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Abstract 

 

The thesis encompasses the development and characterisation of a novel 

polydimethylsiloxane-microdiamond (PDMS-µDiamond) composite sorbent for application 

within ‘in-sample extraction’ prior to either liquid desorption (LD) or thermal desorption (TD) 

and gas chromatography (GC) analysis. 

 

Chapter 1 introduces a review of the novel coatings (other than PDMS) developed over 

the last five years for stir bar sorptive extraction (SBSE). The review focuses on the selectivity 

of each, as well as the physical, chemical and thermal stabilities of these coatings, which are 

based on a range of carbon materials, functional polymers, metal organic frameworks, and 

various nanoparticles. The majority of these materials exhibit high thermal and chemical 

stability, along with unique selectivity profiles to extend the potential application of SBSE. 

The review also identifies how the extractive stir bars (SBs) modified with these coatings have 

been used to develop methods based more on LD-high performance liquid chromatography 

(HPLC) than on the TD-GC. Therefore, highlighting how future research should focus on how 

these novel coatings can be applied with TD-GC. 

 

Chapter 2 describes several systematic experiments involving preparation, 

characterisation, and final application of the non-porous and porous PDMS-µDiamond 

composite rods as sorptive phases for extracting model solutes from wine samples, followed 

by their quantitation using LD-GC-FID. Introducing ~60 wt.% of µDiamond particles (2-4 µm) 

within the PDMS matrix gave several advantages: (1) significant increase in density (up to 

~170% increase compared to PDMS) while maintaining physical integrity, (2) significant 

improvement in mechanical stability, (3) increased thermal stability up to 450-500 ºC, and (4) 
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significantly higher thermal conductivity (~108% higher than that of the PDMS). The 

composite sorptive rods were applied in the development of a robust PDMS-µDiamond-LD-

GC-FID method for the analysis of the model solutes (R2>0.98, intra-day precision RSD ~1.3-

19.4%, accuracy in terms of % recovery ~87->100% RSD 2.1-12.5%). The porous rods showed 

improved % recovery for most of the test solutes (>10-20%) compared to a commercial PDMS 

phase under identical analytical conditions. The method’s limit of detection (LOD) (0.6-27.3 

µg L-1) further confirmed its robustness and its applicability for the trace chemical analysis. 

 

In the Chapter 3, the development of a rapid and a solvent-free method for removing 

siloxane oligomers from the PDMS-µDiamond composite rods is reported. The method 

involved post-cure thermal conditioning of the composite rods within a GC liner at 350 °C for 

12 h under a helium flow of 2.5 mL min-1. Significant reduction of siloxane oligomers, as seen 

in the chromatograms (obtained by placing the rods within the GC liner at 200-350 ºC), 

compared to the control chromatograms confirmed the effectiveness of the method, which 

was ~8 times faster than an alternative solvent purification method (washing the rods in 

toluene for 72 h, followed by drying for 6 h).  

 

Chapter 4 presents the first demonstration of the non-porous PDMS-µDiamond 

composite rods with TD-GCMS. This study confirmed the structural suitability of the rods 

when used within a thermal desorption unit (TDU). It also confirmed the advantage of high 

thermal conductivity of the composite rods, enabling faster solute desorption rates, within 1 

min of TD (~11-342% higher mean relative peak area), than a commercial PDMS phase, under 

similar analytical conditions. The higher %recovery (~84 to >100%, RSD ~3-19%) further 

confirmed the relationship between the faster desorption rates of the solutes and the improved 

heat dissipation within the rods. Using an individual rod, a PDMS-µDiamond extraction 
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based TD-GCMS method was developed and validated (R2>0.99, intra-day precision RSD 

~3.4-24.7%, and inter-day precision RSD ~5.2-9.3%). The method’s  limit of detection (LOD) 

values for ethyl hexanoate (0.6 µg L-1, ~117% lower), ethyl octanoate (0.1 µg L-1, ~400% lower), 

ethyl decanoate (0.4 µg L-1, ~25% lower), and phenethyl acetate (0.8 µg L-1, ~13% lower) were 

lower than that obtained with the commercial PDMS phase and TD-GCMS method, under 

identical analytical conditions. Application of the non-porous PDMS-µDiamond phase with 

TD-GCMS to white wine analysis was carried out to confirm suitability of the new sorptive 

phase when using a TDU. 

 

Chapter 5 includes concluding remarks and a summary of the thesis findings and 

provides a direction for future research, and discussion of potential future applications of the 

PDMS-µDiamond composite as a sorptive phase within various analytical devices.    

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

Acknowledgements 

 

I would like to express my heartfelt felicitation and sincere gratitude to my primary 

supervisor Professor Brett Paull for giving me an opportunity to be blessed with his 

knowledge and expertise. I am greatly indebted to my supervisor for his continuous 

encouragement and support from the beginning to the end of my PhD research. Professor 

Brett’s critical comments both on the experimental design and on the manuscripts effectively 

guided me to rethink about these aspects of the thesis, and greatly enriched my knowledge. 

 

I am also highly indebted to Professor Pavel Nesterenko for providing effective 

guidance and suggestions during the experiment, and also for giving me hands-on training 

on apparatus for material characterisation within ACROSS, UTAS. 

 

I would like to convey my sincere gratitude to my co-supervisors Dr. Trevor W. Lewis, 

Dr. Robert Shellie for sharing their knowledge and for extending their kind and fruitful 

guidance during conducting my research experiments. 

 

I am thankful to my industry supervisors Dr. Hans-Jürgen Wirth and Dr. Andrew 

Gooley for their effective guidance and for providing logistic support while performing 

experiments at Trajan Scientific and Medical, Ringwood, Victoria, Australia. 

 

If I say thank you to my wife Dr. Farzana Yasmin and to my daughter Chowdhury 

Farihat Shasmeen Waaqia is not enough. Without their love and support I wouldn’t be able 

to reach at this stage of my PhD. Thanks to my mother and father for their sincere prayers and 

also for allowing me to go overseas to do PhD and patiently waiting in Bangladesh for my 



xi 
 

arrival. I love you Mom and Dad for the sacrifices you made during these four years of my 

PhD journey. Thanks are due to my siblings, relatives, and my father-in-law and mother-in-

law for their sincere prayers and continuous support during my PhD. 

 

My sincere thanks go to the following persons who provided effective suggestions 

during the lab experiments: Mr. Murray Frith, Ms Trish McKay, Dr. Petre Smejkal, Professor 

Alireza Ghiasvand, Dr. Natoiya Lloyd, Dr. Vipul Gupta, Dr. Laura Tedone, Dr. Masoomeh 

Tehrani Rokh, Dr. Umme Kulsoom, Ms Sidra Waheed, Mr. Mohammad Rahbar, Dr. 

Konstantinos Kouremenos, Mr. David Melville, and Dr. Jason Hon. I would also like to thank 

all my colleagues and friends in ACROSS, ASTech, and Trajan Scientific and Medical. 

 

I would like to acknowledge the Australian Research Council (ARC) for funding this 

project (grant ID IC140100022) and the ARC Training Centre for Portable Analytical 

Separation Technologies (ASTech), University of Tasmania (UTAS), for awarding a 

prestigious living allowance scholarship. I would also like to acknowledge the following 

organizations and institutes for providing lab facilities and logistic supports: Australian 

Centre for Research on Separation Science (ACROSS), UTAS, ASTech, UTAS, Central Science 

Laboratory (CSL), UTAS, University of Wollongong, Metabolomics Australia (South Australia 

node), the Australian Wine Research Institute (AWRI), and Trajan Scientific and Medical.  

 

 

 

 

 

 

 

 



xii 
 

Table of Contents 

 

Declaration ii 

Statement of co-authorship iii 

List of publications and Presentations from this Thesis iv 

Abstract vii 

Acknowledgments x 

List of Figures xvii 

List of Tables xxiv 

List of Abbreviations xxvi 

Preface 1 

Chapter 1 Recent Advances in Stir Bar Sorptive Extraction: Surface Coatings, 

Automation, and Applications 

4 

Abstract 5 

1.1. Introduction 6 

1.2. Novel Coatings for SBSE and their Applications 10 

1.2.1. Coatings Prepared by using Adhesion Techniques 10 

1.2.1.1. Adhesion Techniques 10 

1.2.1.2. Advantages and Disadvantages of the Adhesion Techniques 11 

1.2.1.3. Stability of the Coatings Prepared by the Physical Adhesion Technique 12 

1.2.1.4. Stability of the Coatings Prepared by the Chemical Adhesion Technique 13 

1.2.1.5. Selectivity and Application of the Immobilised Materials 14 

1.2.1.5.1. Nanocarbon Materials 14 

1.2.1.5.2. Metal Organic Frameworks 15 

1.2.1.5.3. Monoliths 15 



xiii 
 

1.2.1.5.4. Nanoparticles 16 

1.2.2. Coatings Prepared by Molecular Imprinting Technology 17 

1.2.2.1. Preparation Technique 17 

1.2.2.2. Advantages and Disadvantages 18 

1.2.2.3. Stability of Immobilised Molecularly Imprinting Polymers 19 

1.2.2.4. Selectivity and Applications 20 

1.2.2.4.1. Imprinting Templates within Monoliths 21 

1.2.2.4.2. Imprinting Templates within Monoliths-nanoparticles 22 

1.2.2.4.3. Imprinting Templates within Monoliths-nanocarbon Materials 23 

1.2.3. Coatings Based on Sol-gel Methods 25 

1.2.3.1. Preparation Method 25 

1.2.3.2. Advantages and Disadvantages 26 

1.2.3.3. Stability of Immobilised Materials 27 

1.2.3.4. Selectivity and Applications 29 

1.2.3.4.1. Ionic Liquids 29 

1.2.3.4.2. Metal Organic Frameworks 29 

1.2.3.4.3. Nanocarbon and Polymeric Materials 30 

1.2.3.4.4. Nanoparticles 32 

1.2.4. Polymer Monoliths Coatings 33 

1.2.4.1. Preparation Method 33 

1.2.4.2. Advantages and Disadvantages of the Monolithic Coatings Preparation Method 33 

1.2.4.3. Stability of the Immobilised Materials 35 

1.2.4.4. Selectivity and Applications of SBSE with Polymer Monoliths Coatings 37 

1.2.4.4.1. Polar Monoliths as Coating Materials 37 

1.2.4.4.2. Combination of MOFs and Monoliths as Coating 38 



xiv 
 

1.2.5. Coatings Prepared by Solvent Exchange Technique 40 

1.2.5.1. Preparation Technique 40 

1.2.5.2. Advantages and Disadvantages 40 

1.2.5.3. Stability of Immobilised Materials 40 

1.2.5.4. Selectivity and Applications 41 

1.2.5.4.1. Nanocarbon and Inorganic Materials 41 

1.3. Structural Modification and Automation of SBSE 42 

1.4. Conclusions 43 

References 53 

Chapter 2 Development of Polydimethylsiloxane-microdiamond Composite Materials 

for Application as Sorptive Devices 

65 

Abstract 66 

2.1. Introduction 67 

2.2. Materials and Methods 69 

2.2.1. Reagents and Supplies 69 

2.2.2. Instrumentation 70 

2.2.3. Preparation of the Composite Rods 71 

2.2.3.1. Purification of the Rods 72 

2.2.4. Swelling Ratio of the Rods 73 

2.2.5. Sorptive Extraction Procedure 73 

2.2.6. Liquid Desorption of the Sorptive Rods 74 

2.2.7. GC-FID Analysis 74 

2.2.8. Method Validation 75 

2.3. Results and Discussion 76 

2.3.1. Preparation of the PDMS-µDiamond Composites 76 



xv 
 

2.3.1.1. Purification of the PDMS-µDiamond Composites 79 

2.3.2. Morphology of the PDMS-µDiamond Composites 79 

2.3.3. Effect of Microdiamond Content on Properties of the Composites 81 

2.3.4. Optimisation of Liquid Desorption Solvents 84 

2.3.5. Validation of the PDMS-µDiamond-LD-GC-FID Method 85 

2.3.6. Application of the PDMS-µDiamond-LD-GC-FID Method 88 

2.4. Conclusions 93 

References 94 

Chapter 3 Development of a Rapid and a Solvent-free Method for Siloxane Bleeding 

Removal from Polydimethylsiloxane-microdiamond Composites 

98 

Abstract 99 

3.1. Introduction 100 

3.2. Materials and Methods 102 

3.2.1. Reagents and Supplies 102 

3.2.2. Instrumentation 103 

3.2.3. Preparation of the PDMS-µDiamond Composite 103 

3.2.4. Solvent and Thermal Purification of the PDMS-μDiamond Composites 104 

3.2.5. Investigation of Siloxane Bleeding Profile of the Composite by GC-FID 104 

3.3. Results and Discussion 107 

3.3.1. Siloxane Bleeding Removal from the PDMS-µDiamond Composites 107 

3.3.1.1. Solvent Treatment of the PDMS-µDiamond Composite Rods 107 

3.3.1.2. Thermal Treatment of the Solvent-treated Composite Rods 112 

3.3.1.3. Direct Thermal Treatment of the Composite Rods 113 

3.3.2. Identification of Compounds Released from the Composite Rods 117 

3.4. Conclusions 117 



xvi 
 

References 125 

Chapter 4 First Demonstration of the Polydimethylsiloxane-microdiamond 

Composites with Thermal Desorption-GCMS 

127 

Abstract 128 

4.1. Introduction 130 

4.2. Materials and Methods 132 

4.2.1. Reagents and Supplies 132 

4.2.2. Instrumentation 133 

4.2.3. Preparation and Purification of thePDMS-μDiamond Rods 133 

4.2.4. Sorptive Extraction Procedure 134 

4.2.5. Thermal Desorption of PDMS-μDiamond rods 135 

4.2.6. GCMS Analysis 136 

4.2.7. Method Validation 137 

4.3. Results and Discussion 137 

4.3.1. TD-GCMS Reproducibility 137 

4.3.2. Optimisation of Thermal Desorption Time 138 

4.3.3. Validation of the PDMS-µDiamond-TD-GCMS Method 139 

4.3.4. PDMS-µDiamond-TD-GCMS Method Application to White Wine 143 

4.4. Conclusions 144 

References 149 

Chapter 5 Final Conclusions and Future Directions 152 

5.1. Final Conclusions and Future Directions 153 

Appendix A2 156 

Appendix A3 173  

 

 



xvii 
 

 

List of Figures 

 

Figure 1.1. Research articles on SB coatings, (a) no of paper published during 2014-

2018, (b) distribution (%) of coating technology used for preparing the SB coatings …… 

 

8 

Figure 1.2. Adhesion technique for preparing SB coatings……………………………… 11 

Figure 1.3. Graphs showing (a) selectivity of aptamer-MOFs SB coating to PCB72 and 

PCB106 compared to other structurally similar compounds (PCB28, PCB52, and 

PCB101) and reference compounds (chlorobenzene and parathion-methyl) and (b) 

comparison of extraction efficiency of in-house Fe3O4/mTiO2/COFs coated SB 

prepared by adhesion technique with commercial PDMS phase. Adapted from [23] 

and [18], respectively………………………………………………………………………… 

 

 

 

 

 

17 

Figure 1.4. Showing steps in molecularly imprinting techniques for SB coatings…….. 18 

Figure 1.5. Graphs showing selectivity of (a) dual templated-monolith MIP coatings to 

nine FQs in meat, (b) magnetic nanoparticles-monolith coated MIP to clonazepam 

(CZP) herbal health foods, and (c) carboxyl graphene/polyluminol coated MIP to 

three estrogens (bisphenol A, hexoestrol, and diethylstilbestrol) in milk. Adapted from 

[16], [46], and [37], respectively……………………………………………. 

 

 

 

 

24 

Figure 1.6. Showing sol-gel method of preparing SB coatings. Adapted from [51]…… 26 

Figure 1.7. Showing physico-chemical features of SB coatings prepared by sol-gel 

technique, (a) thermal stability of MWCNTs-COOH/PDMS coated SB, (b) extended 

life time of PDMS/MIL-100(Fe) SB coating, demonstrating no apparent variation in 

the triazine extraction event after 50 complete extraction cycles. Adapted from [55] and 

[12], respectively. ……………………………………………………………………………... 

 

 

 

 

28 

Figure 1.8. Graph showing selectivity of PDMS/CTFs sol-gel SB coating to phenolic 

compounds in environmental water samples and comparison of extraction efficiency 

 

 



xviii 
 

with commercial PDMS and PEG phases. Adapted from [5]. 

…………………………………………………………………………...................................... 

 

34 

Figure 1.9. Technique involving monoliths for preparing SB coatings. Adapted from 

[51]. ……………………………………………………………………………………………. 

 

35 

Figure 1.10. Graph showing higher selectivity (in terms of higher peak area) of poly(VI-

EGDMA) monolithic coating to PFAAs in environmental water than to commercial 

PDMS and PEG phases. Adapted from [8]. ………………………………………………... 

 

 

39 

Figure 1.11. Geometric modification of SBSE devices, (a) SSW/PEEK as substrate, (b) 

Anodised aluminium as substrate, (c) magnet as substrate, (d) & (e) dumbbell shaped 

SB, and (f) PTFE membrane protected SB device. 1 = PEEK/SSW, 2 = coating, 3 = 

magnet, 4 = porous anodised substrate, 5 = dumbbell shape glass extension to avoid 

friction between coating and the sample vial, 6 = silicone wheel, 7 = glass jacket, 8 = 

membrane sealing, 9 = PTFE membrane for the protection of coating. Adapted from 

[25], [34], [65], [31], [37], and [33], respectively. …………………………………………… 

 

 

 

 

 

 

43 

Figure 2.1. Rod shape non-porous and porous PDMS-μDiamond composites along 

with their microscopic images, (a) Non-porous PDMS without μDiamond (sample 3) 

(b) non-porous PDMS-μDiamond (sample 4), (c) porous PDMS-μDiamond large salt 

particles (sample 9) (d) porous PDMS-μDiamond small salt particles (sample 11), (e) 

non-porous PDMS, (f) non-porous PDMS-μDiamond, (g) porous PDMS-μDiamond 

large salt particles, and (h) porous PDMS-μDiamond small salt particles. …………….. 

 

 

 

 

 

80 

Figure 2.2. Pore size distribution determined from the microscopic images of porous 

PDMS-μDiamond, (a) large salt particles and (b) small salt particles used as templates.  

 

81 

Figure 2.3. Structural stability test of rod shape composites, (a) porous PDMS-

μDiamond (sample 9), remained structurally robust even after several extraction-

desorption-reuse cycles, (b) porous PDMS (sample 10) without μDiamond, 

 

 

 



xix 
 

disintegrated following a single application cycle. [reuse preceded thermal 

conditioning at 280 °C for 30 min in a helium flow (2.5 mL min-1)]. ……………………. 

 

82 

Figure 2.4. Thermal degradation of PDMS-μDiamond composites (35.7 wt.% 

μDiamond): (a) TG curves, (b) DTG curves [(i) = PDMS-μDiamond in N2, (ii) = PDMS 

in N2, (iii) = PDMS-μDiamond in air, (iv) = PDMS in air] ……………………………….. 

 

 

84 

Figure 2.5. MeOH used as desorption solvent for the test solutes from the commercial 

PDMS phase and non-porous PDMS-μDiamond rods. [Sample volume 5 mL, 

extraction time 60 min, shaking speed 200 rpm, volume of liquid desorption solvent 1 

mL, ultrasonic assisted desorption time 15 min at room temperature; IA = isoamyl 

acetate, EH = ethyl hexanoate, EO = ethyl octanoate, ED = ethyl decanoate, PA = 

phenethyl acetate] .…………………………………………………………………………… 

 

 

 

 

 

87 

Figure 2.6. Mean percentage recovery of test solutes from synthetic wine sample using 

commercial PDMS phase, NP, POL, and POS. [Sample volume 5 mL, extraction time 

60 min, shaking speed 200 rpm, volume of liquid desorption solvent (MeOH) 1 mL, 

ultrasonic assisted desorption time 15 min at room temperature; IA = isoamyl acetate, 

EH = ethyl hexanoate, EO = ethyl octanoate, ED = ethyl decanoate, PA = phenethyl 

acetate] ………………………………………………………………………………………… 

 

 

 

 

 

91 

Figure 2.7. Comparison of mean relative peak area of test solutes from white wine 

sample between the composite rods and the commercial PDMS phase. [Sample 

volume 5 mL, extraction time 60 min, shaking speed 200 rpm, volume of liquid 

desorption solvent (MeOH) 1 mL, ultrasonic assisted desorption time 15 min at room 

temperature; IA = isoamyl acetate, EH = ethyl hexanoate, EO = ethyl octanoate, ED = 

ethyl decanoate, PA = phenethyl acetate] …………………………………………………... 

 

 

 

 

 

92 

Figure 3.1. PDMS sorptive phases with/without µDiamond used both for solvent 

washing and thermal purification followed by investigation of siloxane bleeding by 

 

 



xx 
 

GC-FID (a) non-porous PDMS rod, (b) non-porous PDMS-µDiamond rod, (c) porous 

PDMS-µDiamond rod, and (d) commercial PDMS phase. ………………………………... 

 

105 

Figure 3.2a. GC-FID chromatograms of non-porous PDMS-µDiamond composite 

bleeding at 200 °C [(i) = control, (ii), (iii), & (iv) three individual non-porous PDMS-

µDiamond rods after purification, (v) non-porous PDMS-µDiamond rod without 

purification]. …………………………………………………………………………………... 

 

 

 

109 

Figure 3.2b. GC-FID chromatograms of non-porous PDMS-µDiamond composite 

bleeding at 250 ° C [(i) = control, (ii), (iii), & (iv) three individual non-porous PDMS-

µDiamond rods after purification, (v) non-porous PDMS-µDiamond rod without 

purification]. ………………………………………………………………………………….. 

 

 

 

110 

Figure 3.2c. GC-FID chromatograms of non-porous PDMS-µDiamond composite 

bleeding at 300 ° C [(i) = control, (ii), (iii), & (iv) three individual non-porous PDMS-

µDiamond rods after purification, (v) non-porous PDMS-µDiamond rod without 

purification]. …………………………………………………………………………………... 

 

 

 

111 

Figure 3.3a. GC-FID chromatograms of porous PDMS-µDiamond bleeding at 200 °C 

[(i) = control, (ii), (iii), &(iv) three individual porous PDMS-µDiamond rods after 

purification, (v) porous PDMS-µDiamond rod without purification]. …………………... 

 

 

114 

Figure 3.3b. GC-FID chromatograms of porous PDMS-µDiamond bleeding at 250 ° C 

[(i) = control, (ii), (iii), & (iv) three individual porous PDMS-µDiamond rods after 

purification, (v) porous PDMS-µDiamond rod without purification]. …………………... 

 

 

115 

Figure 3.3c. GC-FID chromatograms of porous PDMS-µDiamond bleeding at 300 ° C 

[(i) = control, (ii), (iii), & (iv) three individual porous PDMS-µDiamond rods after 

purification, (v) porous PDMS-µDiamond rod without purification]. …………………... 

 

 

116 

Figure 3.4a. GC-FID chromatograms of non-porous PDMS-µDiamond composite 

bleeding at 300 °C [(i) = control, (ii), (iii), & (iv) three individual non-porous PDMS-

 

 



xxi 
 

µDiamond rods after washing with toluene and then thermal conditioning]. ………… 118 

Figure 3.4b. GC-FID chromatograms of porous PDMS-µDiamond composite rod 

bleeding at 300 °C [(i) = control, (ii), (iii), & (iv) three individual porous PDMS-

µDiamond rods after washing with toluene and then thermal conditioning]. ………… 

 

 

119 

Figure 3.5. GC-FID chromatograms of non-porous PDMS-µDiamond bleeding at 330 

°C following Soxhlet extraction in toluene for 72 h and thermal purification at 350 °C 

for 12 h in a helium flow (2.5 mL min-1) [(i) control at 330 °C, (ii), (iii), & (iv) three 

individual non-porous PDMS-µDiamond rods at 330 °C]. ………………………………. 

 

 

 

120 

Figure 3.6. GC-FID chromatograms of PDMS-μDiamond bleeding at 350 °C after 

washing with toluene and thermal conditioning [(i) = control, (ii) non-porous PDMS-

μDiamond rod (iii) porous PDMS-μDiamond rod (iv) commercial PDMS phase 

(Length x film thickness 10 mm x 1 mm) without washing in toluene and thermal 

conditioning]. …………………………………………………………………………………. 

 

 

 

 

122 

Figure 3.7a. GC-FID chromatograms of non-porous PDMS-μDiamond composite 

bleeding at 350 °C following direct thermal purification of the rods at 350 °C for 12 h 

in a helium flow (2.5 mL min-1) after curing [(i) = control, (ii), (iii), & (iv) three 

individual non-porous PDMS-μDiamond rods. …………………………………………. 

 

 

 

123 

Figure 3.7b. GC-FID chromatograms of porous PDMS-μDiamond composite bleeding 

at 350 °C following direct thermal purification of the rods at 350 °C for 12 h in a helium 

flow (2.5 mL min-1) after curing [(i) = control, (ii), (iii), & (iv) three individual porous 

PDMS-μDiamond rods. ……………………………………………………………………… 

 

 

 

124 

Figure 4.1. Sorptive phases and thermal desorption apparatus (a) non-porous PDMS-

µDiamond rod (b) commercial PDMS phase, (c) thermal desorption tube (d) thermal 

desorption unit. ………………………………………………………………………………. 

 

 

135 

Figure 4.2. Sorptive phase-thermal desorption (TD)-GC-MS method development  



xxii 
 

experiment, (a) instrument reproducibility test using a commercial PDMS phase, and 

(b)-(f) optimisation of TD time for the analysis of the test solutes in synthetic wine 

sample using non-porous PDMS- µDiamond rod (red line with diamond symbol) and 

commercial PDMS phase (black line with circle symbol) followed by GC-MS  [Sample 

volume 5 mL, extraction time 60 min, shaking speed 200 rpm, TD temperature 200 °C, 

cryofocusing temperature -10 °C]. ………………………………………………………….. 

 

 

 

 

 

139 

Figure 4.3. Mean percentage recovery of the test solutes from spiked white wine 

sample using the non-porous PDMS- µDiamond rod and the commercial PDMS phase 

followed by TD-GCMS analysis [Sample volume 5 mL, extraction time 60 min, shaking 

speed 200 rpm, TD temperature 200 °C, TD time 5 min, cryofocusing temperature -10 

°C]. ……………………………………………………………………………………………... 

 

 

 

 

141 

Figure 4.4. Comparison of mean relative peak area of the test solutes from white wine 

samples analysed by the non-porous PDMS- µDiamond rod and the commercial 

PDMS phase followed by TD-GCMS. [Sample volume 5 mL, extraction time 60 min, 

shaking speed 200 rpm, TD temperature 200 °C, TD time 5 min, cryofocusing 

temperature -10 °C]. ………………………………………………………………………….. 

