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Abstract

With increasing food demand, agriculture and farming industry have grown. This led to an increase in
production of agricultural waste. The waste is converted into manure via anaerobic fermentation which
continuously produces biogas. Every year, a large volume of biogas-containing pollutants, including
greenhouse gases (GHQG), are released from manure fermentation.

To monitor the progress of manure fermentation and control gas pollutants released into the atmosphere,
a sensor that can detect components of biogas in a continuous and reliable manner is necessary. For a
more economic system, the sensor should be able to operate at room temperature (roughly, 22-25°C
range) and specifically detect certain gas analytes.

Methane and ammonia are selected as the target gases for detection because of their significance.
Methane is a small molecule hydrocarbon and very potent greenhouse gas. At high concentrations, there
is a possibility of combustion and asphyxiation, thus monitoring its presence and concentration is
essential. Ammonia is the main source of odor from manure fermentation and can be toxic at a low
concentration. As both target gases are toxic and reactive, formaldehyde was used as a “simulant” or
“surrogate” gas (a less hazardous gas) for preliminary in-lab testing of sensing material sensitivity with
the gas chromatography (GC) set-up.

Any sensor requires a sensing material that responds to one specific gas analyte. Polyaniline (PANI),
polypyrrole (PPy), and polydimethylsiloxane (PDMS) have been indicated in the literature to exhibit
affinity for ammonia and/or methane. They were tested first with gas chromatography (GC) using
formaldehyde. Out of the three, PANI showed better sensing capabilities.

Tin (IV) oxide, zinc oxide, sodium dodecyl sulphate, titanium (IV) oxide and hydrochloric acid were
selected as the top 5 dopants for polyaniline. PANI was synthesized in the lab with varying dopant
levels for GC testing. Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), X-ray diffraction (XRD), and ultraviolet-visible (UV-Vis) spectroscopy were used to further
characterize the synthesized materials for their physical and chemical properties.

PANI doped with 2.5% ZnO-sodium dodecyl sulfate (SDS) showed higher sensitivity for sensing
formaldehyde as it had the greatest response (sorption) at a low concentration. ZnO incorporation into
PANI was poor. When SDS was added, ZnO incorporation improved, which led to higher gas sorption.
The notable interaction of SDS and ZnO could be scrutinized further if the formulation needs to be
optimized for best ZnO incorporation without sacrificing the PANI structure.

When tested with the actual micro-electrical-mechanical system (MEMS) sensor at 50 ppm methane
source (test chamber in System Design Engineering), both PANI with 5% SnO; and 5% ZnO sorbed
methane at room temperature. PANI-5% ZnO was proven to be the most suitable sensing material for
methane detection, showing the highest signal at 50 ppm methane levels.

il



Acknowledgements

I would like to express my sincere gratitude and appreciation to Professor Penlidis for his invaluable
guidance and unwavering support throughout my M.A.Sc. degree. His dedication to mentoring and his
profound knowledge in the field were instrumental in writing this thesis. [ am truly fortunate to have
had the privilege of learning under his mentorship.

I extend my sincerest gratitude to Ph.D. candidate Bhoomi Mavani for her unwavering support, her
expertise, and her friendship throughout my research endeavor. Bhoomi's methodical training helped
me gain confidence working in lab and thoughtful discussions with her have brought new perspectives
to my research, helping me refine my ideas.

I also want to thank Ph.D. candidate Yassar Shama and Prof. Eihab Abdel-Rahman (and his research
group in Systems Design Engineering) for research collaboration with the MEMS sensor and testing. I
also thank Prof. Mekonnen for allowing use of UV-Vis spectrophotometer.

Lastly, I owe deepest gratitude to my parents for all the trust and support they provided during my
studies.

