent environmental lab effects of temperature and pre ure. 

in trapped are lower it was more likely to be the later. 

d n th' initial atm pheric et-up concentrations, ampling condition and the 

umpti n that th -15 rbent wa working at 100 % efficiency prediction were 

mad 
e trapped n the Tenax tube e example calculation in 

the pJX!ndi .. It w calculated that in each 2 h period th mas of toluene ad rbed 

212 



was 2.09, 1.84, 1.62, to 1.42 mg. As this mass of toluene would be removed from the 

chamber it would therefore lower the concentration within the chamber. Hence, the 

expected toluene masses trapped on the Tenax tubes should have reduced to 2.90, 2.55, 

2.25, 1.98 and finally 1.74 Ilg. 

Taking into consideration the three other VOCs present, a TVOC mass of 31 mg was 

theoretically expected to be trapped on the SBA-15. It was suspected that the SBA-15 

was not capable of adsorbing the masses during this experimental set-up. When 

previously testing with the dynamic atmospheric chambers the SBA-15 was trapping 

approximately 50 Ilg of toluene in 8 min with 88 % efficiency. With the current 

experimental set up if the SBA-15 was 100 % efficient 7.0 mg of toluene would be 

trapped over the 8 h. To expect SBA-15 to remain 100 % efficient with a magnitude 

increase in the masses trapped was an overestimation of the capabilities of the sorbent 

therefore a reduced chamber concentration was required. 

7.2.1.3 Sampling inside a closed cabinet with low VOC concentration 
with SBA-15 

To reduce the VOC 100 L chamber concentrations, 1 JlL injection volumes were used 

giving theoretical concentrations of 8700, 8700, 8600 and 13000 Ilg m"3 for toluene, 

ethylbenzene, cumene and dichlorobenzene respectively. With lower VOC 

concentrations it was essential to increase the sampling time from 10 s to 60 s to collect 

a sufficient mass of analyte for analysis. With the decreased chamber concentrations a 

new range of calibration standards were required, and standards were prepared in the 

range 25 - 200 ng IlL"1 while the internal standard was 100 ng IlL"I. To load the Tenax 

tubes with the calibration standards and to spike both the calibration tube and sampling 

tubes with an internal standard the direct injection port was used, see Sections 3.2.4 and 
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7.1 for details. When the chamber was sampled for 60 s at a rate of 100 mL min-1 the 

expected masses trapped onto the Tenax was 870, 870, 860, 1300 ng for toluene, 

ethyl benzene, cumene and dichlorobenzene, respectively. Experimentally the masses 

trapped on the Tenax at Oh for toluene, ethyl benzene, cumene, and dichlorobenzene 

were determined at 540 600, 744 and 630 ng, respectively, giving starting chamber 

concentrations of 5300, 5950, 7300 6200 I-lg m-3 respectively. The chamber was 

monitored over 8 h with one sample taken every two hours after the pump was started. 

The masses trapped on the Tenax tubes are given in Figure 7.4. The experimentally 

corrected theoretical 10 ses based on the initial masses trapped at ° h are also displayed 

in Figur 7.4. 
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For toluene the mass trapped on the Tenax tube matches the theoretical loss after 2 h 

however after this two hour period the masses trapped are consistently higher than the 

theoretical value with the mass trapped of 478 ng, suggesting that toluene breakthrough 

of the SBA-15 had occurred. For ethylbenzene the masses trapped on the Tenax tube at 

2 and 4 h was lower than expected indicating the sorbent was 100 % effective at 

reducing the concentration within the chamber. At 6 and 8 h the mass of ethylbenzene 

trapped on the Tenax was similar to the mass trapped at 4 h at approximately 400 ng, 

indicating the sorbent was no longer reducing the concentration within the chamber. For 

cumene the masses trapped on the Tenax tube at each 2 h interval were below the 

theoretical loss masses calculated indicating that the SBA-15 was effectively reducing 

the chamber concentration of cumene for the duration of the experiment, absorbing a 

total mass of 0.30 mg. 