 

 

 

 

145 

Figure 4.5. Chromatograms showing signal intensity of the test solutes in white wine 

samples analysed by non-porous PDMS-μDiamond rod coupling to TD-GCMS. [(i) 

non-porous PDMS-μDiamond rod blank, (ii) non-porous PDMS-μDiamond rod in 

non-spiked synthetic wine sample, (iii) non-porous PDMS-μDiamond rod in white 

wine sample, (iv) commercial PDMS phase blank, (v) commercial PDMS phase in non-

spiked synthetic wine sample, and (vi) commercial PDMS phase in white wine sample;  

1 = isoamyl acetate, 2 = ethyl hexanoate, 3 = internal standard, 4 = ethyl octanoate, 5 = 

ethyl decanoate, 6 = phenethyl acetate; Sample volume 5 mL, extraction time 60 min, 

shaking speed 200 rpm, TD temperature 200 °C, TD time 5 min, cryofocusing 

 

 

 

 

 

 

 

 

 



xxiii 
 

temperature -10 °C]. ………………………………………………………………………….. 146 

Figure 4.6. Chromatograms showing signal intensity of non-spiked synthetic wine 

samples analysed by PDMS-μDiamond rod coupling to TD-GCMS. [(i) non-porous 

PDMS-μDiamond rod, (ii) porous PDMS-μDiamond rod (iii) commercial PDMS 

phase; sample volume 5 mL, extraction time 60 min, shaking speed 200 rpm, TD 

temperature 280 °C, TD time 5 min, cryofocusing temperature -10 °C]. ………………... 

 

 

 

 

147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxiv 
 

List of Tables 

Table 1.1. Reviews on SBSE published in the last five years (2014-2018). ……………… 9 

Table 1.2. Development of new coatings for SBSE over the last five years (2014–2018).  45 

Table 2.1. Composition of porous and non-porous PDMS composites with and 

without microdiamond (μDiamond). ……………………………………………………… 

 

78 

Table 2.2. Calibration parameters, LOD, and LOQ of the test solutes in synthetic wine 

sample analysed by all the PDMS-μDiamond composite rods and a commercially 

available PDMS phase followed by GC-FID. ……………………………………………… 

 

 

86 

Table 2.3. Chemical structure and properties of the tested solutes. …………………….. 89 

Table 2.4. Comparison of the non-porous and porous rods results with those obtained 

by commercial PDMS phase and the previous studies of the test solutes amount in 

white wine samples. …………………………………………………………………………. 

 

 

90 

Table 3.1. Composition of Sylgard® 184 PDMS [2]. ………………………………………. 103 

Table 3.2. Experimental parameters used for investigating bleeding profile of PDMS-

µDiamond composites. ……………………………………………………………………… 

 

106 

Table 3.3. List of compounds released from the PDMS-μDiamond composites rod and 

seen in the GC-MS chromatograms obtained at three different bleeding profile 

temperature (200 °C, 250 °C, and 300 °C). ………………………………………………… 

 

 

121 

Table 4.1. Physico-chemical properties of microdiamond compared to other fillers for 

polymers [6, 19]. ……………………………………………………………………………… 

 

131 

Table 4.2. Calibration parameters, LOD, and LOQ of the test solutes in wine sample 

analysed by the non-porous PDMS-µDiamond rod and a commercial PDMS phase 

followed by TD-GCMS. ……………………………………………………………………… 

 

 

142 

Table 4.3. Comparison of the mean (n = 3) concentration of the solutes in white wine 

samples analysed by the non-porous PDMS-µDiamond rod and the commercial 

 

 



xxv 
 

PDMS phase followed by TD-GCMS. ……………………………………………………… 148 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxvi 
 

List of Abbreviations 

Acronym Description 

ABA Abscisic acid  

ACN Acetonitrile 

ACROSS Australian Centre for Research on Separation Science 

ARC Australian Research Council 

ASTech ARC Training Centre for Portable Analytical Separation Technologies 

AT Adhesion techniques  

CAT Chemical adhesion techniques  

CIS4 Cooling injection system 4 

COFs Covalent organic frameworks  

CTAB Cetyltrimethylammonium bromide 

DAD Diode-array detector 

DCM Dichloromethane 

DEAEM 2-diethyl aminoethyl methacrylates 

DEDA Diethylene glycol diacrylate 

DLLME Dispersive liquid-liquid microextraction  

DMAEM 2-dimethyl aminoethyl methacrylates 

DMF Dimethyl formamide 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DND Detonation nanodiamond 

EDMA Ethylene glycol dimethacrylate 

EtOH Ethyl alcohol 

FID Flame ionisation detector 



xxvii 
 

FI-FAAS Flow injection flame atomic absorption spectrometry 

FLD Fluorescence detector 

FPD Flame photometric detection 

FQs Fluoroquinolones 

GC Gas chromatography 

GO Graphene oxide  

HEMA 2-hydroxyethyl methyacrylate 

HPLC High pressure liquid chromatography 

HS Headspace 

IAA Indole-3-acetic acid 

IL Ionic liquid 

LD Liquid desorption 

LLE Liquid-liquid extraction  

LPME Liquid phase microextraction  

LVI Large volume injection 

MeOH Methanol 

MIL Materials of Institute Lavoisier 

MIP Molecularly imprinted polymers  

MIT Molecular imprinting technology  

MMA Methyl ether methacrylate 

MMT Montmorillonite 

MOFs Metal organic frameworks  

MPS Multipurpose sampler 

MS Mass spectrometry 

MSD Mass selective detector 



xxviii 
 

MWCNTs Multi-walled carbon nanotubes 

NCD-IMS Negative corona discharge-ion mobility spectrometry 

NIST National Institute of Standards and Technology 

NSAIDs Non-steroidal anti-inflammatory drugs  

PANI Polyaniline 

PAT Physical adhesion techniques  

PCBs Polychlorinated biphenyls  

PCT Patent cooperation treaty 

PDDA Poly(diallyldimethylammonium) 

PDMS Polydimethylsiloxane  

PEEK Polyether ether ketone 

PEG Polyethylene glycol 

PEGMA poly(ethylene glycol) monomethyacrylate 

PETRA Pentaerythritol triacrylate 

PFAAs Perfluoroalkyl acids 

PGD-IMS Pulse glow discharge-ion mobility spectrometry 

PMA Polymethacrylate 

PTFE Polytetrafluoroethylene 

PTV Programmed temperature vaporisation 

PVC Poly(vinylchloride) 

RNA Ribonucleic acid 

SA Salicylic acid 

SB Stir bar 

SBSE Stir bar sorptive extraction  

SDLLME Single drop liquid-liquid microextraction  



xxix 
 

SDS Sodium dodecyl sulfate 

SEM Scanning electron microscope 

SPE Solid phase extraction 

SPME Solid phase microextraction 

SSW Stainless steel 

TC Thermal conductivity 

TD Thermal desorption 

TDU Thermal desorption unit 

TGA Thermogravimetric analysis 

UMA Urethane methacrylate 

UPW Ultra pure water 

UV Ultra violet 

VPD Poly(vinylpyrrolidone) 

 



1 
 

Preface 

 

Due to the complex nature of real samples and sometimes the presence of trace or 

ultra-trace level of solutes within such samples, extraction and preconcentration are 

considered to be the important steps before analysing the samples by some of the current 

separation technologies, for example, gas chromatography (GC), high-performance liquid 

chromatography (HPLC) etc. [1-3]. Polydimethylsiloxane (PDMS) is one of the commonly 

used phases for extraction and preconcentration because of its several favourable physico-

chemical properties, namely, biocompatibility, high solubility in non-polar organic solvents 

(e.g. n-pentane, n-hexane, toluene, isooctane etc.) and relatively low solubility in polar 

solvents (e.g. methanol, ethanol, acetonitrile etc.), high thermal stability, and polymerisation 

flexibility (possible to cast within multi-dimensional moulds resulting in different geometric 

shapes) [4, 5]. These properties present PDMS as widely used phase for the new generation of 

sorptive devices, for example, solid phase microextraction (SPME) and stir bar sorptive 

extraction (SBSE) [6]. 

 

However, PDMS possesses some less than ideal properties for such applications, for 

example, the selectivity of PDMS is limited to hydrophobic solutes [6]. This limited selectivity 

of PDMS has been a significant driving force behind exploring new sorptive phases for SBSE 

over the last five years (this is reviewed and addressed within the first chapter of this thesis). 

The literature reports that the common polymers utilised in such areas (e.g. PDMS) generally 

have low thermal conductivity (TC) (less than 1.0 W.m-1.K-1) [7, 8]. Low TC polymers as 

sorptive phases will have less heat dissipation across the bulk polymer [9]. Therefore, to 

enhance the TC of the polymer, it needs high TC filler particles [7], e.g. microdiamond 

(µDiamond) particles, which possess appropriate physico-chemical properties, namely, 
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exceptionally higher thermal conductivity (800-2300 W.m-1.K-1) and considerably lower linear 

thermal expansion (0.8 x 10-6) than other fillers (e.g. alumina, fused silica, polystyrene, and 

zinc oxide) [10]. These suggest µDiamond as a suitable filler, which forms homogeneous 

suspensions within PDMS, resulting in new PDMS-µDiamond composites. Porous polymers 

generally have high surface area [11], which enhances extraction efficiency [12]; but the 

porosity of PDMS collapses at high temperature (e.g. 280 °C). To overcome this problem, a 

filler particle is also necessary which can protect the PDMS’s porous structure (chapters 2 and 

3 cover most of these aspects in detail). 

 

One of the objectives of the current project was to develop a highly thermally 

conductive non-porous PDMS-µDiamond composite material for use as a sorbent. Another 

goal of the project related to the development of a porous, thermally stable and conductive as 

well as mechanically robust composite material. According to the literature, no previous 

studies have reported on a porous PDMS-µDiamond composite and used it as a sorbent. The 

third objective of this project was to utilise the high-TC properties of the PDMS-µDiamond 

composites by applying as sorbents within a thermal desorption unit (TDU) (this is evaluated 

and described in chapter 4). 
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Abstract 

 

Polydimethylsiloxane (PDMS) coated stir bar sorptive extraction (SBSE) is a 

solventless or minimised solvent 

consumption sample preparation 

method, which is typically more 

selective to hydrophobic solutes. This 

limited selectivity, together with the small range of commercially available SBSE coatings, 

has been a driving force behind a development of novel SBSE coatings with extended -

selectivity, particularly towards more polar solutes. Between 2014-2018, several novel SBSE 

coatings were produced and characterised, based upon various fabrication approaches, 

including (1) adhesion, (2) molecular imprinting, (3) immobilised sol-gels, (4) fabrication of 

monoliths, and (5) solvent exchange processes. These new SBSE coatings have been based on 

a range of carbon materials, functional polymers, metal organic frameworks (MOFs), and 

various inorganic nanoparticles. Most of these coating materials have exhibited high thermal 

and chemical stability and unique selectivity profiles, to extend the potential application of 

SBSE. This focused review critically evaluates the advances made over the past five years in 

this field, with specific attention paid to the novel materials and selectivity for extending the 

potential applications of SBSE. 
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1.1. Introduction 

 

Existing chromatographic methods (e.g. GC, HPLC etc.) often require sample 

preparation steps, necessary due to the complex matrices typical of ‘real’ samples, and the 

trace/ultra-trace amount of solutes sometimes present within such samples [1]. These 

sample preparation steps should ideally be robust and reliable, efficient, selective and 

environmentally friendly. Miniaturised and solventless, or ‘solvent minimised’ sample 

preparation and solute extraction techniques are today much preferred over traditional 

approaches (most notably conventional liquid-liquid extraction (LLE)). This is due to the 

many potential advantages of these new approaches, including small sample volume 

requirements, low or no solvent consumption, and enhanced solute selectivity and 

recoveries [2]. Examples of these new generations of techniques include liquid phase 

microextraction (LPME), dispersive liquid-liquid microextraction (DLLME), single drop 

liquid-liquid microextraction (SDLLME), solid phase microextraction (SPME), and stir bar 

sorptive extraction (SBSE) [3].  

 

Over the last few years, SBSE, introduced in 1999 by Baltussen et al. [4], has attracted 

great attention due to a number of significant advantages, including simplicity, relatively 

high sorption capacity and extraction efficiency, and system robustness. The use of SBSE 

allows development of analytical methods for a wide range of non-polar species (Log 

Kow>3.0) with extremely low limits of detection, down to sub nanogram per litre 

concentrations [3]. As a result, it has been employed in the analysis of a wide range of 

samples, including various environmental matrices [5], foodstuffs [6] and biological samples 

[7]. However, trace analysis of highly polar or hydrophilic solutes remains a challenging 

issue [2]. Currently, only three SBSE coatings are commercially available, namely 

polydimethylsiloxane (PDMS), poly(ethylene glycol) modified silicon, and polyacrylate, 
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each patented and commercialised by Gerstel [8, 9]. Considering the limited range of 

commercially available SBSE coatings, significant research effort has been directed to the 

development of novel coatings to expand the potential applications of the technique (Figure 

1.1a). These have typically been prepared using adhesion or solvent exchange techniques, or 

are based upon coatings of molecularly imprinted polymers (MIP), sol-gels, or monoliths 

(Figure 1.1b).  

 

 There have been a considerable number of review papers published over the past 

decade detailing a range of new approaches and materials for solute extraction, including 

many referring to, or entirely focused upon SBSE. For easy reference, these are 

chronologically listed within Table 1.1. However, since 2014 there have been no reviews 

specifically devoted to preparation and application of novel and selective SBSE coatings. 

Therefore, the aim of this review is to evaluate significant advances in SBSE coatings and 

material developments, along with related structural modifications, and the latest 

developments in automation of the SBSE technology, reported over the last five years (2014-

2018). The review also covers recent applications of new SBSE devices and the selectivity 

delivered from these novel coating materials. The physio-chemical details of the SBSE 

phases reviewed herein, and any applications explored are listed within Table 1.2, once 

again for reader easy reference. 
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Figure 1.1. Research articles on SB coatings, (a) no. of paper published during 

2014-2018, (b) distribution (%) of coating technology used for preparing the SB 

coatings. 
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Table 1.1. Reviews on SBSE published in the last five years (2014–2018). 

Year Focus Ref. 
2018 Two SBSE approaches to extend the polarity of PDMS phase [2] 
2018 Combination of conventional extraction technique with microextraction or 

microextraction technique with each other 
[71] 

2018 Solventless microextraction techniques: advantages, disadvantages, and application to 
water sample analysis 

[72] 

2018 Microextraction techniques and new silica-based sorbent materials for dietary 
polyphenols 

[73] 

2018 Fundamentals, recent developments, application of microextraction techniques to 
environmental water sample over the last five years 

[74] 

2017 Novel materials (graphene, magnetic materials, ILs, MIPs etc.) for biological sample 
preparation 

[75] 

2017 Preparation and functionalisation of ordered mesoporous silica and other sol-gel 
organic-inorganic hybrid silica materials: application to the analysis of xenobiotics in 
beverage and drinking water samples covering 2010-2016  

[76] 

2016 Automated and semi-automated extraction techniques applied to environmental sample 
for pesticide analysis by GC-MS 

[77] 

2016 Sorptive and liquid microextraction techniques for the analysis of musty odour 
compounds in water and wine 

[78] 

2015 Miniaturised SPE techniques: state-of-the-art and prospects for green analytical 
chemistry 

[79] 

2015 Progress of SBSE in the last 15 years: theory, application, limitation, alternative, and 
future trends 

[10] 

2015 Combining microextraction techniques with other sample pre-treatments: design and 
operational requirements, merits and demerits, current trends and prospects 

[80] 

2015 Novel materials (sol-gel, ILs, graphene and derivatives, restricted access materials, 
immunosorbents, MIPs etc.) for microextraction techniques: application 

[81] 

2014
  

Recent developments (2008-2013) of solid-phase sorbents (e.g. MIPs, carbon 
nanomaterials, metallic nanoparticles, and MOFs) for extracting pollutants from 
environmental, biological, food, and pharmaceuticals samples  

[82] 

2014 Extraction and GC techniques to determine sesquiterpenes in grapevine products (1980-
2013) 

[83] 

2014 SBSE developments (1999-2013): coating preparation, automated systems, new extraction 
modes, coupling with different analytical instruments, and application in food, 
environmental, and biological samples 

[20] 

2014 SBSE coatings (sol-gel and monolith): preparation and application to polar emerging 
organic contaminants 

[51] 

2014 SBSE: theory, application, new coating materials, and some outstanding issues (stir bar 
status control, conditioning, and stability of new coatings) 

[84] 
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1.2. Novel Coatings for SBSE and their Application 

 

In the last five years, several researchers have focused on developing in-house novel 

SBSE coatings using such techniques as adhesion, molecular imprinting, sol-gels, monoliths 

and solvent exchange. Using these techniques, significant advances have been made in 

terms of introducing new sorbent selectivity. Examples include nanocarbon materials and 

their incorporation into a polymer layer, the application of different functional monomers 

for preparation of outer layers, the use of metal organic frameworks (MOFs), template 

imprinting within polymers, and the attachment of inorganic particles. These are described 

in the following sections and listed in Table 1.2. 

 

1.2.1. Coatings Prepared using Adhesion Techniques 

 

1.2.1.1. Adhesion Techniques 

 

Adhesion techniques involve the immobilisation of composite materials on SB 

substrates, achieved via two approaches, namely (1) physical adhesion techniques (PAT), 

and (2) chemical adhesion techniques (CAT). The PAT may involve using suitable glue-like 

substances [20], magnetic association [18, 21], flame deposition method [22], or 

electrodeposition [23]. Conventionally, the PAT consist principally of two steps, these being 

(1) the formation of a preliminary adhesive film on the SB substrate, typically using a PDMS 

sol or other polymer/epoxy glue, and (2) the adhesion of particles (e.g. octadecylsilica) by 

rolling the coated SB back and forth in a culture dish shaken at 45° angle, followed by 

incubation and post-incubation treatments (Figure 1.2). On the other hand, CAT involves 

chemical modification of the substrates (e.g. PEEK, stainless steel etc.), followed by covalent 
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Figure 1.2. Adhesion technique for preparing SB coatings. 

 

immobilisation of the sorbent phase [18, 25-27]. 

 

 

 

 

 

 

 

 

 

 

 

1.2.1.2. Advantages and Disadvantages of the Adhesion Techniques 

 

The PAT is a simple and cost-effective approach of coating with complex materials. 

For example, immobilisation of magnetic MOFs composite material on the SB has been 

performed by magnetic adsorption, which is not only time saving but also easily 

manageable [21]. Moreover, using an n-hexane flame, carbon nanoparticles can be adhered 

to a commercial SB; this produces a cost-effective and robust device, capable of up to 60 

complete extraction cycles without losing extraction efficiency of polyaromatic 

hydrocarbons (PAHs) in aqueous samples [22]. Reproducible preparation of the coatings by 

PAT has generally been reported in all previous studies (Table 1.2). However, adhesion of 

C18 particles on the PDMS thin film by epoxy glue may compromise both the mechanical 

stability and the extraction efficiency of the resulting SB coating [20]. Using the CAT for 

preparing coatings for SB provides control over coating thickness along with high chemical 
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and physical stabilities [25, 26]. 

 

1.2.1.3. Stability of the Coatings Prepared by the Physical Adhesion Technique 

 

The lifetime of the octadecyl(C18)-silica particles coated SB [30], prepared by PAT, can 

be lower than that of ionic liquid (IL) coated SB prepared by the sol-gel technique [28]. The 

lifetime of another SB, dip-coated with a sublimate sorbent (cyclododecane), could be short 

and used only once [29], although the authors claimed that this had the advantage of 

averting carry over problems. Moreover, C18-silica and PANI/MWCNTs-OH 

(polyaniline/hydroxyl multi-walled carbon nanotubes) composite coated SBs, prepared by 

PAT, could be used more than 20 times [30-32]. The lifetime of the C18-silica coated SBs may 

be extended to more than 50 cycles when the coating is protected with PTFE membrane [33].  

Similarly, SBs coated with montmorillonite (MMT)/epoxy and ZIF-67 (zeolitic imidazole 

framework-67), could be used more than 50 times [34, 35]. On the other hand, MOF-5(Fe) 

coating is reported to be sufficiently stable to be employed for 60 extraction cycles, 

delivering more than 80% recovery of polychlorinated biphenyls (PCBs) in fish samples [21]. 

Recently, Wang et al. [18] reported a novel and a stable composite coating, consisting of 

magnetic mesoporous titanium dioxide and covalent organic frameworks (COFs), allowing 

more than 80 sorptive application cycles, indicating an extended lifetime and robustness of 

the coating. Thus, it appears that most of the coatings prepared by the PAT are structurally 

robust, although direct observation on thermal and chemical stabilities was only performed 

in a single study by Mao et al. [33]. In this study it was mentioned that C18 coating may peel 

off the SB because of the PDMS swelling when exposed to toluene. An indirect observation 

of thermal stability can also be found in the works of Cheng et al. [19], reporting that the 

husk derived and amino modified linear graphene nanocomposite coated SB is stable at 
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temperatures up to 300 °C.  

 

1.2.1.4. Stability of the Coatings Prepared by the Chemical Adhesion Technique 

 

Using the CAT, Zhang et al. [25] immobilised graphene oxide (GO) on 

polydopamine modified stainless steel wire (SSW) as a robust coating for SB. In this study, 

two functional groups of polydopamine effectively involve in such a robust coating: (1) 

catechol groups (1,2-dihydroxybenzene) of polydopamine covalently react with SSW, and 

(2) amine groups covalently react with the carboxyl and the epoxy groups of GO [25]. 

Consequently, no damage of the coating from SB even after conditioning at 300 °C for 2 h in 

a GC oven was observed, indicating high thermal stability of the coating, which was 

employed up to 50 times for successive extractions without remarkable loss of extraction 

efficiency [25]. Another CAT based study reports a GO-polydopamine based robust coating, 

which is stable even after soaking and continuous stirring both in water and in MeOH for 36 

h [27]. An interesting study by Lin and co-workers reports a structurally robust coating 

based on aptamer-MOFs, where MOFs were first electrically deposited on the SSW, which 

was later modified with aptamer using PDDA (poly(diallyldimethylammonium) chloride, a 

polycation) as a binding agent [23]. Following 15 extraction and desorption cycles, no 

significant variation in extraction efficiency was observed within 10 application cycles, 

claiming that the coating was robust, possessing strong interaction between MOFs and 

PDDA [23]. 
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1.2.1.5. Selectivity and Application of the Immobilised Materials 

 

In addition to selectivity, concurrent extraction of polar and apolar solutes [32] and 

the ability to control thickness of the extraction phase are two of the reasons behind 

exploring novel coatings using the adhesion technique. These include nanocarbon materials 

[19, 25, 27, 32], MOFs [21, 23, 24, 34], monoliths [30, 31, 33], polymer-inorganic particles [35], 

sublimate sorbents [29], immunoaffinity sorbents [26] and nanoparticles [18, 22]. These 

materials are used to extract pharmaceuticals, environmental pollutants and pesticides from 

environmental, food and beverage, and biological matrices (Table 1.2).  

 

1.2.1.5.1. Nanocarbon Materials 

 

The selectivity of GO coated SB to PAHs in soil and food samples [25] and to 

aflatoxins in soy milk [27] is due to the hydrophobic effect and π-π interactions. Similarly, 

the selectivity of PANI/MWCNTs-OH SB coating to target solutes is associated with 

hydrophobic interactions, π- π interactions and hydrogen bonds [32], providing better 

extraction efficiency of phenols, non-steroidal anti-inflammatory drugs (NSAIDs) and PCBs 

than the commercial PDMS phase (although the coating thickness of the in-house device was 

less than the commercial one). Hu and co-workers emphasised the need for such a novel 

coating to simultaneously and selectively extract both the polar and the apolar solutes from 

aqueous samples, which were otherwise not possible with the commercial SBSE phases [32]. 
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1.2.1.5.2. Metal Organic Frameworks 

 

The selectivity of aluminium-based (Al3+) MIL-68 (Materials of Institute Lavoisier-68) 

MOFs SB coating, relates to compatibility of size and shape between the solute and the 

sorbent along with coordination interaction towards the solutes (e.g. parabens) [24]. The 

ionic interaction between Fe3+ in MOF-5(Fe) SB coating and Cl of PCBs is responsible for a 

selective extraction of PCBs, delivering a method with higher recovery than other MOFs SB 

coatings investigated namely, MIL-101(Cr), MOF-5 (Zn), ZIF-8, and Fe3O4-MOF-5(Fe) [21]. In 

order to selectively extract PCB72 and PCB106 from fish sample, Lin and co-workers 

immobilised aptamer (a new class of single stranded DNA/RNA molecules) on Zn4O 

(BDC)3 (MOF-5; BDC 1,4 benezenedicarboxylate), showing that the signal intensity of PCB 

106, obtained after employing aptamer-MOF-5 SB coating, was ~1.2-2 times higher than that 

of the commercial fibres [23]. The authors further investigated the selectivity of the aptamer-

MOF-5 coating, showing that the recovery of PCB72 and PCB106 was significantly higher 

(~60%) than both the structurally similar PCB species (e.g. PCB28, PCB52, and PCB101) and 

the different interfering compounds (e.g. chlorobenzene and parathion-methyl) (Figure 1.3a) 

[23]. The selectivity of such a coating is linked to the aptamer’s unique conformal structures 

and its stable bond formation with the targets, providing increasing adsorption capacity 

because of its high amount of loading onto the large specific area associated with the MOF-5 

[23]. 

 

1.2.1.5.3. Monoliths 

 

The selectivity of the ion-pair-C18 SB coating to three acidic phytohormones, such as 

salicylic acid, indole-3-acetic acid, and abscisic acid in cucumbers and green bean sprouts, 
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takes place in two stages. First, it relates to the existence of electrostatic interactions between 

the cationic CTAB (cetyltrimethylammonium bromide) and the anionic target 

phytohormones. The ion-pairs, thus formed, interact with the C18 coated SB through 

hydrophobic effect in the second stage. In a comparative selectivity study, the PDMS coated 

SB’s inability to extract the phytohormones with or without CTAB further confirmed the 

selectivity of C18 coated SB to the targeted solutes. Therefore, the selectivity was enhanced 

with the combination of CTAB and C18 coated SB, which would otherwise not possible with 

PDMS coated SB [31]. 