v



Table of Contents

AUhOT’S DECIATALION. ..ottt ettt ettt ettt s b et esbe s bt e b e e beeat e besneeneesneenean il
F N o1 5 2 T OO OSSR PRURUURRRR il
ACKNOWIEAGEIMENLS .....c.uiiiiieiieiieieesieesteete ettt et e st esereseb e e st eseesseesssessseasseessaessaesssesssessseasseesseesseessees v
LIS OF FIGUIES ...ttt ettt ettt et ettt e bt e s bt e s bt e sateeateenteebeeebeesaeesaeeenee viii
LSt OF TADLES ...ttt ettt ettt b ettt e b et bt et et e st et e s bt et e nteeae et e eneeneene xi
Chapter 1 Motivation, Objectives and OULHNE ..........cccccveeviierierierie ettt ere e e e sreesenessne e 1
1.1 Research Motivation and ODJECLIVES ........cccieriiiiiiiiieiiesieee ettt ettt sttt e esaeesaee e 1
1.2 TRESIS OULIIE ...ttt ettt ettt e et e e sb et e et e esteeeeaeeneeneeeneeneeseeenean 1
Chapter 2 Literature Back@round.............oc.oeiiieiiiiiiiiiiii ettt sttt sbeesaee s 3
2.1 MANUIE LAZOOM.....coiuiiiiiiiiiiee ittt ettt ettt ettt e et e e s abe e sttt ebteesabeeesbbeesabeesabeeesabeesane 3
2.2 Off-Gas COMPOSILION......vierierierriesieertesteeiteesseesseesseesseesssessseasseasseesssesssesssesssessseessesssesssessssesssenns 3
2.2.1 METRANE. ...ttt ettt ettt e st e et e bt et et e bt e ht e eate et e ente e te e beesneeeneeeas 3
N 111 11T ) TSP TSS SRS P 4
2.2.3 Hydrogen SUIPhide .........cc.eeriieiiiiiiiie ettt ettt sttt e b e st e e eas 4
2.2.4 NITOZEN OXIACS ....eeeieeniieiiietteiiertte ettt ettt et e e st e st e e ate e bt e bt e bt e b eesbeesaeesnteenseenseesseesseesnsenns 4
2.2.5 HUMIAILY ..veevvieiieiieciiecie ettt et e stteseeestveesveesbeebe e taesssasssessseesseessaesssasssesssesssesssenssesssessssenseenes 4

2.3 SENSING CTIEEIIA ¢..eeuvitieitetietteteet ettt sttt et ettt e b bt e e st sb e et e sbe et et e eat et e sb e et enbesbeebesbeene 5
2.3.1 SENSTLIVILY 11euviertieieiesiieetierieteesteesttesteessseeseesseesseesseesssesssesssessseesseesssesssesssesssesssesssesssessssessennns 5
2.3.2 SELECTIVILY ..ottt sttt sttt st e e bttt e b et b e et e st sbe et e s b ebe et b eaee 5
2.3.3 SHADIIIEY .ottt ettt ettt et bbbt et ebe e 5

2.4 Gas Sensing TECRNIGUES ........ccveriieiieiieiieeie et et et e stestesreebeesbeesseessaestaessseasseesseeseesseesssessnenns 6
2.4.1 Methane (CHa) SENSOTS......eeiuiiriiiriieiieeie et et esteesiteetteeteebe e bt esteeseesaeesaaesnseenseenseesseesseesnsenns 6
2.4.2 Ammonia (NH3) SENSOTS ....cceeiiiiiiiirieiiesiesie et ereeteeteesieeseressesseesseesseesssesssesssesssesssesens 10
243 HUMIAILY .veevvieiieciieciiereeteetee st e etve e e ve e vt esttestvessbeesseesseesssesssessseasseesseesseesssesssesssesssesssensses 16
2.4.4 NITOZEN OXIACS ...uveeevieirieiieiieeie et ete et e st e stteste e te s beesseesseesssessseanseenseesseesseesssesnsennseensesnses 16

2.5 Dopants for Polymeric Sensing Materials ...........cccecevieeiieviienieiiiiie e sre v e eve e 17
Chapter 3 . EXPErIMENLAl ........ccveiiiiiieiiecieeie ettt ste e ete et e teessaesnaesnseenseenseessnesssesssesnsesnsens 19
3.1 Polymeric Sensing Material SYNtRESIS.......cc.eivierieiieiieeie e et esee e ereereereereesereseresereerseesses 19
3.1.1 Synthesis of PANI Without dOPant...........ccceevieriiieiiiiieiieniecee et eve e eve e 19
3.1.2 PANI with Metal Oxide (MO) DOPANLS.........ccccvereeriirriieeiienieeniesieeie et seeseeeseseeeeeneees 19



3.1.3 PANI with Sodium Dodecyl Sulphate (SDS) ......ccccoeiiiiiiiiiieeeeee e 20

3.1.4 PANI with Hydrochloric ACid (HCI).......cccvevieriiiiieiieieeseecee e 20

3.2 (GAS SENSINGZ SCLUP....ccuvieiierieiieriiestesteereereeseesseesseessaeasseaseesseesseesssessseasseasseesseesssesssesssensseessens 20
3.3 GAS ANALYLES ...eeuteetieitie ettt ettt et ettt e bt e h e e e at e et e e bt e bt e bt e nbeesateeateeanean 22
3.4 PANI Material CharacteriZation ..........ccooeeierieriierienieeierteet ettt sttt sae ettt ee b eesteeaens 22
3.4.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDX).....22
3.4.2 X-Ray Diffraction (XRD) ....c.coiiiiiiiiieiieiieeie ettt 23
3.4.3 Ultraviolet—Visible SpectroScopy (UV-Vis) ....ccceciiriirrieriiiiieie e eieeseesre e sre e 23