For DCB the mass trapped at 2 and 4 h was lower than the expected theoretical loss 

value, indicating the sorbent was reducing the concentration with the chamber. The 

mass of DCB trapped on the Tenax tube at 6 and 8 h was similar to the mass trapped at 

4 h, at approximately 400 ng, indicating the sorbent was no longer effectively reducing 

the chamber concentration. When the masses trapped on the Tenax tube were below the 

theoretical value expected from the initial starting concentration, the SBA-15 capacity 

for adsorption was greater than expected. 

7.2.1.4 Suspected breakthrough of SBA-1S 

It was suspected that breakthrough may be occurring during the vac sampling 

experiment with low vac concentrations. To examine this hypothesis a Tenax tube was 

placed inline behind the SBA-15 sampling tube during the experiment, indicated with 

an x in Figure 7.1. The experimental chamber was set up with 1 ilL injections of VOCs. 
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The experimentally derived concentrations of toluene, ethylbenzene, cumene and 

dichlorobenzene generated inside the chamber were approximately 5900, 6200, 4200 

and 8300 /lg m-3
. The internal pump was started and the chamber was sampled for a 

10 minutes. Initially a short sampling time was chosen to protect the GC-MS from 

overloading if saturation of SBA-15 was obtained quickly. The chamber was vented 

over night and the Tenax tube was removed and analysed. The TVOCs obtained on the 

Tenax tube were quantified as 0.65 /lg giving the SBA-15 an adsorption efficiency of 

97.4%. Since breakthrough did not occur at the low sampling time the experiment was 

repeated with an increased sampling time of 2 h. The VOC chamber concentrations and 

the Tenax trapped masses are detailed in Table 7.5. The chamber concentrations for 

toluene, ethyl benzene and cumene were similar therefore the total masses of each VOC 

passing over the sample of SBA-15 were approximately 80.8 /lg. The masses of each 

VOC that passed through the SBA-15 and trapped on the subsequent Tenax tube varied 

greatly between the three VOCs of similar concentration. 

Table 7.5: Mass of VOCs adsorbed on Tenax as breakthrough analytes from 

SBA-15 

Original Mass on Mass % Chamber 
Chamber SBA-15 trapped Efficiency cone. 

cone. assuming on of after 2h 
(/lg m-3 

) 100% Internal SBA-15 (/lg m-3 
) 

Efficiency Tenax 
(/lg) tube 

(/lg) 
Toluene 6787 81.4 53.0 35.0 6260 

Ethylbenzene 6705 80.4 8.5 89.4 5682 

Cumene 6721 80.7 0.1 99.9 5492 

DeB 10157 121.9 2.7 97.7 7716 

TVOC 30370 364.5 64.3 82.4 25150 
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The largest un-retained VOC was toluene which attributed 82.4 % of the TVOCs 

present on the Tenax. The total theoretical mass available for trapping, based on the 

original chamber concentrations, was 364.5 Ilg. The total mass detected on the 

breakthrough Tenax tube was only 64.3 Ilg, therefore 300.2 Ilg of VOCs were adsorbed 

on the 100 mg of SBA-15. The data suggests that after 2 hours of sampling the sorbent 

was not working at the capacity expected for toluene or ethylbenzene. The breakthrough 

data suggests that competitive adsorption may be taking place with the more polar 

analytes preferentially absorbing on the SBA-lS. 

7.2.2 Passive adsorption of VOCs by SBA-15 

The investigation into the passive adsorption of VOCs by SBA-15 required a different 

experimental set up than used previously, see Section 7.1.2. Here a sealed 20 L chamber 

was used and 1 ilL injection volumes were used to create the VOC atmosphere. The 

VOC concentrations of the chamber are given in Table 7.3. A 500 mg sample ofSBA-

15 was added to the chamber through the sampling port located at the top of the 

chamber. After a one hour equilibration time sampling occurred at a rate of 100 mL 

min- I for 10 s. The chamber was sampled every 2 h over a period of 8 h. Each of the 

sampling tubes was spiked with o-xylene and the mass trapped on the Tenax tubes was 

determined from the calibration standards used as described in Section 3.2.4. The 

calibrated VOC masses trapped on the Tenax sampling tubes over the 8 h sampling time 

are displayed in Figure 7.5. 
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Figure 7.5: Pa ive ad orption of VOCs by SBA-15. 