 

1.2.1.5.4. Nanoparticles 

 

Size exclusion effect is another interesting extraction mechanism of a SB coating, 

consisting of COFs immobilised on Fe3O4 and mesoporous-TiO2 (m-TiO2) nanoparticles, in 

which COFs exclude macromolecules (especially benzopyrene) and m-TiO2 provides 

selectivity to PCBs. This integrated effect of the Fe3O4-mTiO2-COFs SB coating is closely 

associated with its higher extraction capacity of different PCBs in soils than the commercial 

PDMS phase (Figure 1.3b) [ 18]. 
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Figure 1.3. Graphs showing (a) selectivity of aptamer-MOFs SB coating to PCB72 and PCB106 

compared to other structurally similar compounds (PCB28, PCB52, and PCB101) and 

reference compounds (chlorobenzene and parathion-methyl) and (b) comparison of 

extraction efficiency of in-house Fe3O4/mTiO2/COFs coated SB prepared by adhesion 

technique with commercial PDMS phase. Adapted from [23] and [18], respectively. 

 

 

 

 

 

 

 

 

1.2.2. Coatings Prepared by Molecular Imprinting Technology  

 

1.2.2.1. Preparation Technique 

 

Molecular imprinting technology (MIT) involves the production of a porous 

polymeric material, containing template, which is removed from the prepared polymer layer 

to function as a selective adsorbent for a target molecule rather than other molecules with 

similar structures [20]; a polymer, thus produced, is commonly known as molecularly 

imprinted polymer (MIP). The procedure of coating a SB substrate by using MIT, which is 

usually termed as MIP-SB, is illustrated in Figure 1.4. More specifically, the MIT of MIP-SB is 

accomplished principally in three stages: (1) integration of a template molecule with a 

functional monomer by covalent or non-covalent chemical reactions, (2) copolymerisation 

(either thermal or photopolymerisation) of a monomer-template mixture with a cross-
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Figure 1.4. Showing steps in molecularly imprinting techniques for SB coatings. 

 

linking agent, and (3) removal of the template, giving rise to cavities, which are compatible 

in size, shape, and chemical functionality with the template [7, 36].  

 

 

 

 

 

 

 

 

 

 

 

 

1.2.2.2. Advantages and Disadvantages 

 

Over recent years, MIT has received considerable interest within the field of 

analytical chemistry, particularly in relation to SBSE. The MIP-SBs, prepared by this 

technology, possess several outstanding advantages, which include: prearranged selectivity, 

reproducible preparation, high chemical and structural stabilities, fast mass transfer and 

adsorption kinetics, long lifetime, simplicity and cost effectiveness in preparation [17, 37, 

38]. However, MIT does have some disadvantages. For example, according to some studies, 

the multiple polymerisation processes, which are often required to maximise adsorption 

capacity, may affect the efficiency of the MIP coating [39, 40]. Though 100% template 

removal may not be an easy task, some templates can be toxic and expensive, which requires 
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using dummy templates [41].  Furthermore, deep rooting of the remaining template 

molecules along with the binding sites in a thick MIP coating may be associated with 

template bleeding and reduction of adsorption kinetics [39, 40].  

 

1.2.2.3. Stability of Immobilised Molecularly Imprinting Polymers 

 

The investigations into the physico-chemical features of MIP-SBs potentially explain 

the effectiveness of the MIT in producing robust MIP coatings. Though no investigations 

over the last five years have specifically covered the thermal stability of MIP-SB coatings, 

several authors have looked into the chemical stability of MIP-SB coatings, which were 

exposed to different solvents (e.g. water, acid, base, ACN, acetone, benzene, chloroform, 

DCM, DMSO, n-hexane, MeOH and toluene) for different time periods (0.5–24 h) under 

stirring (300–400 rpm) and reported no cracking or flaking of the coatings in those solvents 

[42, 44, 48]. One such study, conducted by Fan et al., revealed no marked difference in 

extraction efficiency of propranolol with untreated and treated GO/MIP coated SBs in most 

of the solvents mentioned earlier, indicating resistance to those solvents [7]. Several studies 

substantiate the fact that the robust and the reproducible MIP-SBs can be prepared by using 

MIT [42, 43]. For example, Qiao and co-workers investigated the reproducibility of a 

magnetic-nanoparticles modified titanium dioxide molecularly imprinted film coated on a 

screen-printed electrode array. They employed this in aqueous solutions containing 

bisphenol A and diethylstilbestrol (50 mg L-1 each) and reported RSDs of less than 6% (n = 5) 

and less than 9% (n = 5) for array-to-array (bar-to-bar) and batch-to-batch, respectively [45]. 

Details of this are given in Table 1.2.  

 

The long lifetime of the MIP-SBs is another indication of robustness of the MIT. 
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Several studies indicated that the MIP-SBs could be used more than 20-50 times [7, 44, 45]. 

Xu et al. reported that following more than 50 uses, MIP-SB coatings could develop cracks 

induced by prolonged sonication. The same research group emphasised the robustness of 

MIT, observing no apparent difference in extraction efficiency of bisphenol A and estradiol 

after using the dual-templated MIP-SB for 1-50 times [44]. Likewise, no significant variation 

in extraction efficiency of propranolol was noted even after a complete cycle of extraction-

desorption-regeneration for more than 70 times in standard samples and more than 50 times 

in urine samples [7]. However, some studies reported that MIP-SBs could only be employed 

more than 3 times, mentioning no apparent reason for this [1, 47]. 

 

1.2.2.4. Selectivity and Applications 

 

The selectivity is one of the significant driving forces in directing researches on MIPs 

over the last five years focusing mostly on imprinting a wide range of templates within such 

materials as monoliths [1, 16, 17, 38, 42-44, 47-49], monolith/polymer-nanoparticles [36, 45, 

46, 50], and monolith/polymer-nanocarbon materials [7, 37]. The selectivity of MIPs to 

solutes is associated with either singular or the combination of several interactions, which 

include: (1) hydrogen bond [37, 45], (2) molecular size and stereo-shape [43], and (3) 

hydrophobic, charge effect, and dispersion forces [38]. The application of MIPs encompasses 

biological, environmental, and food samples, details of which along with the LOD values are 

presented in Table 1.2. The literature indicates that the MIPs can selectively sorb varieties of 

polar and non-polar solutes (e.g. pharmaceuticals, phenols, food flavours and herbicides).  
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1.2.2.4.1. Imprinting Templates within Monoliths 

 

The selectivity of MIPs may be influenced by polymer composition. For example, 

Gomez-Caballero et al. [49] report that the functional monomer (selection of which 

predominantly depends on the template molecular structure), can minimise non-specific 

binding of solutes (meaning increasing selectivity). Considering the weak acidity of 

glyphosate, 2-dimethyl aminoethyl methacrylate (DMAEM) (a weak base with pKa of 8.18) 

along with N-allylthiourea was chosen as functional monomers in one of the MIPs, 

providing higher imprinting factor (IF) (the ratio of responses MIP to non-imprinted 

polymer) than the MIP with 2-diethyl aminoethyl methacrylate (DEAEM) [49]. The higher IF 

indicates the higher selectivity, which means that the DMAEM imprinted MIP is more 

selective to glyphosate than the DEAEM. Similarly, the ratio of cross-linker to porogen in 

MIP-SB coatings plays a vital role in increasing the IF. For instance, of the three cross-linkers 

investigated, diethylene glycol diacrylate (DEDA) (Log P = 1.0), being polar, was initially 

expected to provide more binding sites for the MIP to the glyphosate in water media than 

the MIP with ethylene glycol dimethacrylate (EDMA) cross-linker (Log P = 1.9). Contrarily, 

EDMA along with 100% ACN (used as porogen) gave 3 times higher IF than DEDA. This is 

correlated with the higher cross-linking degree of MIPs due to EDMA, providing structural 

rigidity, which results in stronger recognition sites for glyphosate [49]. Over the last five 

years, researchers have focused not only on increasing selectivity of MIPs but also on 

finding alternative templates to toxic and expensive ones. For example, taking into account 

the toxicity of aflatoxin (a mycotoxin) (AF), a dummy template using 5,7-

dimethoxycoumarin, has successfully been imprinted in magnetic MIP-SB that provides 

acceptable binding capacity and selectivity to AFM1 in milk powder and AFB1, AFB2, AFG1, 

and AFG2 in cereal-based baby food [48]. Another advance in the research of MIP is the 
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introduction of double imprinting method [16, 44], for example, Yang et al. (2017) imprinted 

difloxacin (DIF) and ofloxacin (OFL) in a single SB to form a dual templated-SB, which was 

then applied to simultaneously and selectively extract nine fluoroquinolones (FQs) (Figure 

1.5a) from meat [16]. The authors observed that single templated SB (either OFL-SB or DIF-

SB) delivered a method with significant variation in recoveries of FQs, whereas, the 

combination of these two templates in a single SB consistently provided recoveries more 

than 75% for all the FQs. Moreover, the selectivity (in terms of imprinting factor) of DMIP-

SB to 9 FQs is comparable to either OFL-SB or DIF-SB. The selectivity of DMIP-SB is partly 

related to its homogenous and porous morphology, providing increasing binding sites for 

the nine FQs [16]. 

 

1.2.2.4.2. Imprinting Templates within Monoliths-nanoparticles 

 

Díaz-Álvarez and co-workers introduced a novel MIP coating for SBSE, consisting of 

a mixture of the template propazine, methacrylic acid, EDMA and magnetic nanoparticles 

(NPs) [36]. The NPs were introduced as fillers within the polymer to provide mechanical 

stability and magnetic properties to be used as SB [36]. The complimentary size and shape of 

the cavities between template molecule and triazine molecule provides high degree of 

selectivity, allowing a robust method (LOD 7.5 ng g-1) for the analysis of triazines in 

environmental samples [36]. To enhance selectivity of the MIP coating, Li and co-workers 

modified Fe3O4 NPs by silane coupling agent and diaminobenzoic acid to produce 

functional groups on the surface, which increases interaction with and provides more 

binding sites for template molecule clonazepam [46]. The selectivity of graft functional 

Fe3O4-NPs-MIP coating to clonazepam in herbal health foods is further confirmed by 

measuring the adsorption capacity, which is more than 6 times higher than the reference 
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compound medazolam (Figure 1.5b) [46]. The selectivity of vanillin templated MIP coating, 

consisting of Fe3O4-PANI NPs, is associated with the multiple interactions of PANI (e.g. 

hydrophobic, π-π interactions, and hydrogen bonding) with the target [50]. Introduction of 

Fe3O4 NPs within the network of coating increases the specific surface area of the MIP 

coating, leading to further enhancement of the selectivity to vanillin in infant milk. This is 

supported by a selectivity validation study, which reveals that the rebinding capacity of the 

coating to vanillin is approximately 2.3, 3.3, and 7.3 times that of ethyl maltol, methyl 

vanillin, bisphenol A (a reference compound), respectively [50]. 

 

1.2.2.4.3. Imprinting Templates within Monoliths-nanocarbon Materials 

 

Incorporation of GO within MIP pre-polymer solution could effectively improve the 

selectivity of the coating because of the high surface area and the rich oxygen-containing 

functional groups of GO [7]. This improved selectivity of the GO/MIP coating is also 

associated with the specific binding sites, imprinted by a propranolol template within the 

polymer [7]. To verify the selectivity of GO/MIP coating to the propranolol, the authors 

investigated the comparative extraction efficiency between NIP (non-imprinted polymer) 

and MIP with/without GO using six cardiovascular drugs (e.g. xylocaine, metoprolol, 

mexiletine, labetalol, carvedilol, and propafenone) as reference compounds. While no 

marked variation in extraction efficiency of propranolol compared to six cardiovascular 

drugs is observed for NIP and GO/NIP, it is more than 45% higher than the six reference 

compounds for MIPs (both MIP and GO/MIP). This clearly shows that the MIP coatings 

(both MIP and GO/MIP) are highly selective to propranolol, which is further supported by 

the selectivity factor for the target compound, estimated to be ~3 times higher than the six 

reference compounds [7]. With a view to reducing polymerisation time and controlling the 
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Figure 1.5. Graphs showing selectivity of (a) dual templated-monolith MIP coatings to nine 

FQs in meat, (b) magnetic nanoparticles-monolith coated MIP to clonazepam (CZP) herbal 

health foods, and (c) carboxyl graphene/polyluminol coated MIP to three estrogens (bisphenol 

A, hexoestrol, and diethylstilbestrol) in milk. Adapted from [16], [46], and [37], respectively. 

 

thickness of the coating, Liu et al. developed an electrochemically polymerised and carboxyl 

graphene supported MIP (CG/MIP) within which, the CG provides structural support and 

large surface area to MIP [37]. The selectivity of CG/MIP coating to three estrogens 

(bisphenol A, hexoestrol, and diethylstilbestrol) in milk samples relates to the hydrogen 

bond and the complimentary space imprinted by the template (bisphenol A) within the 

polymer (polyluminol). The authors investigated the selectivity of the CG/MIP coating to 

the targets, using ethynylestradiol as reference compound and phenol as structurally 

analogous to the template. The selectivity confirmation test of the coating revealed that the 

extraction efficiency of the targets was 60% and 70% higher than the analogous compound 

and the reference compound, respectively (Figure 1.5c), whereas no significant variation in 

extraction efficiency between the targets and the reference and structurally similar 

compounds was observed in case of NIP [37]. 
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1.2.3. Coatings Based on the Sol-gel Method 

 

1.2.3.1. Preparation Method 

 

The preparation of the first SBSE coating was performed by using the sol-gel 

technology, which literally, is the transformation of a liquid colloidal solution, termed a ‘sol’, 

into a solid matrix, known as a ‘gel’ [51, 52]. In this process, several reactions take place: (1) 

hydrolysis of the chemically active precursors, (2) polycondensation of the hydrolysed 

chemical products to form a growing inorganic sol-gel network, (3) incorporation of sol-gel 

active organic ligands into the growing inorganic sol-gel network, and (4) chemical bonding 

of the growing hybrid polymer network with the SBSE substrate, which is pre-treated with 

HCl/NaOH to create superficial silanol groups [51, 52]. The steps involve in surface 

modification of SB using this technology are shown in Figure 1.6, where 

methyltrimethoxysilane and hydroxy-terminated PDMS serve as the precursor and the 

organic ligand, respectively [52]. 
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Figure 1.6. Showing sol-gel method of preparing SB coatings. Adapted from [51]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.3.2. Advantages and Disadvantages 

 

The sol-gel technique is frequently chosen over other conventional SB coating 

processes because of its important advantages, which include: (1) firm attachment of the 

coating material to the surface of the SB due to the chemical bond providing high thermal 

and chemical stability, (2) porous coating with high surface area, enabling high extraction 

efficiency, and (3) flexibility in modifying the composition of the coating, giving different 

selectivity [53, 54]. However, some authors assume that the sol-gel coatings, which are 
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mostly based on non-polar PDMS, may be less selective to polar solutes. Surface pre-

treatment of the SB may also be laborious [51]. 

 

1.2.3.3. Stability of Immobilised Materials 

 

The sol-gel technology is effective for the preparation of porous SBSE coatings 

having better physico-chemical characteristics, for example, higher thermal and chemical 

stability. One study shows that the thermal (up to 360 °C), chemical and physical stabilities 

of a novel sol-gel material coated with imidazolium based ionic liquids (ILs) are higher than 

a C18 coating obtained using the adhesion technique [28]. The study further indicates that the 

application of C18 coating is limited to a pH range of 2–8 and temperatures below 230 °C 

[28]. Sol-gel coatings, comprising MOFs, substantially improve resistance of the SB to high 

thermal treatment (stable up to 280 °C) and organic solvents [13, 56]. In another study by 

Fan et al. [15], it is reported that the thermal stability of GO/polyethylene glycol (PEG) 

composite coatings (up to 375 °C) is significantly higher than the PEG coating alone (up to 

200 °C). Moreover, 24 h of solvent treatment of five GO/PEG composite coated SBs (e.g. 

soaking in HCl, NaOH, toluene, acetone and MeOH, followed by cleaning with ultra pure 

water) shows no significant variation in extraction efficiencies of five target FQs compared 

to devices without solvent treatment, indicating resistance to the solvents investigated [15]. 

Similarly, only small variations in peak intensity of triazines was noted even after thermally 

treating the carboxylic multi-walled carbon nanotubes (MWCNTs-COOH)/PDMS coated 

SBs at 350 °C for 3 h (Figure 1.7a), demonstrating outstanding thermal stability of the SB 

[55]. From the above discussion, it is evident that SB coatings of high thermal stability and 

solvent resistance can be obtained with the sol-gel technique, giving SB coatings with an 

extended lifetime. 
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Figure 1.7. Showing physico-chemical features of SB coatings prepared by sol-gel technique, 

(a) thermal stability of MWCNTs-COOH/PDMS coated SB, (b) extended life time of 

PDMS/MIL-100(Fe) SB coating, demonstrating no apparent variation in the triazine 

extraction event after 50 complete extraction cycles. Adapted from [55] and [12], 

respectively. 

Fan and co-workers showed that the C18 coated SB (prepared by the adhesion 

method) could be used fewer than 20 times, remarkably shorter than the IL-coated SB (more 

than 50 times) obtained by the sol-gel method [28]. Following more than 50 complete 

extraction and desorption cycles, no remarkable change in the extraction efficiency of the 

SBs, coated with PDMS/MOFs [12, 13, 56], GO/PEG [15], PANI/α-CD (α-cyclodextrin) [14] 

and PDMS/CTFs (covalent triazine frameworks) [5], was observed (see Figure 1.7b). 

Furthermore, the extraction efficiency of MWCNTs-COOH/PDMS coated SB did not change 

even after 30 uses [55]. This clearly indicates that the sol-gel method is able to produce 

highly reproducible and mechanically robust coatings. This was corroborated by one study, 

reporting less than 4% RSD both for bar-to-bar (n = 7) and for batch-to-batch (n = 7) 

reproducibility of PANI/α-CD coated SBs [14]. The reproducibility data for other sol-gel 

coatings are mentioned in Table 1.2. 
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1.2.3.4. Selectivity and Applications  

 

In order to promote selectivity of the sol-gel SB coatings to polar solutes, hydroxy 

terminated PDMS has been combined with several novel materials, including: ILs [28, 57], 

MOFs [12, 13, 56], nanocarbon materials [15, 55], polymers [14, 58], CTFs [5], and 

nanoparticles [11, 57]. The following sections cover selectivity and application of these 

materials. 

 

1.2.3.4.1. Ionic Liquids 

 

Novel sol-gel SB coatings, based on ILs, for example, 1-allylimidazolium 

tetrafluoroborate [AIM][BF4] (N2-containing heterocyclic compounds having electron-rich 

radicals), are able to selectively extract three NSAIDs (e.g. naproxen, fenbufen, ketoprofen) 

in environmental water, urine and milk samples [28]. The selectivity of [AIM][BF4] coated SB 

to the targeted NSAIDs is associated with its hydrogen bond, hydrophobic interaction and 

π- π interactions, providing ~8 times higher extraction efficiency than the commercial non-

polar PDMS phase [28]. The IL-SBSE-LD-HPLC-UV method allows trace level analysis of the 

three NSAIDs with an LOD of 0.23–0.31 µg L-1 [28]. 

 

1.2.3.4.2. Metal Organic Frameworks 

 

The selectivity of PDMS/Al-MIL-53-NH2 (MOFs) coating to PAHs is partly related to 

the existence of hydrophobic interactions, π-π conjugations, and inclusion interactions 

between the sorptive phase and the targeted solutes [56]. Thus, the PDMS/MOFs coating 

enabled ~2 times higher peak area of PAHs in an aqueous sample than the commercial 
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PDMS phase [56]. Although the SB coating PDMS/MIL-101-Cr-NH2 enables ~2 times higher 

extraction efficiency of six organophosphorus pesticides (OPPs) under optimum conditions 

than in-house or commercial PDMS coatings, the PDMS/MIL-101-Cr-NH2-SBSE-LD-GC-

FPD (Flame Photometric Detection) method (1 µL injection) provides LOD values of 0.043-

0.085 µg L-1, which is ~6-11 times higher than the PDMS-SBSE-GC-TD-MS methods [13], 

which partly benefitted from the TD technique. However, the authors suggest that the 

method’s LOD can be lowered when a large volume injection is used [13]. Another study on 

MOFs reports ~2 times higher extraction efficiency of polar triazine compounds (logP<3) 

than the commercial PEG and PDMS coatings [12]. The increasing extraction efficiency of 

PDMS/MIL-100(Fe) coating relates to its selectivity to triazine compounds because of 

coordination interaction between the Fe ion site of the MOFs and the amino site of triazine 

compounds [12]. The LOD of the PDMS/MIL-100(Fe)-HPLC-UV/DAD (diode-array 

detector) method, ranges from 0.021-0.079 µg L-1,  which is lower than other methods in the 

literature, for example, d-µ-SPE (dispersive micro solid phase extraction)-HPLC-DAD (~16-

27 times lower), star disk-LPME (liquid phase microextraction)-UHPLC-UV (~2-7 times 

lower), graphene coated-SPME-HPLC-DAD, SPE-HPLC-UV (~1.3-10 times lower), and 

polyurethane foam-SBSE-LD-HPLC-DAD ( ~3-24 times lower) [12]. 

 

1.2.3.4.3. Nanocarbon and Polymeric Materials 

 

The selectivity to polar compounds has also been improved by the inclusion of 

nanocarbon materials in the polymer matrix, as it is reported in the works of Fan et al. [15]. 

The authors prepared a GO/PEG SB coating and applied it to the analysis of FQs in chicken 

liver and muscle by HPLC-FLD (fluorescence detector). The GO/PEG SBSE-HPLC-FLD 

method provides ~55-87 times lower LOD values for FQs than that of the SBSE-LD-HPLC-
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DAD method employing monolithic material [15]. The authors further reported that due to 

the ion-exchange interactions, the GO/PEG composite coating exhibited better selectivity to 

polar solutes, estimated to be ~11 times higher adsorption efficiency than the lab-prepared 

PDMS coating and commercial PDMS coating [15]. Likewise, the selectivity to slightly polar 

triazines (e.g. ametryn, atrazine, and simazine) has also been improved with the 

introduction of MWCNTs-COOH within PDMS, leading to a SBSE coating coupled to PGD-

IMS (pulse glow discharge-ion mobility spectrometry), providing higher peak intensity of 

the triazine compounds than that of graphitised-MWCNTs-COOH/PDMS (~1.3-1.4 times 

higher) and PDMS coated stir bars (~6.3-9 times higher) [55]. The MWCNTs-COOH/PDMS-

PGD-IMS method also enables lower LOD values (0.006-0.015 µg kg-1) for the targeted 

solutes. It is worth noting that Kazemi et al. report that the robustness and the selectivity of 

a SBSE coating can be achieved using a hybrid of sol-gel and double-imprinting techniques, 

where Ag(I) and SDS (sodium dodecyl sulfate) have been imprinted within the silica matrix 

[58]. The LOD for silver obtained by using the SBSE-FI-FAAS (flow injection flame atomic 

absorption spectrometry) method is 0.04 µg L-1, which is ~6-1175 times lower than the values 

recorded by using several SPE-FAAS methods reported in the literature [58]. With a view to 

increasing extraction kinetics and to reducing extraction time, Lei et al. introduced PANI/α-

CD to the sol-gel matrix [14]. This coating enabled ~20% higher peak area of PCBs in 

environmental waters than the commercial PDMS coating and other in-house coatings (e.g. 

PANI, PANI/β-CD, and PANI/γ-CD). This is attributed to the selectivity of PANI/ α-CD 

SBSE coating to PCBs due its hydrophobic interactions, π- π conjugations and complexation 

with the targets. Another novel coating, composed of CTFs, providing up to ~20-30% higher 

extraction efficiency than commercial PDMS coating and PEG, is selective to phenolic 

compounds (with Log Kow<3) [5]. The higher selectivity of PDMS/CTFs SBSE coating to 

polar and less polar phenols than the commercial PEG and PDMS coatings relates to the 

interaction between N atoms of CTFs and hydroxyl groups of phenols (Figure 1.8). Using 
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this PDMS/CTFs-HPLC-UV method, recovery of up to 75% of the solutes from 

environmental water samples is possible [5]. 

 

1.2.3.4.4. Nanoparticles 

 

Inclusion of nanoparticles (NPs) within the sol-gel matrix also improves selectivity 

and extraction efficiency. For example, a new coating prepared with Ni:ZnS NPs  in 

combination with an IL (1-ethyl-3-methylimidazolium hexafluorophosphate [EMIM][PF6]) 

has been used to selectively extract losartan and valsartan from biological samples [57]. The 

authors further mentioned that the selectivity of the coating to losartan and valsartan is 

partly associated with the three active sites of the coating: (1) electrostatic interaction of Ni 

with the solutes, (2) interaction of S with π electrons of the solutes, and (3) Zn interacts with 

OH groups of the solutes. The selectivity of the coating is also related to homogenous and 

porous morphology of NPs [57]. The HPLC-UV method developed by using the coating 

provides ~7-2666 times lower LOD values (losartan 0.12 µg L-1 and valsartan 0.15 µg L-1) 

than other methods reported in the literature [57]. Likewise, a selective composite coating, 

based on zirconium dioxide and reduced GO (ZrO2-rGO), enables ~60% higher peak area of 

ethion than the PDMS coating. This higher peak area related to either the selectivity of the 

coating to phosphate groups in ethion or the large surface area due to the inclusion of 

graphene [11]. The method, based on ZrO2-rGO-NCD-IMS (negative corona discharge-ion 

mobility spectrometry), is employed to determine ethion in river water and agricultural 

wastewater samples, providing up to 97% recovery of the solute and an LOD value of 1.5 µg 

L-1 [11]. 
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1.2.4. Polymer Monoliths Coatings 

 

1.2.4.1. Preparation Method 

 

In general, the technique involving monoliths (MT) refers to a polymerisation of 

sufficient and appropriate amounts of monomers (functional monomers and cross-linkers), 

porogens and initiators [51, 59]. The steps of MT for preparing coatings for the SB are 

illustrated in Figure 1.9, which include: (1) silylation of the SB surface (for chemical bonding 

between the coating material and the substrate) or without silylation (i.e. physical 

attachment of the coating to the SB surface), (2) immersion of the SB in an ultrasonicated 

mixture of monomers, cross-linkers, porogenic solvents and initiators, and (3) 

polymerisation either through thermal (e.g. at 60-80 °C for 12-24 h) or photo (e.g. visible/UV 

light for 2 h) treatments. 

 

1.2.4.2. Advantages and Disadvantages of the Monolithic Coating Preparation 

Method 

 

The SBSE coating preparation technique involving monoliths (MT) is widely used in 

many chromatographic separation techniques because of its numerous useful features, 

which include: easy and reproducible preparation, low cost, ability to produce bimodal 

(macroporous and microporous) interconnected porous structures (consequently providing 

high permeability and adsorption capacity), and mechanical and chemical stability [20, 51, 

53, 59, 60]. However, the MT has some disadvantages. Firstly, the silylation of the glass 

surface of the SB can be tedious. Secondly, the desorption time of the solutes during 

application may take extended time (e.g. more than 1 h). Finally, decline in structural 
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Figure 1.8. Graph showing selectivity of PDMS/CTFs sol-gel SB coating to phenolic 

compounds in environmental water samples and comparison of extraction efficiency with 

commercial PDMS and PEG phases. Adapted from [5] 

stability can be expected from the coatings with simple physical attachment [51]. 
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Figure 1.9. Technique involving monoliths for preparing SB coatings. Adapted from [51]. 