3.5 Micro-Electrical-Mechanical System (MEMS) Sensor Test ........cccecueeiieriieneenienienieeieeieenenn 23
Chapter 4 . Results and DISCUSSION..........cccvircvierieiiiesiieseeetesteeteesieesteesteesssesssessseesseesseesssesssesssessseensens 26
O I € 2N 1) o1 510 1 OSSPSR 26
4.1.1 PANI, PPy, and PDMS Formaldehyde SOrption ..........ccccceeeuieriieiiienienienieeieeie e 26
4.1.2 PANI and PANI doped with MO Formaldehyde SOrption..........c.ceccvevvervenieenieeneesnennenns 28
4.1.3 PANI doped with non-MO dOPAntS ..........cccceeuieiiieriienienieeie ettt ee et esiee e 32
4.1.4 Interaction of MO dopant and non-MO dopant ............cccceeeeviecrieciierieneenee e ereesreesee e e 34

4.2 Material CharacteriZAtION. .........ceverueruieieeieeteie ettt ettt ettt e e st e e sbeeseeeeeneeneesneeneas 35
4.2.1 SUIface MOTPROLOZY ...oovieiiiiiieieeie ettt ettt et ettt et e st e st eeateesbeesaeesaeeens 35
4.2.2 DOPant INCOTPOTALION .......ccuverieiiierietierteeseesreeteeteesteeseestsessbeesseessaesseesssesssessseessessssesseenns 40
4.2.3 CryStaAllINIty..c..eoveeieieeiieeiee ettt ettt ettt sttt 43
4.2.4 Oxidation States Of PANI .......cc.ooiiiiee et 46

4.3 MEMS Sensor Testing for MEthane ...........cccocveiieiiiiiieiieieciecee et sene v 48
4.4 Mechanistic EXPlanations .........ccccueviieiiieriieniiesiieeie ettt ettt st eteeteesteesaeesneeenteeseeseenas 49
Chapter 5 Concluding Remarks, Contributions, and Future Recommendations ............ccccceceeeeerenenne. 50
5.1 Concluding RemATKS.........cocuiiiiiiiiiietiitees ettt sttt sre e 50
5.2 CONMIIIDULIONS. ...ttt ettt et cet et et e et e et e ee e et e et e e s tesees e et e eseemeenseeseenseeseentenseeneenseaseensenseeneens 50
5.3 Future RecOMMENAAIONS ........oeiiiieiieiiiieeie ettt ettt ettt et et e e s eneesseeneens 50
5.3.1 Short-term Recommendations.............coeeriririiririerenteiesieetee ettt 50
5.3.2 Long-term RecommeENdations............cccuviviieriieiieiieeieeieesieesieeseesreereeveeveesveesaeeseneesneesnes 50
RETETEICES ...ttt ettt st ettt et e bt e b e et e bt e ae et sbe e e e saeeaeens 51
F N 00153 0 T 1o PP UURURRRR 59
Appendix A. Summary of Sensing Materials ...........cccveeviiiviiiriierieiierie e eveereeve e e 59
Appendix A.1. Sensing Materials for Methane............cccccvvviiirierieniiieieeceeeere e 59



Appendix A.2. Sensing Materials for AMMmMONIa........c.ceeuiiiiiiieiiiiieie e 61

Appendix A.3. Sensing Materials for Nitrogen Oxide (NOX) ....eoovevirierieninienenieeeseeeeseeee e 64
Appendix B. Raw Data Trends during SOTption TeSts.......c.cecvereriereiiriienieeiesieeeeeeeeee e 65
Appendix C. Statistical Analysis for Blanks (Baseline Sorption) Formaldehyde Tests....................... 72
Appendix D. Standard Error and Confidence Interval Calculations...........cceccevererveenenienencenieneneens 77
Appendix E. Statistical Analysis for Formaldehyde Sorption Tests.........ccccceereiniieniieniieiieiieeeeeenee 79
Appendix E.1. Hypothesis Testing of Expected Sorption Values ..........ccooceeieiiiiiinniiiieiiieseeeee 79
Appendix E.2. Recalibration of Sorption Values...........cccooeeiiiriiiiriiiieeneeeeeeeeeee e 82
Appendix F. XRD Data and Crystallinity ANalysiS........cccecveriierierienierieeie ettt 83
Appendix G. Certificates for Copyright Material ...........c..ccveerievieriienienieeie e see e 84