At tim 0 befor th addition of SBA-15, the VOC concentrations of toluene 

ethyl benzene. cumene and DCB were 26 100 26 800, 26 400 and 19 200 Ilg m-3 

resp cti ely. A indicated from Figure 7.5 there was a reduction in VOC concentration 

during the fir t two sampling periods. After 4 hours it was suspected that saturation had 

occurred with the mas of analytes trapped on the Tenax for toluene ethylbenzene. 

cumen and D B levelling of at around 240, 135, 88 and 74 ng, respectively. Gi en 

th trapped mas the chamber concentration for toluene, ethyl benzene, cumene and 

r du ed t 14400,8 100,5300 4400 Ilg m-3, re pectively If the reduction 

w du t th pas i ve ad orption onto the BA -15 then a econd addition of 

-1 w uld h w an ther t pwi e reduction of the VO mas e trapped on the 

Tenax. Th experiment \i repeated with a double addition of 500 mg B -15. The 

e periment w et up a pre i u ly de crib d. The fir t addition of BA-l5 curr d 

after th 1 h ur equilibrati n time. The chamber was ampl d after 2 and 4 h, befi re 

th o mg f BA-l5. The chamber w again ampl d aft r 6 and 
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8 h. See Figure 7.6 for the decrease in vac masses trapped over the period of 8 h. The 

chamber concentrations produced for each of the vacs was lower than expected based 

on the masses trapped on the previous experiment. The concentrations produced for 

toluene, ethyl benzene, curnene and DCB were 21 100, 11 400, 14800 and 2 100 Ilg m-3
, 

respectively. The concentration and masses trapped for DCB were significantly lower 

than the previous experiments with the masses trapped less than 50 Ilg. The reduced 

chamber concentration was as a result of a poor injection procedure, and although this 

was not ideal the masses of toluene, ethylbenzene and curnene were adequate for the 

investigation. 
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toluene, ethyl benzene and cumene were reduced to 11 400, 5900, 3 500 ~g m-3
, 

respectively. If the observed loss in the masses trapped between the start time at 0 h 

and 2 h was due to the presence of the SBA-15 then a similar decrease in masses 

trapped would be expected from the periods of 4 to 6 h. At 6 h the masses trapped on 

the Tenax for toluene, ethylbenzene and cumene were 102, 80 and 33 ng, respectively. 

The masses trapped after 8 h for toluene, ethylbenzene and cumene were 80, 76 and 27 

ng, respectively, giving a final chamber concentration of 4800,4600 and 1600 ~g m-3
• 

The observed decrease in masses trapped on the Tenax between 4 and 6 h, after the 

second addition of SBA-15, was not as prevalent as expected based on the reduction in 

the masses trapped on the Tenax between 0 and 2 h after the addition of the first 500 mg 

ofSBA-15. If the reduction loss was the same after the second addition ofSBA-15 the 

mass trapped for toluene, ethylbenzene and cumene at 6 h was expected at 30, 6 and 0 

ng, respectively. However despite not obtaining the theoretical masses expected at 6 h a 

decrease in masses trapped was observed. 

7.3 Conclusions: Simulated use of mesoporous 
silicates sampling inside a closed environment 

SBA-15 was used within a sealed 100 L chamber to reduce the vac concentration. 

When the chambers were created from vac injection volumes of 20 ~L the expected 

reduction in chamber concentration was not evident due to the increased adsorption 

capacity expected of the 100 mg sorbent. When the chamber was created with lower 

vac concentration using 1 ~L injections the expected mass losses were in evidence. 