 

 

 

 

 

 

 

 

 

 

1.2.4.3. Stability of the Immobilised Materials 

 

To a great extent the structural stability of the monolithic coatings depends on the 

polymerisation conditions. On one hand, high polymerisation temperature accelerates 

polymerisation, resulting in high surface area, on the other hand, it produces a softer 

monolithic coating that is also associated with higher monomer to porogenic solvent ratio 

[61]. Similarly, higher monomer to cross-linker ratio can generate softer and weaker 

monolithic coatings, as it was observed by Torabizadeh et al. [62]. They reported that the 

VPD-EGDMA (poly(vinylpyrrolidone-ethylene glycol dimethyacrylate)) monolithic coating, 

containing higher VPD to EGDMA ratio, appears to be too soft and develops cracks during 

stirring. The authors recommend increasing EGDMA content to prepare highly reproducible 

(bar-to-bar RSD less than 3.5% and batch-to-batch RSD less than 6.0%) and mechanically 

stable VPD-EGDMA monolithic coatings, which could be used more than 15 times in 
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complex matrices without marked variation in extraction efficiency [60, 62]. Using 

increasing amount of EGDMA, Yao et al. prepared a highly reproducible (bar-to-bar RSD 

0.8-6.8%, n = 5 and batch-to-batch RSD 3.6-13% n = 5) and a mechanically robust (lifecycle of 

more than 50 extractions without obvious decline in extraction efficiency of perfluoroalkyl 

acids (PFAAs)) coating based on poly (1-vinylimidazole-EGDMA) monolith [8]. This is also 

supported by a study by You et al., reporting the use of increasing EGDMA in the ZIF-

8/poly(methyl methyacrylate-EGDMA) coating leads to a highly reproducible and a 

structurally robust SB coating (lifetime of 40 complete extractions) [59]. Conversely, using 

equal amounts of monomer and cross-linker, Zhang et al. [63] prepared a polydopamine 

immobilised poly(EGDMA-acrylamide) monolithic coating on a stainless steel SB and 

investigated its chemical stability. This was done by immersing it into strong acids and bases 

as well as a number of organic solvents (e.g. MeOH, EtOH, isopropanol, dodecanol, ACN, 

toluene, dimethyl sulfoxide (DMSO), dimethyl formamide (DMF) and DCM) while 

ultrasonicating for 5 min. This showed significant chemical stability of these devices, as 

measured by a high conservation rate (≥ 95.71%), which is defined as the ratio of peak area 

of solutes extracted by untreated to treated coatings. The authors claimed that using a 1:1 

ratio (monomer:cross-linker), structurally robust poly(EGDMA-acrylamide) SB coatings 

could be prepared (lifetime of at least 50 times extractions) [63]. Another example of how the 

polymerisation method affects the stability of monolithic coatings can be found in the works 

of Rostami et al. [64]. The authors report that PMA (polymethacrylate) coatings, prepared by 

photo-polymerisation, develop cracks following only one or two extraction cycles [64]. 

Contrarily, the thermal polymerisation technique provides a robust PMA coating, confirmed 

by investigating both its lifetime (more than 35 extraction cycles without a significant 

reduction in extraction efficiency) and its acceptable preparation reproducibility (bar-to-bar 

RSD less than 6.4%, n = 3, and batch-to-batch RSD less than 8.5%, n = 5) [64]. Research on 

monolithic SBSE coatings, carried out over the last five years, didn’t concentrate on thermal 
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and chemical stability except a recent works of Yang et al. [65], who observed no cracking of 

the UiO-66(Zr)-NH2 (developed at the University of Oslo; hence the name UiO) monolithic 

coatings [85], while exposing the SBs in aqueous solution to different pH levels. 

 

1.2.4.4. Selectivity and Applications of SBSE with Polymer Monoliths Coatings 

 

Over the last five years several researchers have focused on developing novel SB 

monolithic coatings, by considering a number of important factors. These include 

simultaneous extraction of polar and apolar compounds [8], controllable functionality and 

porosity [61], selectivity [62], surface area [65], and adsorption capacity [59, 60, 65]. While 

most of the studies were directed towards developing SB coatings based on polar monoliths 

(for example, 2-hydroxyethyl methyacrylate (HEMA), poly(ethylene glycol) 

monomethyacrylate (PEGMA), and pentaerythritol triacrylate (PETRA) [61], poly(ethylene 

glycol)methyl ether methacrylate and urethane methacrylate (PEG-MMA-UMA) [64], 

Poly(EGDMA-acrylamide) [63]), very few researchers concentrated on SB coatings involving 

the combination of MOFs and monoliths, namely, ZIF-8/poly(methyl methacrylate-

EGDMA) [59], and poly(4-vinyl pyridine/EGDMA-UiO-66(Zr)-NH2) [65]. The application of 

novel monolithic SB coatings along with LOD values are given in Table 1.2. This indicates 

that the monolithic coatings are used to extract various solutes, such as pharmaceuticals, 

personal care products, environmental pollutants, pesticides and herbicides, from 

environmental and biological matrices. 

 

1.2.4.4.1. Polar Monoliths as Coating Materials 

 

The versatile extraction mechanisms of monolithic SB coatings (including 
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hydrophobic interactions, hydrophilic interactions, hydrogen bonding and electrostatic 

interactions) are linked to improved selectivity of the coatings, enabling higher sorption 

properties than commercial sorbent phases. Structural similarity between monolithic 

extraction phases and the targeted solutes is another important aspect when considering the 

selectivity of a monolithic SB coating. Rostami et al. attributed the selectivity of PMA SB 

coating to the carbaryl to the presence of similar urethane functional groups both in the 

coating and in the solute [64]. This results in higher extraction efficiency of carbaryl than the 

commercial SBs (e.g. PDMS and polyacrylate) [64]. Similarly, Babarahimi et al. [60] 

correlated the selectivity of VPD-EGDMA SB coating to losartan and valsartan with the 

structural similarities between the coating and the solutes, for example, the presence of 

vinylpyrrolidone in the coating, leading to higher extraction efficiency of the coating than 

the commercial PA coating. The electrostatic and hydrophobic interactions between target 

PFAAs and poly(VI-EGDMA) monolithic coating are associated with an improved 

selectivity of the coating, resulting in a poly(VI-EGDMA)-SBSE-HPLC-ESI-MS/MS method, 

providing ~15 times higher peak area than the method involving commercial EG-silicon and 

PDMS SBs under similar analytical conditions (Figure 1.10) [8]. 

 

1.2.4.4.2. Combination of MOFs and Monoliths as Coating 

 

The selectivity of ZIF-8/poly(MMA-EGDMA) monolithic coating to the targeted 

polar phytohormones is due to different interactions (e.g. hydrogen bonding, π-π stacking, 

hydrophobic interactions, and electrostatic interaction) between the monolithic coating and 

the solute. These interactions categorically enhanced the selectivity of the monolithic 

coating, which enabled up to ~2 times higher sorption efficiency than the commercial PEG 

coating under the similar optimum conditions [59]. It is worth noting that the incorporation 
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Figure 1.10. Graph showing higher selectivity (in terms of higher peak area) of 

poly(VI-EGDMA) monolithic coating to PFAAs in environmental water than 

to commercial PDMS and PEG phases. Adapted from [8] 

of MOFs within monolithic SB coatings enhanced selectivity and adsorption capacity, 

estimated to be ~3.7–6.7 times higher for five sulfonylurea herbicides than those of the 

polymer coating without MOFs [65]. The authors attributed this selectivity and the 

increasing adsorption capacity to several factors, which include: (1) the porous structure and 

the large surface area of the MOFs, (2) π-π conjugations between the MOFs and the solutes, 

(3) strong hydrogen bond between the oxygen atom of the sulfonylurea and the hydrogen 

atom in the MOFs [65]. 
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1.2.5. Coatings Prepared by Solvent Exchange Technique 

 

1.2.5.1. Preparation Technique 

 

The solvent exchange technique (SET) is based on diffusion of acidic solvent (e.g. 

formic acid) from nanocomposite (NC) mixtures into water, leaving behind a layer of NC 

coating on the SB substrate [66]. Preparation of a SB coating using SET is performed in three 

stages: (1) preparation of carbon nanotubes suspension in a surfactant solution (e.g. SDS) 

containing formic acid ; (2) addition of  polymer, and (3) immersion of the SB substrate (e.g. 

SSW) into CNT-polymer mixture, followed by dipping into the water to allow the diffusion 

of formic acid causing formation of a layer of NC on the SSW [66]. 

 

1.2.5.2. Advantages and Disadvantages 

 

SET is a new technique for preparing SBs, and is reported to be simple, fast, and cost-

effective. The preparation method is highly reproducible.  

 

1.2.5.3. Stability of Immobilised Materials 

 

The coatings prepared by the SET are also mechanically and chemically stable, 

although nothing is reported about their thermal stability [66, 67]. The lifetime of the SET 

NC coatings (e.g. CNTs/polyamide (PA), GO/PA, and MMT/PANI/PA) is expected to be 

more than 30 extractions [66-68]. 
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1.2.5.4. Selectivity and Applications 

 

Exploring simple, convenient and fast SB coating preparation employing materials 

with increasing selectivity to polar compounds has been a driving force behind developing 

SB coatings using SET, including composites of nanocarbon and polymeric materials [66, 67] 

and the combination of inorganic particles with polymeric material [68]. The method 

developed using these materials as SB coatings enabled trace level analysis of bisphenol A 

and organophosphorous pesticides in food and beverages (Table 1.2). 

 

1.2.5.4.1. Nanocarbon and Inorganic Materials 

 

Literature indicates that the doping level of nanocarbon materials may have an effect 

on the extraction capacity of the composite coating SB. For example, by increasing CNT 

doping levels the extraction capacity of CNT/PA NC-coated SB increases up to an optimum 

mass of CNTs (e.g. 10 mg), above which the sorption capability may decline [66]. The 

selectivity of CNT/PA NC SB coating to bisphenol A is due to polar PA, whereas CNT 

doesn’t directly involve in the extraction of the solute, but it provides large surface area and 

the reinforcement to the polymer [66]. Several other studies have also focused on the effect 

of doping level of nanocarbon/inorganic materials, notably by Ayazi et al. [67] and Ayazi 

and Jaafarzadeh [68], who observed that more than 15% doping level of either GO or MMT 

within the NC coating may negatively affect its extraction efficiency. These authors [68] also 

noted that the PA in MMT/PANI/PA NC SB coating provides selectivity to 

organophosphorous pesticides in fruit juices and in vegetables, whilst MMT increases 

porosity and surface area, leading to higher extraction efficiency of the solutes. 
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1.3. Structural Modification and Automation of SBSE 

 

Structural modifications to SBs have also been a focus of recent research. This work 

has considered such factors as glass jacket-free SB [25, 34, 43, 63, 65], reduction of friction 

between SB coating and sample vial [8, 29, 31, 37, 69], membrane-protected and anti-

interference free SB, and commercial PTFE SB for simplicity [27, 35]. While some authors 

suggest using SSW [25, 63] (Figure 1.11a) and an anodised aluminium bar [65] (Figure 1.11b) 

to avoid the fragile glass jacket SB, others claim that the SB coatings (e.g. MIP coatings) may 

fall off the SSW (due to its smooth outer surface) even after a limited number of cycles and 

recommend employing magnets (e.g. neodymium iron boron magnet and magnetic 

MWCNTs) (Figure 1.11c) as coating substrates [38, 43]. On the other hand, several authors 

support the use of a glass jacket by modifying its two edges, for example, a dumbbell 

shaped glass jacket (Figure 1.11d and 1.11e) (using silicone wheels on two edges) 

significantly reduces the friction and extends its applicability more than 50 cycles compared 

to a SB without this structural modification [37]. Another interesting study introduced a 

detachable dumbbell shaped p-naphtholbenzein modified porous PEEK jacket SB, enabling 

a large surface area and increasing the coated sorbents [70]. In order to avoid interferences 

from a complex matrix during SBSE sampling, Li et al. developed a microporous hollow 

fiber based SB, where the fibers facilitate filtration and SSW and silica microspheres function 

as magnetic stirrer and extraction phase, respectively [37]. In addition to its anti-interference 

ability, a PTFE membrane protected C18 coated SB (Figure 1.11f) extended the lifetime of the 

coating and could be used more than 30 times more than that of the SB without membrane 

protection [33]. 

 

With the exception of research conducted by Ghani et al., who developed an 
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Figure 1.11. Geometric modification of SBSE devices, (a) SSW/PEEK as substrate, (b) 

Anodisedaluminium as substrate, (c) magnet as substrate, (d) & (e) dumbbell shaped SB, and 

(f) PTFE membrane protected SB device. 1 = PEEK/SSW, 2 = coating, 3 = magnet, 4 = porous 

anodised substrate, 5 = dumbbell shape glass extension to avoid friction between coating and 

the sample vial, 6 = silicone wheel, 7 = glass jacket, 8 = membrane sealing, 9 = PTFE 

membrane for the protection of coating. Adapted from [25], [34], [65], [31], [37], and [33], 

respectively. 

automated multi-syringe SBSE based on flow injection analysis system [35], research over 

the last five years has been directed toward exploring novel SBSE coatings rather than 

developing an automated SBSE system. Although the system these authors developed 

allows both the extraction and the desorption processes to take place automatically, 

concentration of the extract and subsequent transfer to the HPLC system is still off-line [35]. 

 

 

 

 

 

 

 

 

1.4. Conclusions 

 

 In the last five years, the research on SBSE coatings has seen significant progress in 

terms of coating technology (e.g. physical and chemical adhesion, molecular imprinting, sol-

gel, monolith, and solvent exchange) and emergence of novel coatings (e.g. nanocarbon 
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materials, metal organic frameworks, molecularly imprinted polymers, polymer monoliths 

and nanoparticles). The use of these coatings can potentially overcome the limited selectivity 

of existing PDMS based SBSE coatings, producing more versatile, structurally robust, and 

selective SBSE coatings. The focus of research has been on developing coatings for liquid 

desorption (LD)-HPLC rather than on thermal desorption (TD)-GC. The future research 

should extensively focus on how these novel SBSE coating materials can be applied with 

TD-GC. Research has also been directed towards structural modification of coating 

substrates (e.g. jacket-free SBSE substrate, a dumbbell shaped jacket, protection of the 

coating with a membrane). However, very little research has been conducted to date on 

automation of SBSE technology, which also deserves greater attention in the future. 
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Table 1.2. Development of new coatings for SBSE over the last five years (2014–2018). 

 

 

 

 

 

 

 

Coating 

Technologies 

Coatings Lifetime  

(cycles)  

 

Preparation 
reproducibility  
(RSD %) 

Solutes Sample LOD  

(µg L-1/ µg kg-1) 

Ref 

Adhesion PANI/MWCNTs-OH 20 

  

a: 3.9–13.6 

b: 7.0–15.4 

Phenols, NSAIDs, & PCBs River water & sediment 0.09–0.81 [26] 

 MOF(Fe) 60 NR PCBs Fish 0.061–0.096  [15] 

 C18 25 

 

a: 5.6–11.8 

b: 12.8–15.4 

Butyltins Water & sediment 0.02–0.03 [24] 

 MMT/epoxy 50 b: 4.6–5.1 CPs Environmental samples 0.02–0.34 [29] 

 C18 50 NR NSAIDs Sewage & lake water 6.90–9.52 [27] 

 IP-C18 24 

 

a: 7.5–10.1 

b: 9.5–12.0 

PHYs Cucumbers & green bean 

sprouts 

0.3–2.7 [25] 

 ZIF-67 50 a: 6.2 Caffeine Beverages & urine 0.05 (beverages) 

0.1 (urine) 

[28] 

 CDD  1 b: <4.5 EDP Farm field waters 0.0004 – 0.0045 [23] 

 Fe3O4/mTiO2/COF 80 NR PCBs Soil 0.06 [13] 
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Table 1.2. (Continued) 

 

 

 

 

 

 

 

 

Coating 

Technologies 

Coatings Lifetime  

(cycles)  

 

Preparation 
reproducibility  
(RSD %) 

Solutes Sample LOD  

(µg L-1/ µg kg-1) 

Ref 

 Graphene ~50 a: 6.5 PAHs Soil & food 0.0002–0.05 [19] 

 mAB 15 NR QNs Bovine milk 0.05–0.1 [20] 

 GO/DA  10 NR Aflatoxins Soy milk 0.0024–0.008 [21] 

 MIL-68 NR NR Parabens Cosmetics & rabbit plasma 0.001 [18] 

 CNPs 60 a: 2.8–9.3 PAHs River & rain water 0.01 [16] 

 Aptamer-MOF 15 a: 2.9–4.3 PCBs Fish sample 0.01–0.02 [17] 

 aLGN NR NR Amino acids Chi seeds NR [14] 

 MWCNTs/PANI 50 NR PRO Human plasma 0.03 [56] 

 Poly(pyrrole-co-

phenol) 

40–50 

 

a: 3.4-13 PAHs Wastewater, agricultural, & tap 

water 

0.02–0.12 [57] 
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Table 1.2. (Continued) 

 

 

 

 

Coating 

Technologies 

Coatings Lifetime  

(cycles)  

 

Preparation 
reproducibility  
(RSD %) 

Solutes Sample LOD  

(µg L-1/ µg kg-1) 

Ref 

MIP Dopamine imprinted NR a: 5.9 

b: 11.7 

Dopamine Urine 0.03  [33] 

 BPA imprinted 

monolithic 

NR a: 3.6 

b: 5.7 

BPA, PP, & phenol Bottled water 100-230 [34]

  

 BPA and Estradiol 

imprinted 

50 

 

b: 3.0–3.6 Estrogens River & lake water, & plastic 

samples 

0.3–1.5  [35] 

 BPA/DES templated  20 

 

a: 4.8-5.7 

b: 7.3–8.2 

Estrogens pork & chicken 0.28–0.47 [36] 

 Vanillin templated/ 

Fe3O4/PANI 

NR b: 4.2 VFE Infant milk powder 2.5-10 [41] 

 Melamine templated >3 b: 7.4 Melamine  Powdered milk 0.0127 [38] 

 PPZ templated 

monolith 

NR NR Triazines Environmental soil 7.5  [30] 

 DMC imprinted NR NR Aflatoxin Baby food  0.0003–0.001 [39] 

 PRO templated/GO >50 

 

a: 5.7 PRO Urine 0.37 [3] 
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Table 1.2. (Continued) 

 

 

 

 

 

 

Coating 

Technologies 

Coatings Lifetime  

(cycles)  

 

Preparation 
reproducibility  
(RSD %) 

Solutes Sample LOD  

(µg L-1/ µg kg-1) 

Ref 

 GLYP imprinted NR NR GLYP River water & soil  0.140 [40] 

 CZP imprinted 20 b: 4.5 CZP Herbal health foods 0.00001 [37] 

 BPA imprinted/CG 35 NR Estrogens milk 0.36–1.09 [31] 

 Cefaclor templated >14 

 

a: 5.1–5.5 

b: 6.4–6.5 

Cefaclor & cefalexin Environmental water 3.0–3.5 [32] 

 DIF & OFL templated  30 b: 1.3 – 2.1 FQs Pork, chicken, & fish 0.1–0.3 µg kg-1 [10] 

 2-CP templated >60 a: 9.4 CPs Seawater 0.17–0.38 [11] 

 SEM templated 3 b: 4.11 SEM Fish 0.59 [1] 

Sol-gel AIMBF4 IL >50 

 

a: 6.5-7.2 

b: 9.4–12.1 

KEP, NAP, FBF Environmental water, urine, 

& milk 

0.23–0.31 [22] 

 PDMS/Al-MIL-53-NH2 >40 

 

a: 4.8–14.9 

b: 6.2–16.9 

PAHs Environmental water 0.00005–0.003 [43] 
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Table 1.2. (Continued) 

 

Coating 

Technologies 

Coatings Lifetime  

(cycles)  

 

Preparation 
reproducibility  
(RSD %) 

Solutes Sample LOD  

(µg L-1/ µg kg-1) 

Ref 

 GO/PEG >50 

 

a: 6.0–8.8 

b: 9.2–12.3 

FQs Chicken muscle & liver 0.005–0.008 

 

[9] 

 Ag(I) imprinted MPTS 15 

 

a: 3.2 

b:  9.8 

Ag (I) Hair, nail, & water  0.04 [45] 

 PANI/α-CD >50 

 

a: 2.3–3.7 

b:  2.0–3.8 

PCBs Lake & river water 0.048–0.22 [8] 

 Ni-ZnS-AC 12 a: <5.1 LOS & VLS Urine & plasma  0.12–0.15 [44] 

 PDMS/MIL-101-Cr-

NH2 

50 

 

a: 3.7–5.2 

b: 5.4–9.2 

OPPs Lake & pond water 0.043-0.085 [7] 

 PDMS/CTFs >50 

 

a: 3.5–5.7 

b: 3.7–9.3 

Phenols Lake & river water 0.08–0.3 [2] 

 MWCNTs/PDMS >30 

 

a: 6.3–7.8 

b: 7.4–8.9 

Herbicides Water & soil 0.006-0.015 [42] 

 PDMS/ MIL-100(Fe) >50 

 

a: 2.6–7.5 

b: 3.6–10.8 

Triazines Environmental water  0.021–0.079 [6] 

 ZnS-AC-NPs NR NR Carbamate Tap, river, & mineral water 0.3–0.5  [12] 



50 
 

 

 

Table 1.2. (Continued) 

Coating 

Technologies 

Coatings Lifetime  

(cycles)  

 

Preparation 
reproducibility  
(RSD %) 

Solutes Sample LOD  

(µg L-1/ µg kg-1) 

Ref 

 ZrO2-rGO NC NR NR Ethion River water & agricultural waste 

water 

1.5 [5] 

Monoliths PMA >35 

 

a: <6.4 

b: <8.5 

Carbaryl Tap water 0.04 [51] 

 Poly(HEMA-co-DVB), 

poly(HEMA-co-

PETRA), and 

poly(PEGMA-co-

PETRA) 

NR NR PPCPs Water NR [48] 

 Poly(EGDMA-AA) 50 NR PBB Herb & rat plasma 0.06–0.15 [50] 

 poly(VPD-EGDMA) >15 

 

a: <3.5 

b: <6.0 

DZ & NDZ  Human plasma 10-12 [49] 

 ZIF-8/poly(MMA-

EGDMA) 

40 

 

a: 3.2–7.5 

b: 5.1–10.8 

PHYs Apple & pear 0.11–0.51 [46] 

 VPD-EGDMA 15 

  

a: <6 

b: <6 

LOS & VLS Human plasma 7-27 [47] 

 UIO-66(Zr)-

NH2/monolith 

NR a: 5.7–9.5 SUHs Soil & lake water 0.04–0.84 [52] 
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Table 1.2. (Continued) 

a: Bar-to-bar, AA acrylamide, AC activate carbon, AIMBF4 1-allylimidazolium tetrafluoroborate, α-CD α-cyclodextrin, aLGN amino modified 

linear graphene nanocomposite, b: batch-to-batch, BPA bisphenol A, CAs chloroanisoles, CG carboxyl graphene, CNPs carbon nanoparticles, 

CPs chlorophenols, CTFs covalent triazine frameworks, CZP clonazepam, DA dopamine, DES diethylstilbestrol, DIF difloxacin, DMC 5,7-

dimethoxycoumarin, DVB divinyl benzene, DZ diazepam, EDP endocrine disruptor pesticides, EG ethylene glycol, EGDMA ethylene glycol 

dimethacrylate, FBF fenbufen, FQs fluoroquinolones, GLYP glyphosate, HEMA hydroxyethyl methacrylate, IL ionic liquid, KEP ketoprofen, 

LOS losartan, MAA methyacrylate acid, mAB monoclonal antibody, MMA methyl methyacrylate, MMT  montmorillonite, MOFs metal organic 

Coating 

Technologies 

Coatings Lifetime  

(cycles)  

 

Preparation 
reproducibility  
(RSD %) 

Solutes Sample LOD  

(µg L-1/ µg kg-1) 

Ref 

 Poly(VI-EGDMA) >50 

 

a:  0.8–6.8 

b: 3.6-13 

PFAAs River & lake water 0.00006–0.0004 [4] 

Solvent 

exchange 

method 

MWCNT/PA >30 

 

NR BPA Mineral water 0.3 [53] 

 GO/PA  >25 

 

a: 8.9 OPPs Fruit juice & vegetable  0.3–1.0 [54] 

 MMT/PANI/PA  >30 

 

NR OPPs Fruit juices & vegetables 0.2–1.0 [55] 
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frameworks, MPTS 3-mercaptopropyltrimethoxysilane, MWCNTs/PANI multiwalled carbon nanotubes/polyaniline, NAP naproxen, NDZ 

nordazepam, NR not reported, NSAIDs non-steroidal anti-inflammatory drugs, OFL ofloxacin, OPPs organophosphorus pesticides, PA 

polyamide, PAC  polyacrylate, PCBs polychlorinated biphenyls, PDMS polydimethylsiloxane, PEGMA poly(ethylene glycol) 

monomethacrylate, PETRA pentaerythritol triacrylate, PFAAs perfluoroalkyl acids, PHYs phytohoromones, PP 4-phenylphenol, PPCPs 

pharmaceuticals and personal care products, PPZ propazine, PRO Propranolol, PBB protoberberines, QNS Quinolones, SEM semicarbazide, 

SUHs sulfonylureas herbicides, VFE vanillin flavour enhancer, VLS valsartan, ZIF-8 zeolitic imidazolate framework-8, ZrO2-rGO NC zirconium 

dioxide-reduced graphene oxide nanocomposite 
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Abstract 

 

The development and application of non-porous and porous sorptive rods, 

comprised of polydimethylsiloxane–microdiamond (PDMS-μDiamond) composites, is 

reported. The PDMS-μDiamond composites were made porous using inorganic salt (NaCl 

and NaHCO3) particles as dissolvable templates. Materials with pore size of ~40 µm down to 

~5 µm were produced. The advantages of incorporating up to ~60% microdiamond (2–4 µm) 

into PDMS included: (1) significant increase in the density, which saw the rods sink within 

the aqueous sample without addition of secondary metal or glass materials, (2) significant 

improvement in mechanical stability (the porous composite rods could be thermally treated 

multiple times before application, unlike porous PDMS), (3) increased thermal stability up to 

450-500 ˚C with only 6% weight loss of volatile components, and (4) higher thermal 

conductivity, estimated to be 108% higher than for PDMS. The PDMS-μDiamond 

investigated as a sorbent for extraction, followed by liquid desorption and GC-FID analysis. 