vil



List of Figures

Figure 1. A two-stage anaerobic lagoon designed for the treatment of livestock manure (reproduced
With permiSSiON fTOM [1])....iiiiuiiiiiiiiiiieciee ettt et e e e e e s b e e ebee e tbeessbeeessbeeensaeeneseesnseeanes 3
Figure 2. Schematic of the sensor structure with an Au or Pd-Ag (26%) contact (reproduced with
PermisSiON fTOM [19])....uiiiiiiiiiieciie ettt ettt s e e ta e e st e e e bae e tbeeesbaeessbeeenraeesseesnreeenes 7
Figure 3. The formation mechanism for SnO,@rGO-PANI ternary nanohybrid (reproduced with
PEIrMISSION fTOM [21]).uiiiiiiiieiieiesieeie ettt e st e et e et e et e e s teesteessbessseasseesseesseessseassessseessaessassssessseans 7
Figure 4. Response of SnO, @rGO—-PANI hybrid sensor to 1000 ppm methane compared with other
analytes at room temperature (reproduced with permission from [21]) ....cccoeceererinnininieienieeeeee 8
Figure 5. Sorption isotherms in PDMS at 35 °C: (a) Hz, N, and O»; (b) CO»; (¢) CH4 and CF4; (d) CoHg
and C,Fs; e) CsHg and CsF;g (reproduced with permission from [22])......ccceecveeeiievieeneenienieeieeeeeeeenees 9
Figure 6. Sensitivity of PANI, CuFe,O4 and PANI/CuFe,0;4 at different concentrations of ammonia
(reproduced with permission from [28]) ....c.cocieriiriiiiieie ettt 11
Figure 7. Resistance of the PANI/CuFe>O4 hybrid film sensor as a function of relative humidity at
0 ppm and 10 ppm ammonia concentration at 20 °C (reproduced with permission from [28])............ 11
Figure 8. (a) Dynamic response-recovery curves of pure PANI and PSN sensors toward 0.2—10 ppm
NH; at 25°C; Real-time resistance changes of the gas sensors towards 0.2 ppm NH; at room
temperature; (b) PSN gas sensor; and (c) pure PANI sensor; (d) Response-concentration fitting curves
of flexible sensors based on pure PANI and PSN toward 0.2—10 ppm NHj3 at 25 °C (reproduced with
PErmMiSSION fTOM [29])...ciiiiiiieii ettt et ettt e st e et e et e et et e bt e bt e sateenteenteentean 12
Figure 9. The effect of relative humidity on gas sensing performance of the PSN sensor at room
temperature: (a) base resistance of the sensor under 0-90% RH; (b) gas responses toward 10 ppm NHj3
under 0-90% RH (reproduced with permission from [29]) ......cceoieviiriiniiiniieieeeeee e 12
Figure 10. (a) Selectivity study of PANI, WOs3 and flexible PANI-WOs3 sensors towards different test
gases, (b) Response study of flexible PANI-WO; (50%) hybrid nanocomposites, (¢) Response study of
flexible PANI-WOj; (50%) hybrid nanocomposites to 1-100 ppm of NH3, (d) Humidity study of PANI-
WOs3 (50%) hybrid nanocomposites (reproduced with permission from [30]) ......c.cccvevverierienrennnen. 13
Figure 11. Typical structures of different PANIs (emeraldine salt, emeraldine base, pernigraniline base,

leucoemeraldine base) and their interconversion (reproduced with permission from [57])................. 17
Figure 12. Generalized structure 0f PAN........c.ccoiiiiiiiiiieiece ettt s 18
Figure 13. Schematic of the test system, where MFC denotes mass flow controller............cc.ccoueuneeee. 20
Figure 14. An image of the MEMS sensor (photo taken by the author in Systems Design Engineering
1ab CIrCa AUGUSE 2022) ...oieiieiieeieeieeie et eite it e steseeeteeteeteesseessaessseanseenseensaesaessaessseenseenseessaessaesnsenns 24
Figure 15. Close up shot of a) sensing material deposition b-d) functionalized sensor (reproduced with
permission from [10], OPEN ACCESS)....ccuiiiieerieirieirieriieiieetteereesteesteesteestreseaeebeesbeesseesseesseesssesssesssessses 24
Figure 16. Frequency response of the sensor before and after functionalization with PANI (reproduced
with permission from [10], OPEN ACCESS)....ccviiriiriierrieiiieitieereeireesteesteesresreereeseeseesseesseesssesssesssessens 25
Figure 17. The experimental setup of MEMS sensor testing (reproduced with permission from [10],
open access) (the gas cylinder was changed to methane during the testing for this research)............. 25
Figure 18. Formaldehyde sorption (ppm) for PANI, PPy, and PDMS (exposed to F=10 ppm) .......... 27

viii



Figure 19. Formaldehyde sorption (relative percentage) for PANI, PPy, and PDMS (exposed to F=10