This was further in evidence when a Tenax tube was attached to the rear of a SBA-15 

sampling tube. When sampling the chamber for two hours relatively little mass of 

ethyl benzene, cumene and DCB were seen on the Tenax sampling tube; further 



evidence that the SBA-15 was suitable for the adsorption of vacs. However the 

adsorption of toluene by SBA-15 is not as efficient as the other VOCs used in the 

investigation. The difference in adsorption may be due to a preferential adsorption of 

more polar molecules by SBA-15. Further evidence is required to substantiate this 

theory. The reduction in vac chamber concentrations was also in evidence when using 

the SBA-15 to passively adsorb the VOCs. 
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8 CONCLUSIONS AND FUTURE WORK 

The overall aim of this project was to produce a mesoporous silicate as an indoor air 

pollutant scavenger for the deployment in museums and indoor environments such as 

offices and households. In order to achieve this, future work will have to be carried out 

on the mesoporous silicates in conjunction with the atmospheric chamber sampling 

system. The generation of VOC environments from the liquid injection of small 

volumes of VOCs proved to be problematic due to the inconsistent VOC chamber 

concentrations associated with changes in atmospheric temperature, pressure and the 

difficulties associated in the transfer of small volumes of volatile liquid accurately. 

Despite those difficulties, a sampling method has been validated and can produce linear 

relationships for the VOCs studied. Using a 10-60 s sampling period, the VOC sampling 

method was valid for collection of VOCs between 1.58 and 14.17 J,.lg. A drawback of 

using the bell chamber system involved the daily generation of the VOC environment 

and the limited number of samples allowed before the requirement of a new chamber. 

The development of a dynamic chamber overcame these drawbacks. The use of pierced 

permeation vials containing 1 mL volume of analyte was a low cost alternative for the 

creation of a range of VOCs within one environment. The VOC concentrations 

calculated from the theoretical equations was inaccurate, most likely due to wall loss, 

therefore to precisely determine the exact VOC chamber concentrations the use of 

calibration standards were required. In order to use calibration standards the direct 

injection port has shown to be an appropriate method for the deployment of the 

calibration standards on to the Tenax sampling tubes. The use of the direct injection 

port allowed for the VOC masses between 25 to 2000 ng to be deposited linearly on the 

Tenax tubes with a repeatability ofless than 10 %. 
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Mesoporous silicates were successfully prepared using TEOS with either CT AB or 

triblock copolymers as surfactant templating agents. The resultant sorbents were 

characterised by nitrogen adsorption, x-ray diffraction, SEM and TEM. The sorbents 

were packed into glass tubes which provided a suitable method for active sampling. 

When the sorbent materials were directly packed into the glass housings sampling 

problems occurred with air flow restrictions. To compensate the sorbents were pressed 

and crushed to particle sizes 325-400 J.lm, before packing. VOCs were actively sampled 

from the atmospheric chambers onto the sorbent. A number of improvements should be 

made to the packing of sorbents for sampling. The optimal particle size should be 

detennined along with the optimal bed length and sorbent mass to glass bead ratio 

required to maximise the sorbents adsorption efficiency. Once the packing has been 

optimised further optimisation of the sampling flow rates through the sorbent is 

required. After the optimisation of the packing and sampling empty Tenax sampling 

tubes could be employed to house the mesoporous silicate. This would allow the 

sampled silicates to be introduced into the TDU-GC-MS, therefore quantification of 

VOCs trapped on the mesoporous silicate to be validated. Furthermore this method 

could help examine the adsorption process that occurred. 

From the initial testing of the percentage adsorption efficiencies several of the 

mesoporous materials produced were shown to be possible candidates as an indoor air 

pollutant scavengers, principally SBA-15, MCM-41-MF2, SBA-16 and SM-Ol. 