Recovery of the sorbent for test solutes, isoamyl acetate, ethyl hexanoate, ethyl octanoate, 

ethyl decanoate, and phenethyl acetate, was found to range from ~87% to >100, with RSD of 

2.1-12.5% in synthetic wine samples. Non-porous composite rods provided similar % 

recoveries to a commercial PDMS phase (PDMS Twister), whereas porous rods showed 

improved % recovery for most of the test solutes (>10-20%) when applied under similar 

conditions. The limits of detection (LOD) for the above solutes within the developed method 

ranged from 0.6 to 27.3 µg L-1. Application of the PDMS-μDiamond-LD-GC-FID method to 

white wine samples demonstrated how the PDMS-μDiamond composite material can be 

applied as a robust and an efficient sorptive phase for trace chemical analysis. 
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2.1. Introduction 

 

Polydimethylsiloxane (PDMS) is a widely used polymer, both as stationary phase in 

chromatography and as a sorptive phase in various sample preparation techniques, 

specifically solid phase microextraction (SPME), stir bar sorptive extraction (SBSE), particle 

bed extraction, and thin film extraction [1]. PDMS has several favourable properties, 

including high hydrophobicity, thermal and oxidative stability, bio-compatibility, durability, 

and polymerisation flexibility [2]. Moreover, PDMS shows minimal swelling in polar 

solvents (water, nitromethane, acetonitrile, methanol etc.) and maximum swelling in the 

non-polar solvents (n-pentane, n-hexane, xylene, diisopropylamine etc.). This allows 

efficient back-extraction of compounds absorbed by PDMS based concentrator from aqueous 

samples when using non-polar solvents, prior to their subsequent direct injection into gas 

chromatography (GC) [3]. 

 

However, PDMS also possesses some less than ideal properties for such applications. 

For example, the relatively low density of pure PDMS (0.97 g cm-3) [2] results in floating of 

simple PDMS concentrators (beads, rods, discs, etc.) on the surface of aqueous samples, 

rather than dispersion within. Moreover, the low mechanical strength and poor tear 

resistance of PDMS limits its wider application without the addition of secondary 

supporting elements/structures [4]. These limitations can be potentially overcome through 

the inclusion of so-called ‘fillers’ into the PDMS matrix. Various carbonaceous materials 

(fibres, nanotubes, graphene, graphene oxide), inorganic oxides (SiO2, ZnO), and salts (NaCl, 

Na2CO3, CaCO3, etc.) have each been tested as fillers for production of PDMS composites, 

delivering modified properties or developed texture/porosity [5-11]. Previous studies have 

also shown that incorporation of diamond, specifically detonation nanodiamond (DND), 
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into PDMS has acted to alter the electrochemical, thermal, and mechanical properties of the 

resultant composites [8-10, 12-14]. However, due to the tendency of DND to aggregate 

within the non-polar PDMS matrix, these prepared composites have typically been restricted 

to a low diamond content (<2-3%), providing only a limited increase in composite density 

and inconsistent thermal properties [8, 15]. 

 

Microdiamond (μDiamond), synthesised at high pressures and temperatures, has 

unique physico-chemical properties, including exceptional hardness (10 on the Mohs scale) 

and thermal conductivity (800–2300 W.m-1.K-1). These features are combined with negligible 

linear thermal expansion (8 x 10-7 K-1), and, importantly, a high density (3.5 g cm-3) [16]. 

Together these present μDiamond as a useful material for many different applications, 

including the preparing of robust and thermally stable and conductive composite 

adsorbents [17]. The surface of μDiamond is moderately polar due to presence of carboxyls 

and hydroxyls, therefore chemically, μDiamond is fully compatible with PDMS precursor 

solutions and forms stable homogeneous suspensions in it. 

 

Porous polymers exhibit higher surface area with tuneable porosity [18], and show 

higher sorptive capacity as compared with non-porous analogues [19]. However, their 

mechanical strength is significantly decreased in the case of excess porosity, i.e. sponges [19]. 

While several previous papers have reported preparation of lightweight porous PDMS 

materials using salt (NaCl, NaHCO3) or sugar particles as pore templates [20, 21], no studies 

to-date have explored porous PDMS-μDiamond composites, nor applied them towards solid 

phase extraction [8-10, 13-15, 22-24]. Therefore, herein we present the preparation and 

characterisation of non-porous and porous PDMS-μDiamond based composite materials, 
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and their applicability to the selective extraction and preconcentration of organic 

compounds from aqueous samples. Evaluation of the new material, and its potential 

advantages in relation to standard commercial PDMS phase, is presented. 

 

2.2. Materials and Methods 

 

2.2.1. Reagents and Supplies 

 

Sylgard® 184 silicone elastomer base and curing agent were supplied by Dow 

Corning Corporation (Midland, MI, USA). Synthetic high-pressure high temperature 

microdiamonds (2–4 µm) were purchased from Hunan Real Tech Superabrasive & Tool Co. 

Ltd. (Changsha, Hunan, China). L-(+)-Tartaric acid, NaCl, Isoamyl acetate, ethyl hexanoate, 

ethyl octanoate, ethyl decanoate, phenethyl acetate, and 2-octanol (internal standard) were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). NaOH, NaHCO3, acetone, acetonitrile 

(ACN), dichloromethane (DCM), n-pentane, and toluene were purchased from Chem-

Supply Pty Ltd (Gillman, SA, Australia). HCl was available from Merck (Darmstadt, Hessen, 

Germany). HPLC-grade methanol was supplied by Fisher Chemical (Fair Lawn, NJ, USA). 

Absolute ethanol was purchased from LabServ, Thermo Fisher Scientific Australia Pty Ltd 

(Scoresby, VIC, Australia). HPLC grade iso-octane was available from Honeywell Burdick & 

Jackson (Muskegon, MI, USA). Ultra-pure water (UPW) was available from Milli-Q system, 

Merck Pty Ltd (Bayswater, VIC, Australia). Poly(vinylchloride) (PVC) tubing (part no. PV00-

3062C, 3 mm I.D.) was purchased from Value Plastics (Fort Collins, CO, USA). Sauvignon 

blanc white wine, used as an analytical sample (11.5% EtOH v/v), was purchased locally. 

Commercial PDMS phase (PDMS Twister®, 10 mm length x 0.5 mm film thickness) were 

obtained from Gerstel GmbH & Co. KG (Mülheim, Germany). Ultrasonic water bath (Power 

Sonic 410) was purchased from Thermoline Scientific (Wetherill Park, NSW, Australia). 
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Bench top orbital shaker was available from Labec Laboratory Equipment Pty Ltd 

(Marrickville, NSW, Australia). pH meter (HI 2210) was purchased from Hanna Instruments 

Inc. (Woonsocket, RI, USA). 

 

Individual standard solutions of each test solute were prepared by weight in 

absolute ethanol, followed by a global stock solution, containing all the test solutes, in a 

synthetic wine matrix (12% v/v of absolute ethanol, 5 g L-1 of tartaric acid and pH 3.3 

adjusted with adding drops of NaOH) [25]. Test solutions for optimisation of liquid 

desorption solvents and calibration solutions (triplicate measurements of five different 

concentrations reflecting the typical levels of target solutes in white wine sample) were 

prepared by diluting the global stock solution with synthetic wine matrix (SWM). The test 

solution for limit of detection (LOD) and limit of quantitation (LOQ) determination, 

estimated to give S/N 15, was prepared by diluting individual stock solution with SWM. 

The test solution was then diluted to 80%, 60%, 40%, and 20% with SWM. All solutions were 

stored at 4 ˚C in a refrigerator. 

 

2.2.2. Instrumentation 

 

The surface morphology of both the non-porous and the porous PDMS- μDiamond 

composites was investigated using a Hitachi SU-70 (Hitachi Ltd., Chiyoda, Tokyo, Japan) 

field emission scanning electron microscope (SEM) with a 1.5 KeV electron beam. The 

surface morphology of the porous PDMS-μDiamond composites was also investigated using 

an optical microscope (Leica DM LM modulated with a digital microscope camera Leica 

DMC 400, Leica Microsystems, Wetzlar, Germany). The pore size of the PDMS-μDiamond 

composites was determined from microscopic images using Image J software (National 
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Institute of Health, USA). Thermogravimetric analysis (TGA) of the composites both in air 

and in N2 was performed with a Labsys Evo instrument (Setaram, Caluire, France) 

maintaining a heating rate of 10 ˚C min-1 from 25 ˚C to 550 ˚C. The thermal conductivity of 

the composite was determined using a C-Therm TCi Thermal Conductivity Analyser (C-

Therm Technologies Ltd., Canada). 

 

2.2.3. Preparation of the Composite Rods 

 

The μDiamond was mixed with the PDMS precursor in a plastic container, followed 

by ultrasonication of the mixture for 30 min (Part A) using an ultrasonic bath. A curing 

agent, namely Sylgard® 184, consisting of dimethyl, methylhydrogen siloxane, 50-70 wt.%; 

Dimethyl siloxane, dimethylvinyl-terminated, 20-30 wt.%; dimehtylvinylated and 

trimethylated silica, 10-20 wt.%; tetramethyl tetravinylcyclotetrasiloxane, 1-5 wt.%; and 

ethylbenzene, ~0.10 wt.%, was then added to the mixture (base to curing agent ratio 10:1) 

and degassed under vacuum for 30 min. The crystals of NaCl and NaHCO3 were ground 

either manually with a mortar and a pestle and sieved through several sieves (50-200 µm, 

100-300 µm, and 100–66 µm) or using a mechanical grinder, followed by measuring the size 

of the particles using an optical microscope (4-7 µm). A mixture of NaCl (65 wt%) and 

NaHCO3 (35 wt%) particles was then homogenised in a plastic container (Part B). Following 

the thorough manual mixing of Part A and Part B, the mixture was cast within 3 cm sections 

of PVC tubing and cured at 110 ˚C for either 30 or 60 min. After curing, high pressure air 

was applied to the PVC mould to remove the composite rod from within the tubing. The 

embedded inorganic salts particles were removed from the polymer-microdiamond 

composite by etching with 1M HCl in a glass beaker for 24 h and then boiling in UPW for 5 

h. Finally, the composites were dried in an oven at 100 ˚C for 1 h, resulting in rod shapes of 

10 mm x 3.0 mm length x diameter, similar in dimensions to commercial PDMS-based 
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extraction stir bars. This dimension (especially the I.D. of 3.0 mm) of the PDMS-μDiamond 

rods was chosen such that the rods could be used directly within GC inlet liners and/or 

thermal desorption inlet liners, either for regeneration or thermal desorption purposes. A 

similar procedure was used for the preparation of porous PDMS without μDiamond. No salt 

particles were used to prepare non-porous PDMS with and without μDiamond. 

 

2.2.3.1. Purification of the Rods 

 

Several experiments were conducted to establish a purification protocol as part of the 

post-cure processing of the composite rods. Firstly, the composite rods were cut into 1 mm 

thick discs, which were heated at 280 ˚C in a furnace with N2 flow for 8 h.  Every hour one 

disc was taken from the furnace for analysis. Each of the thermally treated discs was soaked 

in MeOH for 1 h, followed by analysis of leachates via an Agilent 7890A GC-FID (Agilent 

Technologies, USA) with a BP5 chromatographic column (15 m x 250 µm x 0.25 µm L x O.D. 

x I.D.) supplied by SGE Analytical Science (Trajan Scientific and Medical, VIC, Australia). 

The H2 carrier gas was delivered at 1.6 mL min-1. The column oven temperature 

programming was as follows: initial temperature = 50 ˚C (1 min) and final temperature = 300 

˚C (3 min), ramped at 20 ˚C min-1. The FID detector parameters were set as base temperature 

= 300 ˚C, H2 flow = 30 mL min-1, and air flow = 340 mL min-1. The injection mode was 

splitless, setting front inlet temperature at 250 ˚C.  

 

Further to the above, eight untreated PDMS-μDiamond discs were soaked in 10 mL 

of MeOH (each disc in separate glass vials). Every hour, 50 µL aliquots were taken and 

analysed by GC-FID. Finally, composite rods were purified either by a combination of 

thermal treatment at 280 ˚C in a N2 flow for 1 h and subsequent Soxhlet extraction in MeOH 
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for 48 h, or by the sole treatment of the composites using Soxhlet extraction in 

MeOH/toluene for 48 or 72 h. After Soxhlet extraction in toluene, the rods were soaked in 10 

mL MeOH and sonicated three times for 10 min each with fresh MeOH, followed by oven 

drying, using a temperature gradient with an initial temperature of 70 ˚C (5 min) and final 

temperature of 150 ˚C (6 h) at the rate of 10 ˚C min-1. 

 

2.2.4. Swelling Ratio of the Rods 

 

The swelling ratio of the composite rods in DCM was determined following the 

procedure outlined within a previous study [3]. Briefly, the rods were soaked in DCM for 24 

h within sealed containers. The swelling ratio (S) of the composite rods was estimated 

according to the equation, 

 S = L/L0,          (1) 

where L denotes the length of the rods in DCM and L0 represents the length of the dry rods 

[3]. 

 

2.2.5. Sorptive Extraction Procedure 

 

The non-porous (NP, sample 4) and porous composite rods, prepared using large 

(POL, sample 9) and small (POS, sample 11) salt particles, were used as sorptive rods and 

compared with a commercial SBSE product, namely PDMS Twister®, for the extraction of 

organic compounds both from the synthetic and the white wine samples, following 

established protocols, with minor modifications [25-26]. For all extraction experiments, each 

of the rods (representative of each class) was immersed in 5 mL of wine sample and agitated 
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using a benchtop orbital shaker at 200 rpm for 60 min. Following the extraction, stainless 

steel tweezers were used to take the rods out of the clear glass vials. 

 

2.2.6. Liquid Desorption of the Sorptive Rods 

 

After a gentle wipe with the lint-free tissue paper, the rods were immersed in GC 

vials with 1 mL of MeOH and sonicated for 15 min at ambient temperature. After sonication, 

a clean stainless-steel hook (in-house built) was used to take the rods out from the GC vials. 

In addition to MeOH, the back-extraction solvents investigated included MeOH:n-pentane 

(1:1), ACN, n-pentane, and iso-octane. Following liquid desorption, the rods were 

regenerated by washing first with MeOH and then with UPW, each time with 5 min of 

ultrasonication. The rods were then dried with lint-free tissue paper, followed by thermal 

treatment at 280 ˚C for 30 min in a GC inlet with helium flow (2.5 mL min-1). The rods were 

then ready for the next extraction experiment. Carryover tests were performed after 

regenerating the rods. Procedural blanks (non-spiked synthetic wine) were also run. 

 

2.2.7. GC-FID Analysis 

 

The chromatographic analysis of wine extracts was performed using a Thermo Trace 

GC-FID Ultra system and a BP20 capillary column (30 m x 250 µm x 0.25 µm L x O.D. x I.D.) 

supplied by SGE Analytical Science (Trajan Scientific and Medical, VIC, Australia). The 

helium carrier gas was maintained at a constant flow rate of 1.2 mL min-1. Splitless injection 

(1 min) mode with an injection volume of 1 µL was performed at 230 ˚C. The oven 

temperature programs were set as follows: initial temperature 40 ˚C (2 min) and final 

temperature 220 ˚C (2 min) @ 7 ˚C min-1. The FID parameters were set as follows: base 
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temperature = 260 ˚C, air flow = 350 mL min-1, H2 flow = 35 mL min-1 and N2 flow = 40 mL 

min-1. Peak areas of the solutes were integrated using Xcalibur software (Thermo, USA). 

 

2.2.8. Method Validation 

 

The calibration curves were obtained by the least-square linear regressions of mean 

relative peak area of the solutes (ratio of peak area of the solutes to the peak area of internal 

standard) versus the concentration of the standard solutes. The developed PDMS-

μDiamond-LD-GC-FID method was evaluated with respect to linearity, repeatability, and 

%recovery of the solutes from the spiked wine samples, together with complete method 

LOD and LOQs. The recovery of the test solutes from synthetic wine sample was calculated 

as follows [25]:  

Recovery (%) =  𝐶𝐶1− 𝐶𝐶0
𝐶𝐶2

 𝑋𝑋 100 

where C0 is the concentration in the synthetic wine sample, C1 is the concentration 

found in the spiked synthetic wine and the C2 is the known concentration added. The LOD 

and LOQ values of the method were determined by considering the S/N values of 3 and 10, 

respectively, from the set of S/N values obtained from the chromatograms of 100%, 80%, 

60%, 40%, and 20% dilutions of the test solutions. The formula used to calculate S/N 

included: S/N = 2H/h, where, H = peak height of the solutes, h = difference between the 

largest and the smallest peak heights of the noise [27]. Linear/polynomial regression models 

were applied to the intensity data to find out the largest and the smallest peak heights of 

noise.   
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2.3. Results and Discussion 

 

2.3.1. Preparation of the PDMS-μDiamond Composites 

 

The sample numbers referred to throughout are linked to their specific composition 

within Table 2.1. Float tests indicated that all the PDMS only materials floated on the surface 

of aqueous samples (Figure 2.1a and Figure ESI A2.1a). The cause of both non-porous 

(samples 2 and 3, ρ = 1.17-1.18 g cm-3) and porous (sample 10, ρ = 0.59 g cm-3) PDMS-based 

rods floating was attributed to the combination of their density and hydrophobicity, which 

together saw neither spontaneously sink within aqueous solutions. However, it was 

observed how a small addition of μDiamond (ρ = 3.5 g cm-3) [16] to the PDMS could 

simultaneously increase density of resultant non-porous composite rods, whilst also 

moderating surface hydrophobicity/wettability (e.g. samples 1 and 4) to a level sufficient for 

spontaneous sinking within aqueous samples (Figure ESI A2.1b).  

 

It was proposed that the absorption capacity of PDMS-μDiamond composites could 

be significantly increased by forming a porous structure, using microparticles of inorganic 

salts (NaCl and NaHCO3) as dissolvable templates. The reaction between NaHCO3 and HCl 

creates initial canals through CO2 degassing [20], which allows water to penetrate and 

dissolve NaCl particles from within the matrix and deliver an interconnected porous 

structure. The application of inorganic salt particles in the preparation of porous PDMS 

sponges has been reported in several works [19-21, 28], but not for such PDMS-μDiamond 

composites. Herein the proportion of PDMS, μDiamond and inorganic salt microparticles in 

the composite was optimised by preparing several composites from various pre-

polymerisation mixtures, as listed in Table 2.1. The particle size of both NaCl and NaHCO3, 
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used for preparing sample 5, ranged from 100-300 µm and 50-200 µm, respectively. The 

particle size of both the salts, used for preparing the samples 6-10, ranged from 66-100 µm; 

and this was 4-7 µm for the sample 11. The amount of μDiamond required to increase 

density of the porous composites was calculated using the following formula: 

 

ρPDMS-μDiamond = (mPDMS + mμDiamond)/(mPDMS/ρPDMS + mμDiamond /ρμDiamond + mSalt/ρSalt), (2) 

 

where mPDMS, mμDiamond, mSalt are masses and ρPDMS (0.97 g cm-3), ρμDiamond (3.50 g cm-3), 

ρSalt are densities of PDMS, μDiamond, and salts in pre-polymerisation mixture, 

respectively. A mixture of both NaCl and NaHCO3 was used as the porogen for the 

preparation of porous composites, but as these inorganic salts have practically equal values 

of density (ρNaCl = 2.17 g cm-3; ρNaHCO3 = 2.20 g cm-3), a value of ρSalt = 2.18 g cm-3 was used for 

the simplicity. It was assumed within these calculations (and confirmed by microscopy) that 

salt template particles were completely removed from the PDMS-μDiamond composites by 

etching with HCl and by boiling with UPW and formed the porous structure with the pore 

volume equal to the volume of salts used. Eqn.2 was used to calculate the composition of the 

PDMS-μDiamond samples 4, 9, and 11 (Figures 2.1b-2.1d), which were the densest non-

porous (ρ = 1.98 g cm-3) and porous (ρ = 1.51-1.60 g cm-3) composites, respectively. These 

composites immediately sank within aqueous samples, unlike the corresponding composites 

without added μDiamond (samples 2, 3, and 10). 
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Table 2.1. Composition of porous and non-porous PDMS composites with and without microdiamond (μDiamond). 

Sample 
No. 

Material Mass ratio 
(PDMS : curing agent : 

μDiamond) 

PDMS 
(g) 

Curing 
Agent 

(g) 

μDiamond 
(g) 

NaCl 
(g) 

NaHCO3 
(g) 

Mean densitya 
(g cm-3) (n = 3) 

Status of the rods 

1 non-porous 58.48 : 5.85 : 35.67 10.00 1.00 6.10 0.00 0.00 1.58 S 

2 non-porous 90.91 : 9.09 : 0.00 10.00 1.00 0.00 0.00 0.00 1.17 F 

3 non-porous 90.98 : 9.02 : 0.00 3.33 0.33 0.00 0.00 0.00 1.18 F 

4 non-porous 36.80 : 3.65 : 59.56 3.33 0.33 5.39 0.00 0.00 1.98 S 

5 porous 71.05 : 7.34 : 21.61 5.03 0.52 1.53 15.80 8.50 0.62 F 

6 porous 75.76 :7.58: 16.67 3.50 0.35 0.77 7.90 4.25 0.85 F 

7 porous 71.61 : 7.10 : 21.29 3.33 0.33 0.99 7.90 4.25 0.70 F 

8 porous 64.04 : 6.35 :29.62 3.33 0.33 1.54 6.83 3.68 0.73 F 

9 porous 36.80 : 3.65 : 59.56 3.33 0.33 5.39 5.36 2.89 1.60 S 

10 porous 90.98 : 9.02 : 0.00 3.33 0.33 0.00 5.36 2.89 0.59 F 

11 porous 36.79 : 3.73 : 59.48 3.94 0.40 6.37 5.36b 2.89b 1.51 S 
 

a – obtained as ratio of calculated volume rod (V = πR2L) and experimentally measured mass of dry rod. 

b- particle size 4-7 µm 

S = rod sank within the aqueous sample, F = floated on the surface of the water sample 
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2.3.1.1. Purification of the PDMS-μDiamond Composites 

 

A series of solvent washes and thermal treatments of PDMS-μDiamond composites 

were investigated, and these are discussed within Electronic Supplementary Information 

(Appendix A2). The final approach to purification involved direct Soxhlet extraction in 

toluene for 72 h, followed by washing in MeOH and thermal treatment at 150 °C for 6 h, 

which increased removal of unbound siloxanes with respect to a combined approach 

(thermal treatment and Soxhlet extraction in MeOH) [29]. Toluene was selected due to its 

high solubility in PDMS, and such solvents can extract non-cross linked siloxane oligomers 

from the bulk PDMS [3]. The present investigation resulted in an improved protocol for 

siloxane removal from PDMS-μDiamond composites, which contradicts the results of 

Brooke et al., who claimed that heating of the PDMS at 200 ˚C for 4 h could eliminate all 

volatile siloxanes from PDMS [30]. 

 

2.3.2. Morphology of the PDMS-μDiamond Composites 

 

SEM images of both non-porous and porous PDMS-μDiamond composites are 

presented in Figures 2.1e-2.1h. The average pore size was ~ 39 µm for sample 9 and ~ 5 µm 

for sample 11 (Figure 2.2). Although SEM images can be used to determine pore size of the 

PDMS-microdiamond composite, BET method can provide accurate measurement of the 

porous structure. Because of siloxane bleed from the PDMS-microdiamond composites, it 

wasn’t possible to measure pore size using the BET method. However, measuring the pore 

size after removing siloxane bleeding from the composite was beyond the scope of the 

current investigation. The SEM images revealed how the salt particles used as templates 

were evenly distributed throughout the PDMS backbone. They also revealed the 

relationship between the size of the salt particles and the pore size of the composites [20], 
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Figure 2.1. Rod shape non-porous and porous PDMS-μDiamond composites along with their 

microscopic images, (a) Non-porous PDMS without μDiamond (sample 3) (b) non-porous 

PDMS-μDiamond (sample 4), (c) porous PDMS-μDiamond large salt particles (sample 9) (d) 

porous PDMS-μDiamond small salt particles (sample 11), (e) non-porous PDMS, (f) non-

porous PDMS-μDiamond, (g) porous PDMS-μDiamond large salt particles, and (h) porous 

PDMS-μDiamond small salt particles. 

confirming that the porous structure of the PDMS-μDiamond composites could be 

controlled by choosing the required size range of salt particles. SEM images also confirmed 

that the μDiamond were similarly evenly dispersed within the composites, unlike former 

studies using DND fillers, which have been shown to aggregate within composites [31]. Due 

to the reaction between carboxyl and hydroxyl groups of μDiamond particles and 

polysiloxanes, the particles are retained within the bulk of the hydrophobic PDMS polymer 

during polymerisation, rather than their migration to the surface of the pores formed by the 

polar inorganic salts. 
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2.3.3. Effect of Microdiamond Content on Properties of the Composites 

 

Structural integrity and rigidity of the porous PDMS-μDiamond composite (sample 9 

and 11) was observed to persist after several repeat applications of the rods to the extraction 

(and desorption) of organic compounds from wine. This was in stark contrast to the porous 

PDMS rod without μDiamond (sample 10), which disintegrated during the process of 

thermal regeneration (Figure 2.3). This considerable difference in the two materials 

confirmed the addition of μDiamond to PDMS matrix enhanced structural stability and 

enabled their use in multiple absorption and thermal/liquid desorption cycles. The addition 

of approximately 35.7% (w/w) of μDiamond to the PDMS matrix resulted in more than 35% 

increase in the density of the non-porous composite (sample 1) compared to the PDMS. This 

corresponded with the results of Cho et al. who reported the density of non-porous PDMS-

Figure 2.2. Pore size distribution determined from the microscopic images of porous PDMS-

μDiamond, (a) large salt particles and (b) small salt particles used as templates. 
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Figure 2.3. Structural stability test of rod shape composites, (a) porous PDMS-μDiamond 

(sample 9), remained structurally robust even after several extraction-desorption-reuse cycles, 

(b) porous PDMS (sample 10) without μDiamond, disintegrated following a single application 

cycle. [reuse preceded thermal conditioning at 280 °C for 30 min in a helium flow (2.5 mL min-

1)]. 

μDiamond composite (1.5 g cm-3 with 20 vol% of μDiamond) [22]. In the present 

investigation, 60%(w/w) of μDiamond filler provided an approximate 70% (sample 4) and 

170% (sample 9) increase in the density of non-porous and porous PDMS composites, 

respectively, compared with PDMS, whilst physical integrity was maintained. 