070) 101 1P PP UUU PP 27
Figure 20. Formaldehyde sorption (ppm) for PANI and PANI doped with SnO> (exposed to F=10 ppm)
.............................................................................................................................................................. 28
Figure 21. Formaldehyde sorption (relative percentage) for PANI and PANI doped with SnO» (exposed
£O F=10 PPIM) ettt ettt et e et e et e e tb e e s ab e e e baeeesbeeetaeeaabeeebeeeasbeeentaeetbeeanbaeeaaraaan 29
Figure 22. Formaldehyde sorption (ppm) for PANI and PANI doped with ZnO (exposed to F=10ppm)
.............................................................................................................................................................. 30
Figure 23. Formaldehyde sorption (relative percentage) for PANI and PANI doped with ZnO (exposed
(Lo S 053 0251 RSSO 30
Figure 24. Formaldehyde sorption (ppm) for PANI and PANI doped with TiO» (exposed to F=10ppm)
.............................................................................................................................................................. 31
Figure 25. Formaldehyde sorption (relative percentage) for PANI and PANI doped with TiO» (exposed
(00 S O o)) 1) USSR 32
Figure 26. Formaldehyde sorption (ppm) for PANI and PANI doped with SDS (5mM) and HCI (1.1M)
(EXPOSEA t0 F=10 PPIM)..vriiriiiiiiiieeiiciieiteieesieeste st e sbeesbeeteestaessaessseesseesseessaesssesssessseassaessessseesssenseenns 33
Figure 27. Formaldehyde sorption (relative percentage) for PANI and PANI doped with SDS (5mM)
and HCI (1.1M) (eXposed t0 F=10 PPIM) ..ecuviiiiiiiieiieiieeieeieeste st ere vt e esreeseeesaessaesssaeseesseesssessnenes 33
Figure 28. Formaldehyde sorption (ppm) for PANI and PANI-ZnO with SDS (5mM) (exposed to F=
L0753 o) TSRO PSRt 34
Figure 29. SEM image of PANI at 1000x (left) and 5000x (right) magnification; Filaments (orange
circle) and amorphous regions (SIEEN AITOWS) .....ceeuerruerrueerieeriiertieeteeteeteesteesstesstesaeesseesseesseesseesnenas 35
Figure 30. SEM image of PANI-HCI at 1000x (left) and 5000x (right) magnification ....................... 36
Figure 31. SEM image of PANI-SDS at 1000x (left) and 5000x (right) magnification............c.......... 36
Figure 32. SEM image of PANI (left) and PANI-SDS (right) at 10000x magnification ..................... 36
Figure 33. SEM image of PANI-5% ZnO at 1000x (left) and 5000x (right) magnification; orange circle
highlights distinct spherical pocket unique to PANI with ZnO........ccccoceviiiiiininiiiiiiiceiecee, 37
Figure 34. SEM image of PANI-5% ZnO at 10000x magnification of different sections; spherical
pockets (red arrow) found in the [eft PICLUTe ..........cooiiiiiiiiiiiee e 38
Figure 35. SEM image of PANI-2.5% ZnO at 10000x magnification of different sections; spherical
pockets (orange circle) found in the right PICTUIE........ccviiiiiiiiiiecie e 38

Figure 36. SEM image of PANI-5% ZnO-SDS at 1000x (left) and 5000x (right) magnification........ 38
Figure 37. SEM image of PANI-2.5% ZnO-SDS at 1000x (left) and 5000x (right) magnification..... 39
Figure 38. SEM image of PANI-5% SnO; at 1000x (left) and 5000x (right) magnification; orange circle

highlights SnO; embedded in the polymer MatriX.........cccoiriireririieniiieeeeeeee e 39
Figure 39. SEM image of PANI-5% TiO; at 1000x (left) and 5000x (right) magnification; orange circles
highlight square plate-like structure unique to the sample...........ccccovirieriniininineeee 40
Figure 40. SEM image of PANI-5% TiO; at 5000x magnification of different areas .............ccc......... 40