However there are many mesoporous silicates that have not been investigated here 

which could be potential indoor air pollutant scavengers. Further investigation into the 

strength of the adsorption of the VOCs onto the mesoporous silicates would be 

beneficial in determining the most appropriate silicate as an indoor air pollutant 

scavenger. From the combination of most desirable mesoporous characteristics and the 
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adsorption efficiency obtained from the initial testing SBA-15 was further investigated 

as an indoor air pollutant scavenger. 

SBA-15 was used to extract analytes from a closed polluted environment with vac 

concentrations between 5300 and 7300 Ilg mo3
• The vac concentrations generated were 

the lowest possible levels within the experimental design of chambers used in this 

project, and were only 5 times greater than the concentrations associated with SBS. The 

SBA-15 sorbent was shown to reduce the concentration of the polluted environment by 

examination of the masses trapped on Tenax. The levels of reduction in toluene, 

ethylbenzene, cumene and DCB concentrations varied, with the concentration of toluene 

least reduced. Some toluene was observed when checking for breakthrough of SBA-15. 

The results obtained on this thesis have shown the novel use of mesoporous silicate 

materials as alternative low cost vac sorbent materials, performing, in some cases, as 

well as commercially available materials. Further investigation is required to determine 

if competitive adsorption is occurring between the selected vac analytes studied. 

Furthermore before SBA-15 can be used as an indoor air scavenger an investigation into 

the maximum adsorption of the sorbent must be undertaken, therefore when problem 

environments have been identified and the pollutant levels quantified the mass of 

sorbent and exposure time can be estimated for reduction or elimination of the 

problematic pollutants. The determination of breakthrough masses is critical for the 

chosen mass of sorbent. 

Functionalisation of the sorbent with propyl amine has shown to be beneficial to the 

strength of adsorption of formaldehyde. However residual toluene remains from the 

grafting process which is released during active sampling. Therefore if the 

functionalised sorbent is used to remove formaldehyde a secondary sorbent is required 
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to adsorb the released toluene. Alternatively, the possibility of toluene removal after 

grafting and before sampling should be investigated. Functionalised mesoporous 

silicates have shown potential as sorbents for the removal of indoor air pollutants 

however more investigations will have to be carried out into the optimised surface 

coverage and other types of functionalisation possible for the adsorption of 

formaldehyde i.e. thiols and metals. The investigation into alternative functionalisation 

may lead to the future use of mesoporous silicates as adsorbents for acetic and formic 

acid although a multi sorbent bed may be required to target all the pollutants in the 

museum environment. Currently, no other commercially available sorbent removes 

formaldehyde with the same efficiency as the functionalised mesoporous materials 

synthesised in this project. 

Functionalised and unfunctionalised silicate materials offer a viable alternative to the 

commercial sorbents currently used by museum curators. Sorbents such as charcoal 

have several problems associated with their use, which would be eliminated through the 

use of silicate sorbents. Charcoal is difficult to handle due to its black colourisation and 

the potential contamination of displays with charcoal particulates is a problem for 

curators. Charcoal has the additional problem associated with the re-release of trapped 

pollutants into the environment from a change of temperature or relative humidity. The 

use of silicate sorbents offers an alternative solution for curators. 
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APPENDIX: THEORETICAL Loss CALCULATION 

A 20 /-lL (0.02 mL) injection volume of toluene was transferred to the 100 L chamber. 

The density of toluene is 870 mg mL- l
, so the total mass of toluene transferred to the 

chamber was 17.4 mg, giving an initial chamber concentration of 0.174 mg L-1
• At that 

time (see to in Table A.I) the chamber was actively sampled using Tenax and an 

external pump (100 mL min- l for 10 s) thereby removing 0.0167 L of polluted air from 

the chamber. During active sampling, 0.0029 mg of toluene would be removed from the 

air reducing its vapour phase concentration to 0.173971 mg L- l
. 