 

 

 

 

 

 

 

 

 

 

 

A swelling ratio of S = 1.13 in DCM, obtained for PDMS composite containing 60 wt 

% of μDiamond (sample 4), was found to be ca. 12% lower than the 1.27 value obtained for 

PDMS without μDiamond (sample 10). An S value of PDMS without μDiamond equal to 

1.22 has been reported in the literature [3, 32], which agrees with the results herein. The 

reduced S value of PDMS-μDiamond composites confirms the increased structural rigidity 

of the composites within organic solvents [8]. 
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The effect of incorporating μDiamond (35.7 wt%, sample 1) into the PDMS matrix on 

thermal stability of PDMS-μDiamond composites was studied using thermogravimetric 

analysis (TGA) in air and in N2. The results on thermal stability are shown in Figure 2.4a and 

Figure 2.4b. As expected, the thermal stability of the PDMS and the composites was higher 

in N2 than in an air atmosphere (Figure 2.4b). Under an atmosphere of N2 it was observed 

that at 300 ˚C, neither the composites nor the PDMS exhibited any significant degradation. 

However, significantly, at 400 ˚C and 500 ˚C, % weight loss of the PDMS was two times 

higher than for the composites under a N2 atmosphere. The temperature under N2 resulting 

in a 5% weight loss for PDMS was 418 ˚C. This was increased to 480 ˚C for the composite 

material. Similarly, the temperature for 10% weight loss in the composites increased by 66 ˚C 

compared to PDMS. This difference between the composites and the PDMS decreased to 26 

˚C at the 15% weight loss point.  

 

On the other hand, in air, both the composites and the PDMS showed approximately 

3% weight loss at 300 ˚C. At 400 ˚C, the percentage of weight loss was similar for both the 

composites and the PDMS, whilst it was two times higher for the PDMS than the composites 

at 500 ˚C. The temperature variations between the composites and the PDMS for 5%, 10% 

and 15% weight loss were 10 ˚C, 17 ˚C and 26 ˚C, respectively. These TGA results confirmed 

that the introduction of μDiamond into the PDMS matrix improved the thermal stability of 

the composites, which is promising for potential applications requiring higher temperatures, 

including thermal desorption applications. These data are in a good agreement with the 

results of our earlier work showing that introducing μDiamond to PDMS matrix enhances 

the thermal stability [12]. 

 

Addition of μDiamond (60 wt%, sample 7) to the PDMS matrix improved its thermal 

conductivity from 0.385 W.m-1.K-1 (sample 2) to 0.804 W.m-1.K-1 for the porous PDMS-
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Figure 2.4. Thermal degradation of PDMS-μDiamond composites (35.7 wt.% μDiamond): (a) 

TG curves, (b) DTG curves [(i) = PDMS-μDiamond in N2, (ii) = PDMS in N2, (iii) = PDMS-

μDiamond in air, (iv) = PDMS in air]. 

μDiamond composite (~108% increase). This is a substantial increase in thermal conductivity 

of the composites, as compared with reported values of just 15-38.4% increase in thermal 

conductivity of PDMS after incorporation of 2 wt% of DND [9, 10]. 

 

 

 

 

 

 

 

 

 

 

 

2.3.4. Optimisation of Liquid Desorption Solvents 

 

No significant variation in relative peak area of the solutes was observed between 

polar (MeOH, ACN) and non-polar (n-pentane, iso-octane) organic solvents investigated as 

desorption solvents for the rods (Figure ESI A2.7). This contradicts somewhat previous 

works [25, 33], where n-pentane was reported as the best LD solvent because of its low 

boiling point and compatibility with large volume injection (LVI) GC analysis under solvent 

vent mode. In the present study, the polar solvents (e.g. MeOH) were found suitable for LD 
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solvent as all the test solutes could be quantitatively desorbed from the various rods (Figure 

2.5), as seen in the chromatograms shown in Figure ESI A2.8. 

 

2.3.5. Validation of the PDMS-μDiamond-LD-GC-FID Method 

 

The calibration parameters along with LODs and LOQs obtained following the same 

analytical procedures and conditions for all rods are shown in Table 2.2. The fitting curves to 

determine a set of S/N values, chosen to calculate LOD and LOQ values, are given in Figure 

ESI A2.9. Using an individual rod (rod regenerated between each standard extraction), the 

PDMS-μDiamond-LD-GC-FID method delivered a five-point calibration curve for each of 

the tested solutes with acceptable linearity (R2> 0.99 for NP, R2>0.98 for POL and POS) 

(Table 2.2). The repeatability of the method was evaluated by triplicate extractions from the 

same wine sample, delivering an acceptable intra-day precision of RSD ~1.30-19.40%, and 

the LODs and LOQs were suitable for trace level extraction of the tested solutes found in 

white wine. This study also revealed how the PDMS-μDiamond-LD-GC-FID method, 

employing the porous composite sorbent was found slightly more sensitive to the ethyl 

decanoate in terms of LOD (ethyl decanoate 2.2 µg L-1) than found using the commercial 

sorptive phase under similar conditions (3.6 µg L-1). The developed method using the 

composite sorbents was also compared with reported methods in the literature under 

similar conditions (e.g. 30 mL of sample and 20 µL of injection volume) [25], revealing 

higher overall sensitivity to isoamyl acetate (~162-283 times), ethyl hexanoate (~20 times), 

ethyl octanoate (~24-40 times), and ethyl decanoate (~4 times). However, the method was 

~3-5 times less sensitive to phenethyl acetate than that reported elsewhere [25]. 
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Table 2.2. Calibration parameters, LOD, and LOQ of the test solutes in synthetic wine sample analysed by all 

the PDMS-μDiamond composite rods and a commercially available PDMS phase followed by GC-FID. 

Solutes Conc. 
 range  
(µg L-1) 

R2 LOD (µg L-1) LOQ (µg L-1) Repeatability 
RSD (%) 

  PDMS 
stir-bar 

NP POL POS PDMS 
stir-bar 

NP POL POS PDMS 
stir-bar 

NP POL POS PDMS 
stir-bar 

NP POL POS 

Isoamyl acetate 200 - 1000 0.995 0.992 0.983 0.975 4.3 7.8 11.3 13.6 21.4 38.9 37.2 31.7 0.8 1.6 3.0 2.2 
Ethyl hexanoate 100 - 500 0.992 0.999 0.995 0.980 0.5 1.0 0.8 0.9 1.8 3.2 2.6 2.9 2.8 1.7 2.3 2.1 
Ethyl octanoate 300 - 1500 0.995 0.999 0.997 0.998 0.5 1.0 0.6 0.6 1.8 5.8 3.5 5.1 6.0 5.2 2.5 2.7 
Ethyl decanoate 200 - 1000 0.989 0.990 0.984 0.990 3.6 7.7 2.2 3.5 9.7 15.8 9.3 12.3 20.7 16.8 10.1 19.4 
Phenethyl acetate 50 - 250 0.999 0.996 0.975 0.987 8.1 22.0 39.9 27.3 27.0 68.6 87.7 84.5 1.0 1.3 4.6 4.2 

NP = non-porous PDMS-μDiamond, POL = porous PDMS-μDiamond (pore size ~39 µm), POS = porous PDMS-μDiamond (pore size ~5 µm)
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The selectivity of the sorbent was investigated by conducting a recovery study, 

showing the non-porous and porous rods delivered ~87% to >100% recovery (RSD 2.1-

12.5%) for all test solutes from the synthetic wine samples (Figure 2.6). The selectivity 

between the PDMS-μDiamond composites and the test solutes can be both hydrophobic and 

hydrophilic, wherein, PDMS provides hydrophobic interactions and μDiamond may enable 

hydrophilic interactions with the solutes, as it has been shown previously that μDiamond 

Figure 2.5. MeOH used as desorption solvent for the test solutes from the commercial 

PDMS phase and non-porous PDMS-μDiamond rods. [Sample volume 5 mL, extraction 

time 60 min, shaking speed 200 rpm, volume of liquid desorption solvent 1 mL, ultrasonic 

assisted desorption time 15 min at room temperature; IA = isoamyl acetate, EH = ethyl 

hexanoate, EO = ethyl octanoate, ED = ethyl decanoate, PA = phenethyl acetate]. 
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can induce hydrophilicity to PDMS-μDiamond composites [12]. Overall, the porous rods 

delivered a higher % recovery of the test solutes than the commercial sorbent (>10-20%) and 

the non-porous rod (~20-30%). The higher % recovery for the porous rods can be attributed 

to the higher surface area. The recovery of all the test solutes under study (isoamyl acetate 

86.5–104.1%, RSD 2.1–9.9%; ethyl hexanoate 98.6–111.4%, RSD 1.7–8.3%; ethyl octanoate 

116.0–135.9%, RSD 2.3–7.7%; ethyl decanoate 90.8-118.7%, RSD 5.7-12.5%; and phenethyl 

acetate 106.1–123.7%, RSD 3.0–6.5%), using the developed non-porous and porous rods, was 

higher than those reported in previous studies (isoamyl acetate 83.8%, ethyl hexanoate 

32.5%, ethyl octanoate 90.4%, ethyl decanoate 67.9–83.9%, and phenethyl acetate 83.9%) [25, 

33]. 

 

2.3.6. Application of the PDMS-μDiamond-LD-GC-FID Method 

 

The developed PDMS-μDiamond-LD-GC-FID method was applied to the analysis of 

a white wine sample, choosing isoamyl acetate, ethyl hexanoate, ethyl octanoate, ethyl 

decanoate, and phenethyl acetate as target solutes. Both polar and non-polar compounds 

(molecular structures and logP values are shown in Table 2.3) were chosen to investigate the 

selectivity of the developed materials across a range of polarity. Further, as a practical 

application, these solutes are important flavour compounds of significant interest, which 

provide fruity aroma to wine sample and are often used to determine the quality of wine. 

 

The results confirmed that both the non-porous and the porous rods were capable of 

efficiently extracting the test solutes from the white wine sample and the mean relative peak 

areas were generally higher or equal to those obtained using the commercial PDMS phase 

under identical conditions (Figure 2.7 and Figure ESI A2.10a-d). The amount of the test 

solutes determined to be present within the white wine samples (Table 2.4), quantified using 
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external calibration method, were also found to be well within the normal ranges observed 

in previous studies [25, 33], indicating that the developed rods could indeed be applied as a 

robust and an efficient sorptive extraction phase for such trace organic chemical analysis. 

 

Table 2.3. Chemical structure and properties of the tested solutes. 

Name of the 
solute 

Molecular 
formula 

LogP Molecular Structure 

Isoamyl acetate C7H14O2 2.12 

 
Ethyl hexanoate C8H16O2 2.83 

 
Ethyl octanoate C10H20O2 3.90 

 
Ethyl decanoate C12H24O2 4.96 

 
Phenethyl 
acetate 

C10H12O2 2.30 
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Table 2.4. Comparison of the non-porous and porous rods results with those obtained by commercial PDMS phase and the previous studies of 

the test solutes amount in white wine samples. 

NP = non-porous PDMS-μDiamond, POL = porous PDMS-μDiamond (pore size ~39 µm), POS = porous PDMS-μDiamond (pore size ~5 µm);  

Solutes Mean (n = 3) concentration (µg L-1) 
 Current study Previous studies 
 Commercial 

PDMS phase 
NP POL POS Coelho et al. [33] Perestrelo et al. [25] 

Isoamyl acetate 770 ± 6  810 ± 13  905 ± 27  895 ± 20  9 – 53 271 – 882 
Ethyl hexanoate 1051 ± 29 1142 ± 20  1214 ± 28  1072 ± 22  703 – 944 247 – 338 
Ethyl octanoate 1121 ± 67  1086 ± 56  1232 ± 31  925 ± 25  706 – 1092 813 – 944 
Ethyl decanoate 197 ± 41 164 ± 28 245 ± 25 131 ± 25  136 – 398 355 – 457 
Phenethyl acetate 148 ± 2  136 ± 2 137 ± 6  178 ± 7  2 – 3 48 – 84 
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Figure 2.6. Mean percentage recovery of test solutes from synthetic wine sample using 

commercial PDMS phase, NP, POL, and POS. [Sample volume 5 mL, extraction time 60 

min, shaking speed 200 rpm, volume of liquid desorption solvent (MeOH) 1 mL, 

ultrasonic assisted desorption time 15 min at room temperature; IA = isoamyl acetate, EH 

= ethyl hexanoate, EO = ethyl octanoate, ED = ethyl decanoate, PA = phenethyl acetate]. 
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Figure 2.7. Comparison of mean relative peak area of test solutes from white wine sample 

between the composite rods and the commercial PDMS phase. [Sample volume 5 mL, 

extraction time 60 min, shaking speed 200 rpm, volume of liquid desorption solvent 

(MeOH) 1 mL, ultrasonic assisted desorption time 15 min at room temperature; IA = 

isoamyl acetate, EH = ethyl hexanoate, EO = ethyl octanoate, ED = ethyl decanoate, PA = 

phenethyl acetate] 



93 
 

2.4. Conclusions 

 

For the first time non-porous and the porous PDMS-μDiamond composites have 

been used as sorptive rods for solute extraction from aqueous samples, followed by liquid 

desorption and GC-FID analysis. The addition of μDiamond to PDMS matrix provided 

several advantages: (1) significant increase in density, which helped both the rods sink 

within the aqueous sample without using any metal or glass materials, (2) substantial 

improvement in mechanical stability, thermal stability and conductivity, and (3) high 

resistance to organic solvents. High resistance to organic solvents and the high thermal 

stability provided for improved purification of these materials of siloxane oligomers, either 

by solvent washing or by thermal treatment. While the non-porous PDMS-μDiamond 

sorptive rod provided roughly equal recovery to a commercial PDMS phase for test solutes, 

the porous PDMS-μDiamond rods provided significantly higher recovery of the test solutes 

from wine samples. The results indicate that both the non-porous and the porous PDMS-

μDiamond composites can be used as simple and efficient sorptive devices for such sample 

preparation before performing chromatographic analysis. 
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Chapter 3 

Development of a Rapid and a Solvent-free Method for Siloxane 

Bleeding Removal from Polydimethylsiloxane-microdiamond 

Composites 
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Abstract 

 

The development of a rapid and a solvent-free approach to remove siloxane bleeding 

from the PDMS-μDiamond composite rods is reported. The approach involved post-cure 

thermal conditioning of the composite rods within a GC liner at 350 °C for 12 h maintaining 

a helium flow of 2.5 mL min-1. The effectiveness of the purification protocol was verified by 

placing the purified rods within a GC inlet chamber setting a range of temperatures (200 °C-

350 °C); gas chromatography (GC)-flame ionisation detector (FID) chromatograms thus 

obtained saw stable background intensities and significant reduction in the number of 

siloxane peaks. The approach was more effective in removing the siloxane oligomers from 

the rods than an alternative solvent purification method (washing the rods with toluene for 

72 h, followed by drying for 6 h), which required additional thermal conditioning to reduce 

the siloxane bleeding at 300 °C. The thermal purification method was ~8 times faster than 

the solvent purification method; the former was more environmentally friendly as it didn’t 

involve using any organic solvent.  
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3.1. Introduction 

 

Sylgard® 184 polydimethylsiloxane (PDMS), manufactured and commercialised by 

Dow Corning, is one of the most widely used silicone-based elastomers [1]. These elastomers 

are comprised of two parts, namely, (1) the base (part A), and (2) the cross-linking agent 

(part B). The vinyl-terminated dimethyl siloxane oligomers form the major part of the base 

in addition to a platinum catalyst complex, while the methyl hydroxysilane is the principal 

component of the cross-linking agents (Table 3.1) [2]. The equilibrium polymerisation of 

these components results in silicone elastomers, which contain residues of unreacted cyclic 

oligomers [3]. Measurable quantities of such compounds within the silicone elastomers are 

found even at optimum condition and even when most of the low molecular weight 

materials are eliminated through vacuum [3]. It has been reported that even when 

introducing a filler (e.g. microdiamond particles) within the silicone matrix, the resulting 

silicone-microdiamond composites still release some un-reacted siloxane oligomers [4], 

which potentially have several effects on the resulting silicone elastomers. Mobility of such 

oligomers within/to the surface of the elastomeric devices modifies surface chemistry as 

well as mechanical properties of the devices, which include tensile strength, tear strength, 

elongation, and compression set [5]. Consequently, to a great extent these alter the efficiency 

of a silicone elastomeric device [6]. Therefore, post-cure treatment of the silicone elastomeric 

device is extremely important, and in some cases, it is mandatory [7]. There are two 

principal ways of purifying (hence called post-cure treatment) the silicone elastomers 

including (1) solvent washing (either directly soaking within a solvent for a time period or 

Soxhlet extraction within a solvent for a certain time), and (2) thermal treatment.  
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Organic solvents can extract un-crosslinked oligomers from the bulk PDMS, for 

example, Graham et al. (2002) employed n-hexanes in extracting siloxane oligomers from 

PDMS, and the entire process of extensive purification of the material took approximately a 

week [8]. Lee et al. used both highly soluble solvents (e.g. n-pentane, n-hexane, n-heptane, 

cyclohexane, xylene, toluene, benzene, chloroform, trichloroethylene, diethyl ether, 

dimethoxyethane, and tetrahydrofuran) and extremely soluble solvents (e.g. 

diisopropylamine, dipropylamine, and triethylamine) to extract un-crosslinked oligomers 

from the PDMS [9].  Similarly, the purification process of the soluble components from the 

cross-linked PDMS using diisopropylamine (which is extremely soluble in PDMS) took 

approximately 6 days [9]. Lee and co-workers also observed that cracks developed over the 

surface of the purified polymer when air dried without soaking within the low solubility 

solvents [9]. On the other hand, thermal conditioning (which is normally set higher than the 

curing temperature) can remove volatiles from the cross-linked silicone [3]. Rothka and co-

workers thermally conditioned the silicone elastomers initially for 4 h at 204 °C and finally 

for 20 h at 177 °C and emphasised the need for a post-cure thermal purification of the 

elastomers [10]. Another study by Zakaria et al. investigated the thermal purification of 

PDMS thin films at 200 °C for up to 4 h following the initial curing period [7]. While several 

studies have investigated the purification of the PDMS elastomers [3, 7-11] no studies have 

yet been focused on removing volatiles from the PDMS-µDiamond composites. Therefore, 

the aim of the current investigation relates to the development of a rapid and a solvent-free 

purification method for the rod shaped PDMS-µDiamond composites (both porous and non-

porous) before applying these materials as absorbents for organic compounds from aqueous 

samples.    
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3.2. Materials and Methods 

 

3.2.1. Reagents and Supplies 

 

Sylgard® 184 silicone elastomer base and curing agent were supplied by Dow 

Corning Corporation (Midland, MI, USA). Synthetic high-pressure high temperature 

microdiamonds (2–4 µm) were purchased from Hunan Real Tech Superabrasive & Tool Co. 

Ltd. (Changsha, Hunan, China). NaCl was obtained from Sigma-Aldrich (St. Louis, MO, 

USA). NaHCO3 and toluene were purchased from Chem-Supply Pty Ltd (Gillman, SA, 

Australia). HCl was available from Merck (Darmstadt, Hessen, Germany). HPLC-grade 

methanol was supplied by Merck KGaA (Darmstadt, Germany). Ultra-pure water (UPW) 

was available from Milli-Q system, Merck Pty Ltd (Bayswater, VIC, Australia). 

Poly(vinylchloride) (PVC) tubing (part no. PV00-3062C, 3 mm I.D.) was purchased from 

Value Plastics (Fort Collins, CO, USA). Whatman filter papers were purchased from Sigma-

Aldrich (Castle Hill, NSW, Australia). Commercial PDMS phase (PDMS Twister®, 10 mm x 

1.0 mm and 10 mm x 0.5 mm, length x film thickness) was obtained from Gerstel GmbH & 

Co. KG (Mülheim, Germany). Ultrasonic water bath (Power Sonic 410) was purchased from 

Thermoline Scientific (Wetherill Park, NSW, Australia). SGE focus liners were available from 

Trajan Scientific and Medical (Ringwood, VIC, Australia).  
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Table 3.1. Composition of Sylgard® 184 PDMS [2]. 

Composition Concentration (Wt.%) CAS 
Base   
Dimethyl siloxane, dimethylvinyl-terminated 50-70 68083-19-2 
Dimethylvinylated and trimethylated silica 30-50 68988-89-6 
Tetra(trimethylsiloxy)silane 1-5 3555-47-3 
Ethylbenzene 0.1-1 100-41-4 
Cross-linking agent   
Dimethyl, methylhydrogen siloxane 50-70 68037-59-2 
Dimethyl siloxane, dimethylvinyl-terminated 20-30 68083-19-2 
Dimehtylvinylated and trimethylated silica 10-20 68988-89-6 
Tetramethyl tetravinylcyclotetrasiloxane 1-5 2554-06-5 
Ethylbenzene 0-0.1 100-41-4 
 

3.2.2. Instrumentation 

 

The presence of siloxane oligomers was detected and identified by using a Thermo 

Trace GCMS Ultra-DSQII (Thermo, USA) system and a BPX5MS capillary column (30 m x 

250 µm x 0.25 µm L x O.D. x I.D.) available from Trajan Scientific and Medical (Ringwood, 

VIC, Australia). The siloxane bleeding profile was investigated by using a Thermo Trace GC-

FID Ultra system connected to the same capillary column as GCMS.  

 

3.2.3. Preparation of the PDMS-µDiamond Composite 

 

The preparation procedure of porous/non-porous PDMS based sorption phase in 

rod shape (10 mm x 3 mm length x diameter) with/without microdiamond particles has 

been detailed in chapter 2. 
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3.2.4. Solvent and Thermal Purification of the PDMS-μDiamond Composites 

 

For solvent washing, the PDMS rods (length 1 cm) with/without µDiamond (Figure 

3.1a-3.1c) were placed within a pouch made of Whatman filter paper and then kept inside 

the funnel of Soxhlet apparatus for 72 h. After Soxhlet extraction, the rods were soaked in 10 

mL MeOH in clear glass vial and sonicated three times for 10 min each time with fresh 

MeOH. The rods were then transferred to a new glass vial and oven dried initially at 70 ˚C (5 

min) and finally at 150 ˚C (6 h) at the rate of 10 ˚C min-1. On the other hand, for thermal 

purification, both the toluene treated and the freshly cured rods (without toluene treatment) 

were thermally conditioned at 350 ˚C for 1 h/12 h in a GC inlet chamber (using a new SGE 

focus liner) maintaining helium flow of 2.5 mL min-1. 

 

3.2.5. Investigation of Siloxane Bleeding Profile of the Composite by GC-FID 

 

The oven temperature programs included initial temperature 50 ˚C (5 min), raised 

the temperature to 350 ˚C (1 min) at the rate of 20 ˚C min-1. The injection mode was splitless 

for 5 min. The constant carrier gas (helium) flow was maintained 1.2 mL min-1. The FID 

parameters were set as follows: 360 ˚C of detector’s base temperature, 35 mL min-1 of H2 

flow, 350 mL min-1 of air flow, and 40 mL min-1 of N2 flow. Before placing a composite rod 

within the liner, a blank was run for conditioning the liner, which was considered as control. 

Bleeding profiles of the rods were observed in triplicate at three different temperatures 

within the GC liner chamber (every time with a new liner) as listed in Table 3.2. For a 

comparison, the bleeding profile of the rods without solvent and thermal purification was 

also investigated. The similar procedure was followed for both the PDMS rods without 

µDiamond and the commercial PDMS phase (Figure 3.1d). 
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Figure 3.1. PDMS sorptive phases with/without µDiamond used both for 

solvent washing and thermal purification followed by investigation of 

siloxane bleeding by GC-FID (a) non-porous PDMS rod, (b) non-porous 

PDMS-µDiamond rod, (c) porous PDMS-µDiamond rod, and (d) commercial 

PDMS phase. 
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Table 3.2. Experimental parameters used for investigating bleeding profile of PDMS-

µDiamond composites. 

Experiment 
No. 