Figure 41. XRD plot of PANI, PANI-HCI, PANI-SDS; the numbers around the peaks are corresponding
peak angles (the vertical dashed lines are indicative of the peaks, for easier visual identification)..... 44

X



Figure 42. X-ray diffraction plot of polyaniline (PANI); the numbers around the peaks indicate hkl
values or crystal planes (Miller index) corresponding to the peaks (reproduced with permission from

09 ettt h et e a et bt et bt eh e et e bt et e bt e Rt ekt eh e e te e bt ent e bt ent e teeneetesteeneens 44
Figure 43. XRD plot comparison of literature values (reproduced with permission from [69]) and
experimental data (the vertical dashed lines indicate the peaks, for easier visual identification) ........ 45
Figure 44. UV-Vis absorption spectra of PANI and doped PANISs (see [63]) ..ccveevveerieeneenienienieenen. 46
Figure 45. UV-Vis absorption spectra comparison between experimental PANI and literature data for
PAINT [0 ettt ettt h ettt e a et s bt et e bt eb e et e e bt et e bt eae et e ebe et e nte et enbeeaeenee 47
Figure 46. UV-Vis absorption spectra comparison between experimental PANI-HCI and literature data
FOT PANI [O1] ettt ettt et h ettt e st et e s bt et et e eb e et e ebeeseebeeneeneenneenean 47
Figure 47. Plot of blanks concentrations for sequence 1 to 10 measured before each trial (exposed to F
1O PPN SOUICE) .ttt et e ette it ettt et et e bt e sbte st tesateeateeate e bt esseeeseeeaseenbeenbee bt aseesseesaneeaseenseeseesseesnsenns 68
Figure 48. Plot of blanks concentrations for sequence 11 to 20 measured before each trial (exposed to
F 1O PPIM SOUICE) ..ttt ettt ettt ettt e bt e st e et e et e enbe e bt e s st e sateemseenbeenseenseesseesneesnsenn 69
Figure 49. Comparison of ppm sorbed between GC trial runs for PANI and PANI 5% ZnO ............. 69
Figure 50. Comparison of blanks for sequence 21 to 27 measured before each trial (exposed to F 10
PDITE SOUICTE) -..ueeuteenteestiesuteeuteeteeteesseesueeeuseemteenseeseestesstesasesnseeaseenseanseasseesssesnseeaseenseenseenseanstesnsesnseensenn 70
Figure 51. Comparison of blanks for sequence 28 to 36 measured before each trial (exposed to F 10
PDITE SOUICE) -.e.veeuteenttestiesuteeuteeteeteesseesutesuseenseenseeseenstesstesatesaseeaseenseanseasseesssesnseeaseanseenseenseanstesneesnsesnsenn 70
Figure 52. Comparison of blanks for sequence 37 to 43 measured before each trial (exposed to F 10
PPITE SOUICTE) ..e.vveeuveerveesiressreasreesseesseesssassseasseasseesseesseesssesssssssessseesseesssssssesssesssssssessseesseessessssesssesssssssesssens 71
Figure 53. Comparison of blanks for sequence 44 to 52 measured before each trial (exposed to F 10
PPN SOUICE) ..vveeuevieirieeireeseteeaeeeessseessseessseessseeasssessssasassseessssesssssesssesassssesssessssesensseessseesssseesssessnssesnssenn 71
Figure 54. Plot of sorption concentration, average, and 95% CI of different PANI samples (sequence
L ST 82
Figure 55. Plot of sorption concentration data, average, and 95% CI of different PANI samples (same
as Figure 54) with data from sequence 11-20 adjusted with a factor of 1.6..........ccoocevviiiveiniiennnnn. 82
Figure 56. XRD plot of pristine PANI with estimated amorphous signals ...........ccoccerveiererniennncnne. 83