At the beginning of the next time period (see t2 in Table A.I) a pump inside the chamber 

was switched on and the polluted air was drawn over a sorbent for 120 min at a 

sampling rate of 100 mL min- l
; drawing 12 L of polluted air over the sorbent. If the 

sorbent was 100 % efficient it would have removed 2.0877 mg of toluene from the air, 

reducing the toluene vapour phase concentration to 0.1530969 mg L- l
. To measure the 

reduced concentration of toluene in the chamber active sampling was again performed 

using Tenax and the external pump (lOO mL min- l for 10 s). If the chamber 

concentration had been successfully reduced to 0.1530969 mg L- l
, the mass of toluene 

trapped during active sampling would be 0.002552 mg. After active sampling, the 

concentration of toluene inside the chamber would have reduced slightly to 

0.153069 mg L- l
. 

This process of active sampling before and after extraction of toluene from the air was 

repeated 3 times, each time the extraction process lasted 2 hours. The chamber 

concentrations and masses expected before and after each extraction process (labelled 4, 
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16, and t8) are given in Table A.1. Similar calculations were also performed for the 

extraction of ethylbenzene, cumene or dichlorobenzene and the masses and 

concentrations obtained are given in Tables A.2 - A.4, respectively. 

Table A.1: Toluene masses and concentrations used in the theoretical loss experiment. 

Sampling Initial chamber Expected mass New reduced Mass Adjusted 
time concentration trapped by chamber removed chamber 

(mg LO') synthesized concentration from concentration 
sorbent (mg LO') system by (mgLO') 

(assuming 100% Tenax 
Efficiency) (m~ (mg) 

to 0.174000 N/A N/A 0.002900 0.173971 
t2 0.173971 2.087652 0.153094 0.002552 0.153069 
4 0.153069 1.836828 0.134791 0.002245 0.134678 
4 0.134678 1.616139 0.118517 0.001975 0.118497 
t8 0.118497 1.421965 0.104277 0.001738 0.104260 

Table A.2: Ethylbenzene masses and concentrations used in the theoretical loss 
experiment. 

Sampling Initial chamber Expected mass New reduced Mass Adjusted 
time concentration trapped by chamber removed chamber 

(mg Lol) synthesized concentration from concentration 
sorbent (mg LO') system by (mg LO') 

(assuming 100% Tenax 
Efficiency) (mg) (mg) 

to 0.174000 N/A N/A 0.002900 0.173971 
t2 0.173971 2.087652 0.153094 0.002552 0.153069 
4 0.153069 1.836828 0.134791 0.002245 0.134678 
4 0.134678 1.616139 0.118517 0.001975 0.118497 
t8 0.118497 1.421965 0.104277 0.001738 0.104260 

Table A.3: Cumene masses and concentrations used in the theoretical loss experiment. 

Sampling Initial chamber Expected mass New reduced Mass Adjusted 
time concentration trapped by chamber removed chamber 

(mg LO') synthesized concentration from concentration 
sorbent (mg LO') system by (mg L") 

(assuming 1 00% Tenax 
Efficien~ (mg) (mg) 

to 0.172000 N/A N/A 0.002867 0.171971 

t2 0.171971 2.063656 0.151335 0.002522 0.151310 

4 0.151310 1.815715 0.133152 0.002219 0.133130 

16 0.133130 1.597563 0.117155 0.001953 0.117135 

t8 0.117135 1.405621 0.103079 0.001718 0.103062 
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Table A.4: DCB masses and concentrations used in the theoretical loss experiment. 

Sampling Initial chamber Expected mass New reduced Mass Adjusted 
time concentration trapped by chamber removed chamber 

(mg L-1
) synthesized concentration from concentration 

sorbent (mg L-1) system by (mg L-1) 

(assuming 100% Tenax 
Efficiency) (mg) (mg) 

to 0.260000 N/A N/A 0.004333 0.259957 

t2 0.259957 3.119480 0.228762 0.003813 0.228724 
t4 0.228724 2.744685 0.201277 0.003355 0.201243 

4 0.201243 2.414920 0.177094 0.002952 0.177065 
t8 0.177065 2.124776 0.155817 0.002597 0.155791 
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