Material/phase Experimental conditions Temp. set for bleeding 
profile (°C) 

1 PDMS • Thermal treatment 1h and 
Soxhlet extraction in MeOH 
for 48 h 

200 250 300 - 

2 PDMS • Soxhlet extraction in toluene 
for 72 h 

200 250 300 - 

3 PDMS • Soxhlet extraction in toluene 
for 72 h 

• Heat treatment at 350 °C for 
1 h/12 h in a helium flow 
(2.5 mL min-1) 

- - 300 - 

4 Non-porous and porous 
PDMS-µDiamond 

• Soxhlet extraction in toluene 
for 72 h 

200 250 300 - 

5 Non-porous and porous 
PDMS-µDiamond 

• Soxhlet extraction in toluene 
for 72 h 

• Heat treatment at 350 °C for 
12h in a helium flow (2.5 mL 
min-1) 

- - 300 - 

6 Non-porous PDMS-
µDiamond 

• Soxhlet extraction in toluene 
for 72 h 

• Heat treatment at 350 °C for 
12h in a helium flow (2.5 mL 
min-1) 

- - - 330 

7 Non-porous and porous 
PDMS-µDiamond & 
commercial PDMS phase 

• Soxhlet extraction in toluene 
for 72 h 

• Heat treatment at 350 °C for 
12h in a helium flow (2.5 mL 
min-1) 

- - - 350 

8 Porous PDMS-
µDiamond 

• Direct heat treatment of 
freshly cured porous PDMS- 
µDiamond rod at 350 °C for 
12 h in a helium flow (2.5 
mL min-1) 

- - - 350 

9 Non-porous and porous 
PDMS-µDiamond 

• Direct heat treatment of 
freshly cured PDMS-
µDiamond rods at 350 °C for 
12 h in a helium flow (2.5 
mL min-1) 

- - - 350 
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3.3. Results and Discussion 

 

3.3.1. Siloxane Bleeding Removal from the PDMS-µDiamond Composites 

 

3.3.1.1. Solvent Treatment of the PDMS-µDiamond Composite Rods 

 

PDMS only rods (without µDiamond particles) were used before developing a 

solvent purification protocol for the PDMS-µDiamond composite rods. The GC-FID 

chromatograms showed that following 48 h of solvent washing of the PDMS rods, no peaks 

of siloxane oligomers were seen at 200 °C and 250 °C (which were almost like control 

chromatograms) (Figure A3.1a-3.1b). However, at 300 °C, a considerable number of siloxane 

peaks were observed (Figure A3.1c). A phthalate peak was also seen in the chromatograms 

obtained under three temperature conditions (Figure A3.1a-c). This experiment confirmed 

that methanol washing wasn’t enough to extract 100% of the impurities from the PDMS 

rods. This was due to methanol’s (which is a polar solvent) less solubility in PDMS [9]. This 

led to use a non-polar solvent (e.g. toluene), which is highly soluble in PDMS. Toluene’s 

high solubility enabled it to significantly extract impurities from within the bulk PDMS 

polymer. This was confirmed by the significant reduction of siloxane oligomers and 

phthalate peaks as seen in the GC-FID chromatograms obtained at inlet temperature of 200 

°C (Figure A3.2a) and 250 °C (Figure A3.2b). Although the peak of phthalate wasn’t seen in 

the chromatogram, the peaks of siloxane oligomers were still observable at 300 °C (Figure 

A3.2c). However, in addition to entirely removing the phthalate, washing the PDMS rods 

with toluene enabled significant reduction of siloxane oligomers compared to the solvent 

untreated rods (Figure A3.2a-c). The similar results were found after washing the non-

porous (Figure 3.2a-c) and porous (Figure 3.3a-c) PDMS-µDiamond rods with toluene for 72 

h. Significant reduction of impurities (siloxane oligomers and phthalates) from the PDMS-
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µDiamond rods after washing with toluene confirmed that the introduction of µDiamond 

particles within the bulk PDMS matrix didn’t alter the solubility of toluene in PDMS. These 

experiments substantiated the effectiveness of toluene in purifying the PDMS-µDiamond 

rods, which corresponded with the findings of Lee at al. [9], reporting that highly soluble 

solvents can extract un-crosslinked oligomers from the bulk PDMS polymer. This is also 

supported by another study by Graham et al. [8], reporting that one week of solvent (n-

hexane) washing of the PDMS stamp was needed to completely remove low molecular 

weight oligomers from the stamp, but the study didn’t mention the stamp’s bleeding profile 

at 300 °C or at lower temperature. 
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Figure 3.2a. GC-FID chromatograms of non-porous PDMS-µDiamond composite bleeding 

at 200 °C [(i) = control, (ii), (iii), & (iv) three individual non-porous PDMS-µDiamond rods 

after purification, (v) non-porous PDMS-µDiamond rod without purification]. 
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Figure 3.2b. GC-FID chromatograms of non-porous PDMS-µDiamond composite 

bleeding at 250 ° C [(i) = control, (ii), (iii), & (iv) three individual non-porous PDMS-

µDiamond rods after purification, (v) non-porous PDMS-µDiamond rod without 

purification]. 
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Figure 3.2c. GC-FID chromatograms of non-porous PDMS-µDiamond composite 

bleeding at 300 ° C [(i) = control, (ii), (iii), & (iv) three individual non-porous 

PDMS-µDiamond rods after purification, (v) non-porous PDMS-µDiamond rod 

without purification]. 
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3.3.1.2.  Thermal Treatment of the Solvent-treated Composite Rods 

 

Emergence of siloxane peaks at 300 °C (as it was mentioned in section 3.3.1.1.) even 

after washing with toluene for 72 h led to thermal conditioning of the previously solvent 

treated PDMS rods. As it is shown in Figure A3.3, 1 h of thermal conditioning of the PDMS 

rods at 350 °C significantly reduced the appearance of siloxane peaks in the GC-FID 

chromatogram obtained at 300 °C compared to the thermally untreated rods, but 1 h of 

thermal treatment was insufficient as some siloxane peaks were still seen in the 

chromatogram. Thus, the rods were thermally conditioned for 12 h at 350 °C, which 

delivered a chromatographic background almost similar in intensity to that of the control 

chromatogram. Similarly, 12 h of thermal conditioning of the non-porous (Figure 3.4a) and 

porous (Figure 3.4b) PDMS-µDiamond rods enabled a stable chromatographic background. 

Keeping the thermal conditioning period constant, siloxane bleeding profile was also 

investigated at 330°C (Figure 3.5) and 350 °C (Figure 3.6), which showed significant 

reduction of siloxane bleeding compared to those without thermal conditioning. The Figure 

3.6 further revealed that no significance difference in background signal intensities were 

observed between the porous composite rod and the commercial PDMS phase under 

identical conditions. From the above experiments, it can be stated that the non-porous and 

the porous PDMS-µDiamond rods, following washing with toluene for 72 h, can 

straightforwardly be used within a thermal desorption unit (TDU) at 200 °C. However, 

before using the rods either at 250 °C or 300 °C within a TDU, the rods should undergo 

thermal treatment for at least 12 h following washing with toluene for 72 h. 
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3.3.1.3.  Direct Thermal Treatment of the Composite Rods 

 

Solvent washing of the composite rods takes substantial amount of time and organic 

solvent, as it is evident from the current study and the study by Graham et al. [8], reporting 

that a complete extraction of low molecular weight siloxane oligomers from the PDMS 

stamp can take up to 1 week. Considering this, several experiments were conducted to 

establish a protocol that involved direct heating immediately after curing the non-porous 

and porous PDMS-µDiamond rods at 350 °C for 12 h in a GC inlet liner with a helium flow 

of 2.5 mL min-1. The results showed that the direct thermal conditioning enabled a 

significant reduction of siloxane bleeding when placing the rods (non-porous and porous) 

within the GC liner at 350 °C (Figure 3.7a-b) compared to thermally untreated rods. The 

Figures 3.7a-b further demonstrate that siloxane bleeding from the composite rods can 

significantly be reduced without washing these rods in toluene. However, the signal 

intensity in case of non-porous rod (Figure 3.7a) was higher than that of the porous rod 

(Figure 3.7b). This indicates that 12 h of direct thermal conditioning of the porous rod was 

more efficient than the non-porous rod. This might be related to its porous morphology, 

which facilitated in removing more low molecular weight siloxane volatiles from the porous 

rod than the non-porous rod [14]. To achieve a similar signal intensity to porous rod, the 

non-porous rod should undergo an extended period (more than 12 h at 350 °C) of direct 

thermal conditioning after curing. 
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Figure 3.3a. GC-FID chromatograms of porous PDMS-µDiamond bleeding at 200 

°C [(i) = control, (ii), (iii), & (iv) three individual porous PDMS-µDiamond rods 

after purification, (v) porous PDMS-µDiamond rod without purification]. 
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Figure 3.3b. GC-FID chromatograms of porous PDMS-µDiamond bleeding at 250 ° C 

[(i) = control, (ii), (iii), & (iv) three individual porous PDMS-µDiamond rods after 

purification, (v) porous PDMS-µDiamond rod without purification]. 
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Figure 3.3c. GC-FID chromatograms of porous PDMS-µDiamond bleeding at 300 ° C 

[(i) = control, (ii), (iii), & (iv) three individual porous PDMS- µDiamond rods after 

purification, (v) porous PDMS-µDiamond rod without purification]. 
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3.3.2. Identification of Compounds Released from the Composite Rods 

 

The identified compounds released from the PDMS-µDiamond rods when placing 

these within the GC liner at 200 °C, 250 °C, and 300 °C are listed in Table 3.3. The 

identification of the compounds involved comparing a query mass spectrum with reference 

mass spectra in a library (e.g. NIST library database installed in Thermo Xcalibur software) 

through spectrum matching. The highest percentage of spectrum matching was considered 

while searching for these compounds in the database. The common compounds seen in the 

chromatograms were classed as dimer (D) siloxane oligomers in the range D6-D8. Cyclic and 

linear siloxanes were also seen and identified in the chromatograms. The results on 

compound identification are in a good agreement with the findings of Brook et al. [3], 

reporting similar compounds from liquid silicon rubbers. Another compound, diisooctyl 

phthalate, was observed in the chromatograms obtained at three different temperatures (200 

°C, 250 °C, and 300 °C). The presence of the phthalate within the composite rods might be 

due to the migration of such a compound from the PVC mould to the rods during curing. 

This was confirmed by using a glass mould for casting and curing the PDMS-µDiamond 

composites, and the GCMS chromatograms of the leachates from the composites didn’t 

show any peak of phthalate at tR 18.0 as opposed to that of PVC mould as it is demonstrated 

in Figure A3.4. 

 

3.4. Conclusions 

 

For the first time, a rapid and a solvent-free approach to post-cure thermal 

purification (350 °C for 12 h in a helium flow of 2.5 mL min-1) of the PDMS-μDiamond 

composite rods was developed. The approach significantly reduced the siloxane bleeding 
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Figure 3.4a. GC-FID chromatograms of non-porous PDMS-µDiamond composite bleeding 

at 300 °C [(i) = control, (ii), (iii), & (iv) three individual non-porous PDMS-µDiamond 

rods after washing with toluene and then thermal conditioning]. 

from the composite rods. The thermal cleaning protocol was more effective for the porous 

PDMS-μDiamond composite than the non-porous PDMS-μDiamond composite.  
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Figure 3.4b. GC-FID chromatograms of porous PDMS-µDiamond composite rod 

bleeding at 300 °C [(i) = control, (ii), (iii), & (iv) three individual porous PDMS-

µDiamond rods after washing with toluene and then thermal conditioning]. 
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Figure 3.5. GC-FID chromatograms of non-porous PDMS-µDiamond bleeding at 330 

°C following Soxhlet extraction in toluene for 72 h and thermal purification at 350 °C 

for 12 h in a helium flow (2.5 mL min-1) [(i) control at 330 °C, (ii), (iii), & (iv) three 

individual non-porous PDMS-µDiamond rods at 330 °C]. 
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Table 3.3. List of compounds released from the PDMS-μDiamond composite rods and seen in the GC-MS chromatograms obtained at three 

different bleeding profile temperature (200 °C, 250 °C, and 300 °C). 

tR Compound Name CAS MW Formula Bleeding Profile Temp. 
(°C) 

     200 250 300 
8.595 
 

2-Ethyl-1-hexanol 
 

104-76-7  
 

130 
 

C8H18O 
 

√ X X 

9.335 
 

1,1,3,3,5,5,7,7,9,9,11,11-Dodecamethylhexasiloxane   
 

995-82-4  
 

430 
 

C12H38O5Si6 
 

√ √ √ 

10.606 
 

Dodecamethylcyclohexasiloxane 
 

540-97-6 
 

444 
 

C12H36O6Si6 
 

√ √ X 

11.147 
 

Tetradecamethylhexasiloxane 
 

107-52-8  458 C14H42O5Si6 √ √ √ 

11.727 
 

Tetradecamethylcycloheptasiloxane 107-50-6  518 C14H42O7Si7 √ X X 

12.157 Hexadecamethylheptasiloxane 541-01-5  532 C16H48O6Si7 √ √ √ 
13.559 
 

2-Ethylhexyl benzoate 5444-75-7  234 C15H22O2 √ √ √ 

15.165  2-(2',4',4',6',6',8',8'-Heptamethyltetrasiloxan-2'-yloxy)-
2,4,4,6,6,8,8,10,10-nonamethylcyclopentasiloxane 

145344-72-5  652 C16H48O10Si9 X √ X 

15.216 1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-Hexadecamethyloctasiloxane   19095-24-0  578 C16H50O7Si8 √ √ X 
16.5 2-(3-Bromo-5,5,5-trichloro-1,1-dimethylpentyl)-1,3-dioxolane   65604-65-1 352 C10H16BrCl3O2 X √ X 
17.446 Diisooctyl phthalate 131-20-4  390 C24H38O4 √ √ √ 
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Figure 3.6. GC-FID chromatograms of PDMS-μDiamond bleeding at 350 °C after washing 

with toluene and thermal conditioning [(i) = control, (ii) non-porous PDMS-μDiamond rod 

(iii) porous PDMS-μDiamond rod (iv) commercial PDMS phase (Length x film thickness 10 

mm x 1 mm) without washing in toluene and thermal conditioning]. 
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Figure 3.7a. GC-FID chromatograms of non-porous PDMS-μDiamond composite 

bleeding at 350 °C following direct thermal purification of the rods at 350 °C for 12 

h in a helium flow (2.5 mL min-1) after curing [(i) = control, (ii), (iii), & (iv) three 

individual non-porous PDMS-μDiamond rods. 
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Figure 3.7b. GC-FID chromatograms of porous PDMS-μDiamond composite 

bleeding at 350 °C following direct thermal purification of the rods at 350 °C for 12 

h in a helium flow (2.5 mL min-1) after curing [(i) = control, (ii), (iii), & (iv) three 

individual porous PDMS-μDiamond rods. 
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Chapter 4 

First Demonstration of the Polydimethylsiloxane-microdiamond 

Composite Rods with Thermal Desorption-GCMS  
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Abstract 

 

  The first demonstration of non-porous polydimethylsiloxane-microdiamond 

(PDMS-µDiamond) composite as sorptive rods with thermal desorption (TD)-gas 

chromatography mass spectrometry 

(GCMS) is reported. This study 

confirmed the structural suitability 

of the rods when used within a 

thermal desorption unit (TDU). It 

also confirmed the advantage of high thermal conductivity of the composite rods, 

enabling faster solute desorption rates, within 1 min of TD (~11-342% higher mean 

relative peak area), than a commercial PDMS phase, under similar analytical 

conditions. The higher %recovery (~84 to >100%, RSD ~3-19%) further confirmed the 

association between the faster desorption rates of the solutes and the improved heat 

dissipation within the rods. Using an individual rod, a PDMS-µDiamond-TD-GCMS 

method was developed (5 min of desorption time, 200 °C TD temperature, and -10 

°C cryofocusing temperature). The method was evaluated in terms of linearity over 

the concentration range tested (R2>0.99) and acceptable intra-day precision (RSD 

~3.4-24.7%) and inter-day precision (RSD ~5.2-9.3%). The method’s  limit of 

detection (LOD) values for ethyl hexanoate (0.6 µg L-1, ~117% lower ), ethyl 

octanoate (0.1 µg L-1, ~400% lower ), ethyl decanoate (0.4 µg L-1, ~25% lower ), and 

phenethyl acetate (0.8 µg L-1, ~13% lower ) were lower than that obtained with the 

commercial PDMS phase and TD-GCMS method, under identical analytical 

conditions. Application of the PDMS-µDiamond phase with TD-GCMS to white 
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wine analysis was carried out to confirm suitability of the new sorptive phase when 

using a TDU. 
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4.1. Introduction 

 

Considering the complex nature of sample matrix and the presence of trace-level 

compounds within the matrix, extraction and preconcentration are considered to be one of 

the important sample preparation steps [1]. The extraction step is followed by a desorption 

step, which is performed by either liquid desorption (LD) or thermal desorption (TD). The 

TD is preferred over the LD because of its several advantages, which include: (1) solvent-

free solute desorption, (2) simultaneous desorption of all the solutes, (3) complete 

introduction of the solutes to the chromatographic systems, and (4) ensuring high 

desorption efficiency and sensitivity [2-4]. Stir bar sorptive extraction (SBSE) and solid phase 

microextraction (SPME), involving polydimethylsiloxane (PDMS) as sorptive phase, are the 

two most common sorptive extraction techniques that are only suitable for the TD. 

 

To extend the selectivity of PDMS, several in-house sorptive phases/devices have 

recently been developed, for example, alkyl-diol-silica restricted access material [7], 

monolithic materials [8], polyurethane [9], PDMS/polypyrrole [10], and PDMS/-β-

cyclodextrin [11]. It is reported that these extraction phases are not suitable for the TD [12]. 

The commercially available sorptive phase (e.g. polyethyleneglycol-modified silicon) also 

encounters physical change when re-used several times for TD [13]. This implies that there is 

a wide opportunity to direct research on developing sorptive phases suitable for TD. 

 

In addition to being highly thermally stable and structurally robust [13], a new 

sorptive phase should possess high thermal conductivity (TC) properties for the material to 

function efficiently in TD conditions. Polymers (e.g. PDMS) generally have low TC (less than 

1.0 W.m-1.K-1). Producing high-TC polymer-based materials requires introducing high-TC 
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filler particles within the polymer matrix [5]. Microdiamond (µDiamond) particles possess 

exceptionally high TC (800-2300 W.m-1.K-1) and negligible linear thermal expansion (8 x 10-7 

K-1) [6]. Compared to other fillers for polymers, µDiamond particles have significantly 

higher TC and lower thermal expansion (Table 4.1) [6, 19]. These properties present 

µDiamond particles as suitable high-TC fillers for PDMS [14]. Because of its moderate 

polarity, µDiamond particles form a homogenous suspension within the PDMS and 

transform into a novel PDMS-µDiamond composite, which is mechanically and thermally 

more stable and conductive (108% higher) than the PDMS [14]. Therefore, the principal aim 

of this study is to utilise the high-TC properties of the PDMS-µDiamond composite for 

desorbing the model solutes (isoamyl acetate, ethyl hexanoate, ethyl octanoate, ethyl 

decanoate, and phenethyl acetate) extracted from white wine and demonstrate the 

functionality of the composite for the first time within a thermal desorption unit (TDU), 

coupling to GCMS. 

 

Table 4.1. Physico-chemical properties of microdiamond compared to other fillers for 

polymers [6, 19]. 

Properties Microdiamond Alumina Fused 
silica 

Zirconia Polystyrene Zinc 
oxide 

Density  
(g cm-3) 

3.5 3.7 2.2 6 1.1 5.6 

TC  
(W.m-1.K-1) 

800-2300 18 1.4 2 0.1 50 

Linear thermal expansion  
(α x 10-6 K-1)  

0.8 8.1 0.6 10.30 72 3-8 

Hardness  
(kg mm-2) 

9000 1100 460 1300 9-16 507-586 
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4.2. Materials and Methods 

 

4.2.1. Reagents and Supplies 

 

Sylgard® 184 silicone elastomer base and curing agent were supplied by Dow 

Corning Corporation (Midland, MI, USA). The curing agent consists of several chemicals, 

namely, dimethyl, methylhydrogen siloxane (50-70 wt.%), dimethyl siloxane, dimethylvinyl-

terminated (20-30 wt.%), dimehtylvinylated and trimethylated silica (10-20 wt.%), 

tetramethyl tetravinylcyclotetrasiloxane (1-5 wt.%) and ethylbenzene (~0.10 wt.%). Synthetic 

high-pressure high temperature microdiamonds (2–4 µm) were purchased from Hunan Real 

Tech Superabrasive & Tool Co. Ltd. (Changsha, Hunan, China). L-(+)-Tartaric acid, Isoamyl 

acetate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, phenethyl acetate, and 2-octanol 

(internal standard) were obtained from Sigma-Aldrich (St. Louis, MO, USA). NaOH was 

purchased from Chem-Supply Pty Ltd (Gillman, SA, Australia). HPLC-grade methanol and 

ethanol were supplied by Merck KGaA (Darmstadt, Germany). Ultra-pure water (UPW) was 

available from Milli-Q system, Merck Pty Ltd (Bayswater, VIC, Australia). 

Poly(vinylchloride) (PVC) tubing (part no. PV00-3062C, 3 mm I.D.) was purchased from 

Value Plastics (Fort Collins, CO, USA). Sauvignon blanc white wine, used as an analytical 

sample (11.5% EtOH v/v), was available from the Australian Wine Research Institute, SA, 

Australia. Commercial PDMS phases (PDMS Twister®, 10 mm length x 0.5 mm film 

thickness) were obtained from Gerstel GmbH & Co. KG (Mülheim, Germany). Bench top 

orbital shaker was available from Labec Laboratory Equipment Pty Ltd (Marrickville, NSW, 

Australia). pH meter (HI 2210) was purchased from Hanna Instruments Inc. (Woonsocket, 

RI, USA). 
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Individual standard solutions of each test solute were prepared by weight in 

absolute ethanol, to prepare a global stock solution, containing all the test solutes, in a 

synthetic wine matrix (12% v/v of absolute ethanol, 5 g L-1 of tartaric acid and pH 3.3 

adjusted with adding drops of NaOH) [15]. Mixed standard test solutions for optimisation of 

TD were prepared by diluting the global stock solution with synthetic wine matrix (SWM) 

and spiked with internal standard. Calibration solutions were prepared by spiking the SWM 

with the individual standard solutions. Each calibration solution was spiked with an 

internal standard. The solution for LOD and LOQ determination, estimated to give S/N 15, 

was prepared by diluting individual stock solution with SWM. The mixed standard test 

solution was then diluted to 80%, 60%, 40%, and 20%with SWM. All solutions were stored at 

4 ˚C. 

 

4.2.2. Instrumentation 

 

The TD-GCMS analysis was carried out with a thermal desorption unit (TDU) 

equipped with a multipurpose sampler (MPS) 2 auto-sampler and a cryofocused cooling 

injection system (CIS) 4 programmed temperature vaporisation (PTV) inlet, available from 

Gerstel (Mülheim an der Ruhr, Germany). The TDU was mounted on an Agilent 6890 gas 

chromatograph coupled with a 5973N single quadrupole MS (QMS) supplied by Agilent 

Technologies (CA, USA). 

 

4.2.3. Preparation and Purification of the PDMS-μDiamond Rods 

 

The μDiamond particles were mixed with the PDMS precursor in a plastic container, 

followed by ultrasonication of the mixture for 30 min (Part A) using an ultrasonic bath. A 
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curing agent was then added to the mixture (base to curing agent ratio 10:1) and degassed 

under vacuum for 30 min. Following a thorough manual mixing between Part A and Part B, 

the mixture was cast in a 3 cm piece of PVC tubing and cured at 110 ˚C for 60 min. After 

curing, high pressure air was applied to the PVC mould to remove the composite rod from 

within the tubing. Finally, the composites were purified in a GC inlet liner at 350 °C for 12 h 

in a helium flow of 2.5 mL min-1, resulting in rod shapes of 10 mm x 3.0 mm length x 

diameter (Figure 4.1a), similar in dimensions to commercial PDMS phase (Figure 4.1b). This 

dimension (especially the I.D. of 3.0 mm) of the PDMS-μDiamond rods was chosen so that 

the rods fit to inner diameter of the GC liner/TD tube (Figure 4.1c) both for regeneration 

and TD purposes within a TDU (Figure 4.1d). 

 

4.2.4. Sorptive Extraction Procedure 

 

The non-porous PDMS-μDiamond composite rods (sample 4, please refer to Table 2.1 

under chapter 2 for its composition) were used as sorptive phase and compared with a 

commercial PDMS phase, namely the PDMS Twister®, for the extraction of organic 

compounds both from the synthetic and white wine samples, following standard methods 

[13, 15, 16] with some modifications. The porous rods couldn’t be employed within a TDU 

because of the appearance of solvent peak up to tR ~12 min (please refer to section 4.3.4).  

The rods were conditioned in a GC inlet for 15 min at 280 °C in a helium flow of 2.5 mL min-

1 before performing any extraction experiment. The rods were immersed in 5 mL of wine in 

a separate gas-tight glass vial and agitated at 200 rpm for 60 min. Following the extraction, 

stainless steel tweezers were used to take the rods out of the clear glass vials. The tweezers 

were cleaned with MeOH before and after removing the rods from the vial. After removing 

excess liquid with lint-free tissue paper, the rods were transferred to previously conditioned 
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(280 °C for 15 min in an oven) TD tube, which were placed in the TDU tray. An identical 

sorption procedure was followed for the commercial PDMS phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2.5. Thermal Desorption of PDMS-μDiamond rods 

 

The extracted solutes both from the synthetic and the white wine samples were 

thermally desorbed from the rods by setting initial TDU temperature at 40 °C (TDU splitless 

after 0.5 min venting time) and final temperature as 200 °C with 19.4 mL min-1 desorption 

flow. The transfer line temperature was set 250 °C using a fixed transfer mode. The TD time 

was optimised by holding the TDU final temperature for 1, 3, 5, and 10 min. The desorbed 

Figure 4.1. Sorptive phases and thermal desorption apparatus (a) non-porous 

PDMS-µDiamond rod (b) commercial PDMS phase, (c) thermal desorption 

tube (d) thermal desorption unit. 
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solutes were cryofocused on a quartz wool packed CIS liner. After desorption, the CIS4 was 

programmed from -10 °C (0.5 min) to 230 °C (3 min) at the rate of 12 °C s-1 to drive the 

trapped solutes onto the separating column. The CIS4 liner was in splitless mode with split 

valve closed for 3 min with a split vent of 15 mL min-1. A carryover test was performed after 

TD of the solutes and after regenerating the rods at 280 °C for 15 min in a helium flow of 2.5 

mL min-1. 

 

4.2.6. GCMS Analysis 

 

The chromatographic analysis of the desorbed solutes from the rods was performed 

on a BP20 capillary column (30 m x 250 µm x 0.25 µm L x O.D. x I.D.) supplied by SGE 

Analytical Science (Trajan Scientific and Medical, VIC, Australia). The helium carrier gas 

was maintained at a constant flow rate of 1.5 mL min-1. The oven temperature program was 

set as follows: initial temperature 40 ˚C (3 min), ramping to 220 ˚C @ 7 ˚C min-1 and finally to 

250 ˚C (2 min) @ 10 ˚C min-1. The MS was operated in scan mode (m/z 30-350) with a scan 

rate of 2.29 scans s-1. The quadrupole MS parameters were set as follows: transfer line 

temperature 240 ˚C, ion source temperature 230 ˚C, and quadrupole analyser temperature 

150 ˚C. MSD Chemstation (version E.02.02.1431, Agilent Technologies, USA), and 

MassHunter Quantitative Analysis (version B.09.00, Agilent Technologies, USA) were used 

for data analysis. The mass spectra of the solutes were compared with the NIST library 

database and confirmed with pure reference standards. 
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4.2.7. Method Validation 

 

The calibration curves were obtained by the least-square linear regressions of mean 

relative peak area of the solutes (ratio of peak area of the solutes to the peak area of an 

internal standard) versus the concentration of the standard solutes. The developed PDMS-

μDiamond-TD-GCMS method was evaluated with respect to linearity, repeatability, % 

recovery of the solutes from the spiked white wine, LOD and LOQ. The recovery of the test 

solutes from the spiked white wine was calculated as follows [15]:  

 

Recovery (%) =  𝐶𝐶1− 𝐶𝐶0
𝐶𝐶2

 𝑋𝑋 100 

 

where C0 is the concentration in the white wine sample, C1 is the concentration in the spiked 

white wine sample and the C2 is the known concentration added. The LOD and LOQ values 

of the method were determined by considering the S/N values of 3 and 10, respectively. The 

formula used to calculate S/N included: S/N = 2H/h, where, H = peak height of the solutes, 

h = difference between the largest and the smallest peak heights of noise [17]. 