List of Tables

Table 1. Top 4 most promising materials for methane...........c.ccoocoeiiiiiniiniiii e, 10
Table 2. Top 4 most promising materials for amMmoONia ..........c.ccoeceeeiiiriinienieie e 15
Table 3. Oxidation states Of PANI ......cc.ooiiiiii et 18
Table 4. List of trials with PANIL doped PANI, PDMS, PPy ......cociiiiiiiiiiieeeeee e 21
Table 5. Table of characterization tests performed on the PANI materials...........ccccccvvevvevieenieercnennnnns 22
Table 6. Formaldehyde sorption (ppm) for PANI, PPy, and PDMS (exposed to F=10 ppm).............. 26
Table 7. Formaldehyde sorption (ppm) for PANI and PANI doped with SnO» (exposed to F=10 ppm)
.............................................................................................................................................................. 28
Table 8. Formaldehyde sorption (ppm) for PANI and PANI doped with ZnO (exposed to F=10 ppm)
.............................................................................................................................................................. 29
Table 9. Formaldehyde sorption (ppm) for PANI and PANI doped with TiO; (exposed to F=10 ppm)
.............................................................................................................................................................. 31
Table 10. Formaldehyde sorption (ppm) for PANI and PANI with HCI (exposed to F=10 ppm)....... 33
Table 11. Formaldehyde sorption (ppm) for PANI and PANI doped with ZnO and SDS (exposed to
F=10 PPIML) ettt ettt ettt b e st e e et e et e e be e b e e e at e e at e e be e be e bt e nbtesaeeenteennean 34
Table 12. EDX analysis of PANI with different dopants in mass %0........cccccevereriereneeienceeenenee. 42
Table 13. EDX analysis of PANI with different dopants in mole %.......cc.coceeeenirceenenenncnennicnenene. 42
Table 14. Elemental ratios of PANI with different dopants...........cccceevveeiierienieniniieceeeeseesee s 43
Table 15. Table of PANI with SDS synthesis yield (monomer conversion basis)...........ccecceveeruennen. 45
Table 16. UV-Vis spectra peaks for PANI SAMPIES .......ccceeiiiriiiiiiiiiiieesieeeee et 46
Table 17. List of gas sensing materials for MEMS sensor application .............ccceeeveevveeveerrenvenneenens 48
Table 18. MEMS sensor response to 50 ppm methane for different sensing materials ............c.......... 48
Table 19. Sequence of GC tests Performed ..........c.occvieiieriieiieiiecie et eeeseresebesereesnees 66
Table 20. ANOVA table for blanks from sequence 1-10 (see Table 19) ......cccoeevveerievievienieniecreennen, 73
Table 21. LSD comparison for 1-10 sequence blanks...........cccccveevierierieniniiieninieneneeieseeceneeeene 75
Table 22. LSD comparison for 11-20 sequence blanks...........c.cceccveevieerienieniienieeereereesieeseeesnesveenens 76
Table 23. LSD comparison for 21-27 sequence blanks..........ccccoceevieririeniniineninienienceieneecee e 76
Table 24. LSD comparison for 28-36 sequence blanks.............cceecvvevieerienieniiesreereereesieeseeeseneseveenens 76
Table 25. LSD comparison for 37-43 sequence blanks...........cccceevveevieerieniesiiesireereereesieeseeesenesveesnens 76
Table 26. LSD comparison for 44-52 sequence blanks..........ccccoceevieririenininiininienieneeenenceeeeene 76
Table 27. Confidence intervals (on a 95% confidence level) for formaldehyde sorption (ppm) for PANI
and PANI with dopants (exposed to FE10PPIM) ..covuviiiiiiiiiieiecieeie ettt 78
Table 28. Summary of mean hypothesis tests for sensing materials ............coccevereerenenienenieenenenne. 81
Table 29. Estimated crystallinity index of PANI and doped PANI..........ccceooviviieciievienieciecieeeen 83

X1



Chapter 1 Motivation, Objectives and Qutline

1.1 Research Motivation and Objectives

In the agricultural industry, the nutrition balance of the soil is controlled by manure. The manure is
prepared in a pit or lagoon until the chemical composition is suitable for application. To measure the
composition of the manure, a sample is taken for testing at a separate facility, which may take up to 3
weeks (or an infrared scanning of manure can be done when manure is spread). For more economical
quality control, continuous monitoring of the biogas emitted from the manure was suggested. In
addition, there are various gaseous pollutants in this biogas, including greenhouse gases (CO,, CHa)
and toxic gases (NH3, H»S). While the concentrations of these compounds are low (ppm level), biogas
is continuously released, which leads to significant amount of cumulative pollution. Thus, reliably
measuring concentration is essential for monitoring air pollution caused by agricultural lagoons.

The sensor would be installed at the top of the manure pits to detect the composition and concentration
of rising gases. The sensor must be able to detect gases with a short response and recovery time to allow
continuous monitoring of manure conditions. The sensor system needs to be lightweight, semi-
permanent and it should require low energy. This would imply ambient operating temperature as
heating would add extra parts and energy requirements to the sensor system. Hence, this thesis focuses
on investigating sensing materials that can detect methane and ammonia with operation temperature of
22-25°C, which would be more economical than existing sensors (see section 2.4, describing metal
oxide sensors operating at elevated temperatures, above 300°C).

The gases in question have widely different properties, thus different sensing materials for each gas can
be considered. A good candidate would have a reasonable sensitivity for the application, selectivity
against other interferents, short response and recovery time, and good stability (ability to be regenerated
and used for a long time).