 

4.3. Results and Discussion 

 

4.3.1. TD-GCMS Reproducibility  

 

The instrument reproducibility of the commercial PDMS phase-TD-GCMS was 

investigated using a mixed standard test solution. Figure 4.2a shows that the TD-GCMS 

system delivered a highly reproducible mean (n = 3) relative peak areas for all the solutes 

(RSD 1-14%). 
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4.3.2. Optimisation of Thermal Desorption Time 

 

The optimisation of TD time is important for understanding the rates of solute 

desorption from the PDMS-µDiamond rods (~60 wt.% of µDiamond particles). Figures 4.2b-

4.2f present the rates of solute desorption from the rods compared to a commercial PDMS 

phase. Within 1 min of TD time at 200 °C, the rods enabled higher mean relative peak area of 

isoamyl acetate (~17% higher) (Figure 4.2b), ethyl hexanoate (~342% higher) (Figure 4.2c), 

and ethyl octanoate (~47% higher) (Figure 4.2d) than that obtained with the commercial 

PDMS phase. However, the rods delivered almost equal mean relative peak areas of ethyl 

decanoate (Figure 4.2e) and phenethyl acetate (Figure 4.2f) to that of the commercial PDMS 

phase. The faster rates of the solute desorption within 1 min of TD is associated with the 

significantly higher TC of the PDMS-µDiamond composites than the PDMS sorptive phase 

[14]. The higher TC also relates to better heat dissipation within the composites than the 

PDMS, which is supported by a study [18], reporting that the heat dissipation considerably 

enhanced (reached the maximum temperature within ~3 min) with the introduction of 60 

wt.% of µDiamond particles within the PDMS matrix. The higher TC also means a lower 

temperature is required to desorb the solutes from the rod. This was shown in the current 

study that the optimised TD temperature for the rod was 200 ºC, which is lower than the 

recommended temperature for the commercial PDMS phase (~300 °C). It was also shown 

that even at 5 min of TD, the rods enabled higher mean peak area of all the solutes than the 

commercial PDMS phase except the responses of phenethyl acetate (~25% lower). The 

Figures 4.2b-4.2f further revealed that the mean relative peak areas of the solutes plateaued 

after 5 min of TD of both the PDMS-µDiamond rods and the commercial PDMS phases. 

Consequently, 5 min of TD time was chosen as the optimum TD time for the sorptive 

phases. This study confirms that dimensions and physico-chemical characteristics 
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Figure 4.2. Sorptive phase-TD-GC-MS method development experiment, (a) instrument 

reproducibility test using a commercial PDMS phase, and (b)-(f) optimisation of TD time for 

the analysis of the test solutes in synthetic wine sample using non-porous PDMS- 

µDiamond rod (red line with diamond symbol) and commercial PDMS phase (black line 

with circle symbol) followed by GC-MS  [Sample volume 5 mL, extraction time 60 min, 

shaking speed 200 rpm, TD temperature 200 °C, cryofocusing temperature -10 °C]. 

(particularly the significantly higher TC values and structural robustness; the mechanical 

robustness of the composite rod enabled it to tolerate high pressure within the TDU) of the 

rods are suitable for use within a TDU. 

 

 

 

4.3.3. Validation of the PDMS-µDiamond-TD-GCMS Method 

 

Table 4.2 lists the calibration parameters along with the LOD and LOQ values 

obtained by the PDMS-µDiamond-TD-GCMS method. It is shown that using an individual 
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rod, a PDMS-µDiamond-TD-GCMS method was developed and validated in terms of 

linearity (R2> 0.99) over the concentration range tested. The accuracy of the method was 

validated by conducting a recovery study, showing ~84 to >100% recovery (RSD ~3-19%) of 

all the solutes from the spiked white wine samples (Figure 4.3). The percentage recovery of 

the test solutes obtained by the method is compared with the recovery values of the same 

solutes recorded by other methods, showing ~11-70% higher %recovery than the SBSE-LD-

GCMS method and ~11-78% higher than the headspace (HS)-SPME-GCMS method [15]. TD 

of the rods and higher phase volume (~102% higher) within the PDMS-µDiamond (51 µL) 

composites than the SPME fibre (max. 0.5 µL for a 100 µm PDMS SPME fibre) are probably 

the two reasons behind relatively higher % recovery of the solutes than the methods 

reported elsewhere. (Table 4.2). As it is shown in Table 4.2, the LOD and LOQ values of 

ethyl hexanoate (0.6 µg L-1, ~117% lower ), ethyl octanoate (0.1 µg L-1, ~400% lower ), ethyl 

decanoate (0.4 µg L-1, ~25% lower ), and phenethyl acetate (0.8 µg L-1, ~13% lower ) were 

significantly lower than that obtained with the commercial PDMS phase and TD-GCMS 

method. However, the method provided ~17% higher LOD values for isoamyl acetate (11.0 

µg L-1) than the method developed with the commercial PDMS phase. It is worth noting that 

the method’s significantly lower LOD values of non-polar solutes (ethyl hexanoate, ethyl 

octanoate, and ethyl decanoate) than the polar solutes (isoamyl acetate, phenethyl acetate) 

confirmed the sorptive rod’s selectivity to the non-polar solutes. This implies that the surface 

of the composite is highly non-polar and is not altered by the introduction of µDiamond 

particles within the PDMS matrix [18].   
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Figure 4.3. Mean percentage recovery of the test solutes from spiked white wine sample 

using the non-porous PDMS- µDiamond rod and the commercial PDMS phase followed by 

TD-GCMS analysis [Sample volume 5 mL, extraction time 60 min, shaking speed 200 rpm, 

TD temperature 200 °C, TD time 5 min, cryofocusing temperature -10 °C]. 
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Table 4.2. Calibration parameters, LOD, and LOQ of the test solutes in wine sample analysed by the non-porous PDMS-µDiamond rod and a 

commercial PDMS phase followed by TD-GCMS. 

Solutes Conc. 
range 

(µg L-1) 

R2 LOD (µg L-1) LOQ (µg L-1) Repeatability 

Intra-/inter-day RSD% 

  Commercial 
PDMS 

phase 

PDMS-
µDiamond 
rod 

Commercial 
PDMS 

phase 

PDMS-
µDiamond 
rod 

Commercial 
PDMS 

phase 

PDMS-
µDiamond 
rod 

Commercial 
PDMS 

phase 

PDMS-
µDiamond 
rod 

Isoamyl acetate 100-300 0.9934 0.9942 9.4 11.0 49.7 36.6 8.4/10.2 24.7/9.3 

Ethyl hexanoate 30-60 0.9532 0.9969 1.3 0.6 5.6 2.0 1.2/10.4 3.4/8.8 

Ethyl octanoate 60-180 0.9729 0.9519 0.5 0.1 2.2 0.4 4.5/4.2 11.5/5.2 

Ethyl decanoate 50-300 0.9828 0.9972 0.5 0.4 2.0 2.6 4.3/6.0 16.5/5.7 

Phenethyl acetate 10-160 0.9824 0.9990 0.9 0.8 4.0 4.3 3.8/7.1 4.0/5.4 

 

 

 



143 
 

4.3.4. PDMS-µDiamond-TD-GCMS Method Application to White Wine  

 

As a proof of concept, the developed PDMS-µDiamond-TD-GCMS method was 

applied to the analysis of white wine. It is shown that the non-porous PDMS-µDiamond 

composite can efficiently be applied with TD-GCMS, delivering higher mean relative peak 

area (isoamyl acetate ~51% higher; ethyl hexanoate ~10% higher, and ethyl octanoate ~25% 

higher) than that obtained with commercial PDMS phase under identical conditions (Figures 

4.4 and 4.5). Other than the targeted solutes, the Figure 4.5 also shows some additional 

peaks, which are linked to either siloxane bleeding from the composite rod or un-identified 

compounds from white wine sample. The siloxane bleeding peaks didn’t coelute with the 

target solutes. The wine sample was spiked with an internal standard to compensate for any 

potential matrix effects.  

 

It is worth noting that the chromatograms of non-spiked synthetic wine sample 

obtained by porous PDMS-µDiamond composite didn’t show any significant number of 

siloxane peaks unlike the non-porous composite rod (Figure 4.6). Figure 4.6 further shows 

that the signal intensity after tR ~12 min in case of porous composite rod is almost similar to 

that obtained with the commercial PDMS phase. However, the porous composite rod 

couldn’t be continued to employ within the TDU because of the solvent peak (up to tR ~12 

min is ethanol solvent peak, as marked by a dotted rectangle in the chromatogram), which 

required adopting a different TD-GCMS method to non-porous composite rod and the 

commercial PDMS phase.  

 

The amount of the test solutes found within the white wine samples (Table 4.3), 

quantitated using an external calibration method, corresponded well within the normal 
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range for all the solutes except isoamyl acetate, which is significantly higher than the 

previous studies (based on SBSE-TD-GCFID method) [1]. The higher concentration of 

isoamyl acetate may be driven by yeast strain selection for fermentation and/or 

fermentation conditions [20]. This application study to white wine was conducted to confirm 

the suitability of the PDMS-µDiamond composite rods for use within a TDU. 

 

4.4. Conclusions 

 

This study confirms the first demonstration of a non-porous PDMS-µDiamond based 

sorptive phase with TD-GCMS. The significantly higher TC of the PDMS-µDiamond rods 

enabled it to deliver faster rates of solute desorption than the commercial PDMS phase. The 

high TC properties and the mechanical robustness of the rod also confirm its suitability for 

use within a TD system, facilitating in developing a TD-GCMS method, which provides 

significantly lower LOD values than the commercial PDMS phase-TD-GCMS method under 

similar analytical conditions. This research presents a novel and an efficient PDMS-

µDiamond based sorptive phase for coupling with TD-GCMS. The application of rod shape 

and other geometric shape of the porous PDMS-µDiamond composite within a TDU was 

beyond the scope of the current investigation. Highlighting this can be a significant part of 

the future investigations.  
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Figure 4.4. Comparison of mean relative peak area of the test solutes from white wine 

samples analysed by the non-porous PDMS- µDiamond rod and the commercial PDMS 

phase followed by TD-GCMS. [Sample volume 5 mL, extraction time 60 min, shaking speed 

200 rpm, TD temperature 200 °C, TD time 5 min, cryofocusing temperature -10 °C]. 
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Figure 4.5. Chromatograms showing signal intensity of the test solutes in white wine samples 

analysed by non-porous PDMS-μDiamond rod coupling to TD-GCMS. [(i) non-porous PDMS-

μDiamond rod blank, (ii) non-porous PDMS-μDiamond rod in non-spiked synthetic wine 

sample, (iii) non-porous PDMS-μDiamond rod in white wine sample, (iv) commercial PDMS 

phase blank, (v) commercial PDMS phase in non-spiked synthetic wine sample, and (vi) 

commercial PDMS phase in white wine sample;  1 = isoamyl acetate, 2 = ethyl hexanoate, 3 = 

internal standard, 4 = ethyl octanoate, 5 = ethyl decanoate, 6 = phenethyl acetate; Sample 

volume 5 mL, extraction time 60 min, shaking speed 200 rpm, TD temperature 200 °C, TD time 5 

min, cryofocusing temperature -10 °C]. 
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Figure 4.6. Chromatograms showing signal intensity of non-spiked synthetic wine 

samples analysed by PDMS-μDiamond rod coupling to TD-GCMS. [(i) non-porous 

PDMS-μDiamond rod, (ii) porous PDMS-μDiamond rod (iii) commercial PDMS phase; 

sample volume 5 mL, extraction time 60 min, shaking speed 200 rpm, TD temperature 

280 °C, TD time 5 min, cryofocusing temperature -10 °C]. 
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Table 4.3. Comparison of the mean (n = 3) concentration of the solutes in white wine samples analysed by the non-porous PDMS-µDiamond 

rod and the commercial PDMS phase followed by TD-GCMS. 

 

Solutes Mean (n = 3) concentration (µg L-1) ± (Standard Deviation)  

 Commercial PDMS Phase PDMS-µDiamond rod SBSE-TD-GCFID [1] 

Isoamyl acetate 7193 ± 601 7493 ± 1853 400 ± 30 

Ethyl hexanoate 1370 ± 17 1291 ± 44  1800 ± 50 

Ethyl octanoate 2923 ± 133 2074 ± 238 2400 ± 60 

Ethyl decanoate 641 ± 28 574 ± 95 500 ± 10 

Phenethyl acetate 550 ± 21 483 ± 20 - 
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Chapter 5 

Conclusions and Future Directions 
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5.1. Final Conclusions and Future Directions 

 

This thesis introduces a novel PDMS-µDiamond (non-porous and porous) based 

composite sorbent for application within ‘in-sample extraction’ prior to either liquid 

desorption (LD) or thermal desorption (TD) and gas chromatography (GC) analysis. The 

review on other extraction phases has shown a significant progress over the last five years in 

terms of preparation techniques (e.g. physical and chemical adhesion, molecular imprinting, 

sol-gel, monolith, and solvent exchange) as well as emergence of versatile, structurally 

robust, and selective coatings (e.g. nanocarbon materials, metal organic frameworks, 

molecularly imprinted polymers, polymer monoliths, and inorganic nanoparticles) for stir 

bar sorptive extraction (SBSE). Majority of these materials exhibit high thermal and chemical 

stability, along with unique selectivity profiles to extend the potential application of SBSE. 

The review also indicates how the extractive stir bars modified with these coatings have 

been used to develop methods based more on LD-high performance liquid chromatography 

(HPLC) than on the TD-GC. Therefore, highlighting how future research should focus on 

how these novel coatings can be applied with TD-GC. 

 

The present research shows (as covered in Chapter 2) that introducing up to ~60% 

wt.% of µDiamond particles (2-4 µm) within the PDMS matrix enabled several advantages, 

for example, (1) significant increase in density, which helped the non-porous and porous 

composite rods sink within the aqueous samples without any additional metal/glass 

materials, (2) improvement in thermal stability (stable up to 450-500 °C), (3) significantly 

higher thermal conductivity (~108% higher than that of the PDMS without µDiamond 

particles) and mechanical stability (while porous PDMS disintegrated at 280 °C, the porous 

PDMS-µDiamond could be thermally conditioned multiple times (more than 34  cycles of 
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reconditioning) at that temperature while maintaining physical integrity. The research also 

shows that using an individual rod (either non-porous or porous) a robust PDMS-

µDiamond-LD-GC-FID method was developed. The method, involving porous PDMS-

µDiamond rod, enabled 10-20% higher % recovery than that of the commercial PDMS phase 

under identical analytical parameters. The method’s application in white wine sample 

introduced the PDMS-µDiamond rod as a novel sorptive phase, which could efficiently be 

applied with LD-GC-FID for the analysis of organic chemicals. 

 

Improved thermal stability along with the high thermal conductivity of the 

composites also enabled developing a protocol to purify the composite (thermally 

conditioned at 350 °C for 12 h under a helium flow of 2.5 mL min-1) (which was partly 

covered in Chapter 2 and covered in detail in Chapter 3).  

 

The present study utilised the high thermal conductivity of the composites by 

applying these with TD-GCMS. It was shown that within 1 min of TD of the non-porous 

composite rods at a constant temperature of 200 °C within TDU, faster rates of solute 

desorption were observed, enabling higher mean relative peak area (~11-342% higher) of the 

solutes than the commercial PDMS phase under identical conditions. Using a single rod, a 

PDMS-μDiamond-TD-GCMS method was developed, which delivered a significantly lower 

LOD values (~13-400% lower) than the commercial PDMS phase-TD-GCMS method under 

similar analytical conditions. This study confirmed the first-time coupling of the non-porous 

PDMS-μDiamond rod with TD-GCMS. 

 

Future research should focus on how other geometric forms of the PDMS-μDiamond 

composite (e.g. porous PDMS-μDiamond rod, non-porous and porous hollow rod, spherical 
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or hexa/octagonal, thin film, and disc etc.) can be coupled to TD-GC. High thermal 

conductivity of the composite can be utilised by employing it as a sorptive coating for the 

SPME (solid phase microextraction) fibre. The composite can be used as a sorptive phase on 

the syringe barrel, which will be an automated sorptive microextraction device coupling to 

GC system. The thin film format of the composite has the potential to be employed as 

sorbent disc within a passive sampling device. Finally, functionalisation of the composite to 

increase its concurrent selectivity to both polar and non-polar solutes can also form a part of 

the future research.  
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Figures and texts related to Chapter 2 

 

 

 

 

 

 

 

 

 

 

 

 



157 
 

Results and Discussion 

 

Purification and Chemical Stability of the PDMS-μDiamond Composites 

 

To remove the residues of siloxane oligomers, it was required to undertake post-cure 

treatment of the composites, consisting of both heat and solvent treatment. While thermal 

treatment (at 280 °C for 1 - 8 h) of the freshly prepared porous PDMS-μDiamond composites 

(sample 9) resulted in no observable siloxane peaks in the chromatogram (Figure A2.2 & 

Figure A2.3), solvent washing (soaking in MeOH for up to 8 h) and subsequent GC-FID 

analysis showed the siloxane peaks (Figure A2.4). Based on these results, two conclusions 

were made: 1) treating the composites just after curing for 1 h at 280 ˚C in N2 flow decreased 

the detectable release of leachables from the composites, and 2) MeOH soaking time of 

thermally untreated discs should be extended to identify the moment when amount of 

leachables becomes constant. The Figure A2.5 shows the kinetics of siloxanes extraction from 

the porous PDMS-μDiamond composite (sample 9) in MeOH. The maximum of extracted 

siloxanes was noted after 1 h of soaking in MeOH and the leaching rate started decreasing 

after 2 h and 3 h, followed by fluctuation until 8 h point. The leaching pattern reached a 

plateau after 48 h of soaking and remained constant till the end of the experiment. These 

results raised the following questions: (1) would 48 h soaking in MeOH be sufficient for the 

purification of the composites? (2) could the combination of thermal treatment and soaking 

in MeOH provide better purification of the composites? Following several experiments, it 

was found that neither Soxhlet extraction of the composites in MeOH for 48 h nor thermal 

treatment for 1 h could individually provide complete purification of the composites. 

However, a combination of thermal treatment and Soxhlet extraction in MeOH for 48 h 

could provide more purified material. Experiments, involving placing PDMS-μDiamond 
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composites (previously treated with the combined approach) in GC inlet, revealed peaks of 

siloxanes in the GC chromatograms, which indicated that the thermal treatment and Soxhlet 

extraction in MeOH was not sufficient to remove siloxane oligomers. The reason for this 

could be related to the low solubility of MeOH in PDMS. Since toluene is highly soluble 

solvent and is capable of extracting siloxane oligomers from the PDMS matrix, it was 

selected as Soxhlet extraction solvent. This led to the experiment of Soxhlet extraction of 

those composites in toluene for 72 h, which increased the removal of siloxanes compared to 

the combined approach [1].  

 

The portion of impurities eliminated from the non-porous composites (2.88%, sample 

8) through the combined approach (thermal treatment and Soxhlet extraction in MeOH) was 

slightly higher than that for solely Soxhlet extraction in MeOH (2.75%). In the case of porous 

composite (sample 7), the mass loss due to thermal treatment and Soxhlet extraction in 

MeOH was more than 3 times higher (11.2%) as compared to the non-porous composites 

(2.88%) (Figure A2.6). The higher mass loss in case of porous composites could be related to 

the porous structure of the composites, which provided higher surface area and better mass 

transfer for the release of leachates from the PDMS matrix as compared to the non-porous 

material. This is supported by the results of Toub (2002) [2], who stated that the evaporation 

of low molecular weight silicones from silicone elastomers is limited by their migration from 

the bulk of the material to the surface, which is correlated with the geometry (e.g. thickness) 

and porosity (surface area) of the material. 
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Figure A2.1. Density test of PDMS-μDiamond composites, (a) PDMS rod 

without diamond floating on the surface of aqueous sample, (b) PDMS-

μDiamond rod sitting at the bottom of the aqueous sample. 

(a) (b) 
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Figure A2.2. GC-FID chromatogram of siloxanes (*) extracted from porous PDMS-

μDiamond composites (sample 7) in MeOH, (a) without heat treatment, (b) with heat 

treatment.  
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Figure A2.3. GC-FID chromatograms obtained following thermal treatment of the 

PDMS-μDiamond composites for different time period. 
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Figure A2.4. GC-FID chromatograms of extracts from MeOH soaking of 

thermally untreated PDMS-μDiamond composites for different time period. 
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FigureA2.5. Showing kinetics of siloxanes ( = impurity A,   = impurity B,  = 

impurity C) extracted from porous PDMS-μDiamond composites (sample 7) in 

MeOH for different time period as detected by GC-FID.   
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Figure A2.6. Mass loss of non-porous and porous PDMS-μDiamond composites 

after purifying through thermal treatment (280 ˚C for 1 h in N2 flow) and Soxhlet 

extraction in MeOH for 48 h [NP = non-porous]. 
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Figure A2.7. Different polar and non-polar organic solvents as liquid desorption 

solvents followed by extraction of test solutes from synthetic wine sample using 

commercial PDMS phase and non-porous PDMS-μDiamond rods. 

[Sample volume 5 mL, extraction time 60 min, shaking speed 200 rpm, volume of 

liquid desorption solvent 1 mL, Ultrasonic assisted desorption time 15 min at room 

temperature] 
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Figure A2.8. MeOH as liquid desorption solvent followed by extraction of test solutes from 

synthetic wine sample. (i) blank, (ii) non-porous PDMS-μDiamond rod, (iii) commercial PDMS 

phase. 1 = isoamyl acetate, 2 = ethyl hexanoate, 3 = 2-octanol (internal standard), 4 = ethyl 

octanoate, 5 = ethyl decanoate, 6 = phenethyl acetate [Sample volume 5 mL, extraction time 60 

min, shaking speed 200 rpm, volume of liquid desorption solvent 1 mL, Ultrasonic assisted 

desorption time 15 min at room temperature] 
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Figure A2.9. Linear and polynomial fitting curves of noise intensity values from 

chromatograms obtained by using commercial PDMS phase, (a) raw noise intensity of first 

calibration point, (b) normalised noise intensity of first calibration point, (c) raw noise 

intensity of 100% test solution, (d) normalised noise intensity of 100% test solution, (e) raw 

noise intensity of 80% test solution, (f) normalised noise intensity of 80% test solution, (g) 

raw noise intensity of 60% test solution, (h) normalised noise intensity of 60% test solution, 

(i) raw noise intensity of 40% test solution, (j) normalised noise intensity of 40% test 

solution, (k) raw noise intensity of 20% test solution, (l) normalised noise intensity of 20% 

test solution. 
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Figure A2.10a. GC-FID chromatograms showing signal intensity obtained by applying 

commercial PDMS phase in white wine sample; 1 = isoamyl acetate, 2 = ethyl 

hexanoate, 3 = 2-Octanol (IS), 4 = ethyl octanoate, 5 = ethyl decanoate, 6 = phenethyl 

acetate; (i) = blank, (ii) = carry over (iii) = wine sample [Sample volume 5 mL, 

extraction time 60 min, shaking speed 200 rpm, volume of liquid desorption solvent 

(MeOH) 1 mL, ultrasonic assisted desorption time 15 min at room temperature]. 
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Figure A2.10b. GC-FID chromatograms showing signal intensity obtained by 

applying non-porous PDMS-μDiamond composite rod in white wine sample; 1 = 

isoamyl acetate, 2 = ethyl hexanoate, 3 = 2-Octanol (IS), 4 = ethyl octanoate, 5 = 

ethyl decanoate, 6 = phenethyl acetate; (i) = blank, (ii) = carry over (iii) = wine 

sample [Sample volume 5 mL, extraction time 60 min, shaking speed 200 rpm, 

volume of liquid desorption solvent (MeOH) 1 mL, ultrasonic assisted desorption 

time 15 min at room temperature]. 
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Figure A2.10c. GC-FID chromatograms showing signal intensity obtained by 

applying porous PDMS-μDiamond composite rod (made porous using large salt 

particles) in white wine sample; 1 = isoamyl acetate, 2 = ethyl hexanoate, 3 = 2-

Octanol (IS), 4 = ethyl octanoate, 5 = ethyl decanoate, 6 = phenethyl acetate; (i) = 

blank, (ii) = carry over (iii) = wine sample [Sample volume 5 mL, extraction time 60 

min, shaking speed 200 rpm, volume of liquid desorption solvent (MeOH) 1 mL, 

ultrasonic assisted desorption time 15 min at room temperature]. 
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Figure A2.10d. GC-FID chromatograms showing signal intensity obtained by 

applying porous PDMS-μDiamond composite rod (made porous using small salt 

particles) in white wine sample; 1 = isoamyl acetate, 2 = ethyl hexanoate, 3 = 2-

Octanol (IS), 4 = ethyl octanoate, 5 = ethyl decanoate, 6 = phenethyl acetate; (i) = 

blank, (ii) = carry over (iii) = wine sample [Sample volume 5 mL, extraction time 60 

min, shaking speed 200 rpm, volume of liquid desorption solvent (MeOH) 1 mL, 

ultrasonic assisted desorption time 15 min at room temperature]. 
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Figure A3.1a. GC-FID Chromatograms of PDMS (Sylgard® 184, Dow Corning) 

bleeding at 200 °C after heat treatment at 280 °C for 1 h and Soxhlet extraction in 

MeOH for 48 h [(i) = control, (ii), (iii), & (iv) three individual PDMS rods] 
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Figure A3.1b. GC-FID Chromatograms of PDMS (Sylgard® 184, Dow Corning) 

bleeding at 250 °C after heat treatment at 280 °C for 1 h and Soxhlet extraction in 

MeOH for 48 h [(i) = control, (ii), (iii), & (iv) three individual PDMS rods]. 
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Figure A3.1c. GC-FID Chromatograms of PDMS (Sylgard® 184, Dow Corning) 

bleeding at 300 °C after heat treatment at 280 °C for 1 h and Soxhlet extraction in 

MeOH for 48 h [(i) = control, (ii), (iii), & (iv) three individual PDMS rods]. 
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Figure A3.2a. GC-FID chromatograms of PDMS bleeding at 200 °C [(i) = control, 

(ii), (iii), & (iv) three individual PDMS rods after washing with toluene (v) PDMS 

rod without washing with toluene]. 
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Figure A3.2b. GC-FID chromatograms of PDMS bleeding at 250 °C [(i) = control, 

(ii), (iii), & (iv) three individual PDMS rods after washing with toluene (v) 

PDMS rod without washing with toluene]. 
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Figure A3.2c. GC-FID chromatograms of PDMS bleeding at 300 °C [(i) = 

control, (ii), (iii), & (iv) three individual PDMS rods after washing with 

toluene (v) PDMS rod without washing with toluene]. 
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Figure A3.3. GC-FID chromatograms of PDMS (Sylgard 184, Dow Corning) bleeding at 

300 °C following Soxhlet extraction in toluene for 72 h, (i) = control, (ii) = PDMS rod 

without heat treatment, (iii) PDMS rod after heat treatment at 350 ˚C for 1 h (iv) PDMS 

rod after heat treatment at 350 ˚C for 12 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



181 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

* 

(c) 

Figure A3.4. GC-MS chromatograms of leachates from PDMS-µDiamond composites, (a) glass 

mould used to cast and cure PDMS-µDiamond composites showing no phthalate peaks at tR18.0, 

(b) PVC mould used to cast and cure PDMS-µDiamond composites, showing a peak of phthalate 

at tR 18.0 (as indicated by a red asterisk), (c) methanol blank. 
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