This thesis focuses on developing polymeric materials as sensing materials for ammonia and methane
detection at the 10-50 ppm range. Since one deals with a mixture of gases with many interferents,
polymeric materials are advantageous for detecting a specific gas analyte.

1.2 Thesis Outline

Chapter 2 describes the background knowledge of agricultural lagoons and the target analytes: methane,
ammonia, carbon dioxide and nitrogen oxides. It also explains the three main criteria of sensor
technology and what can be done to modify typical sensing materials.

Chapter 3 describes the experimental setup for sensing material synthesis and for testing the sensing
capabilities of the materials. Characterization techniques for these materials are also discussed.

Chapter 4 discusses sorption experiment data and characterization of synthesized polymeric materials.
The selected gas sensing materials are tested for sorption with a 10 ppm formaldehyde source to
determine the optimal material and dopant for maximized gas sorption. This gives a good indication of
which material to test with the actual micro-electrical-mechanical system (MEMS) sensor. The
polyaniline (PANI) based materials are characterized by various techniques for crystallinity, surface



morphology, dopant incorporation and oxidation states in an effort to explain and corroborate the gas
sorption results.

The findings are summarized in Chapter 5, main contributions are emphasized, and recommendations
are made for further investigations.

At the end of the document, six appendices (A to F) are included, which show summaries of the
literature search, experimental data and related calculations, along with statistical analysis completed
for this thesis. The last appendix (G) contains copyright permissions acquired for figures borrowed
from the literature.



Chapter 2 Literature Background

2.1 Manure Lagoon

With the increased food demand worldwide, animal husbandry had to deal with increasing quantities
of cattle waste as a result. Typically, these wastes are removed from animal pens with water. The waste
generated in this manner still contains nutrients undigested by the animals, so it is treated further into
manure. A common method of producing manure is fermentation of the liquid waste in a manure lagoon
(see Figure 1). Manure lagoons are also called anaerobic lagoons because they use anaerobic bacteria
for digestion of remnant nutrients. The manure is produced in an open outdoor basin with a volume
typically ranging from 100k to 1200k ft* [1]. As the waste settles, it separates into three layers: solid,
slurry, and liquid. The solid layer is denser than other components and sinks to the bottom to be
removed batch-wise. The slurry layer contains most of the nutrients in liquid form, making them easy
to transport via pumping. The liquid layer is mostly water containing some manure.
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Figure 1. A two-stage anaerobic lagoon designed for the treatment of livestock manure
(reproduced with permission from [1])

2.2 Off-Gas Composition

Manure is prepared via anaerobic digestion of the waste slurry. Anaerobic digestion involves reactions
in three stages: hydrolysis of macromolecules, followed by generation of organic acids, and finally
decomposition of acids into lighter gases [2]. During this process, the residual nutrients such as nitrogen
are converted into useable form and off-gas is released. Theoretically, 1.9m? of off-gas is generated
from 54kg of cow feces each day [2]. The actual composition of biogas differs based on the type of raw
material used for manure production, with CH4 and CO, as the major components (approx. 60% v/v
and 40% v/v, respectively) and trace amounts of H,S and NH3 [3]. The digestion reactions occur
sequentially with the product of a prior reaction used as a reactant in the next one. Because of this, the
composition of off-gas changes as the fermentation progresses. The analysis of its composition can be
an indicator of the progress of manure preparation.

2.2.1 Methane

Methane is a simple hydrocarbon that is naturally generated from biological processes. It is highly
flammable with lower flammability level of 5.3% v/v [4], so it is being considered as a potential fuel
to replace non-regenerative crude oil. However, due to its symmetrical molecular structure, it is non-
polar and relatively non-reactive compared to other hydrocarbons, making it hard to detect or isolate at



ambient temperature. In addition, methane is the most abundant greenhouse gas after carbon dioxide
but with 30 times greater greenhouse effect than CO, [5]. Thus, it is of high interest to detect and
monitor methane release for both safety and sustainability.

2.2.2 Ammonia

Ammonia (NH3) is a common product of biological reactions and can be toxic at low concentrations.
Assuming an 8-hour shift, a worker could have adverse health effects if exposed to concentration
greater than 50 part-per-million (ppm) of ammonia (8-hour total weight average (TWA) permissible
exposure limit (PEL) set by Occupational Safety and Health Administration) [6]. It has a distinct odour
that is detectable at 2.6 ppm by the human nose and becomes unbearable at 60.9 ppm [7]. NH3 is a weak
base, water soluble and a reactive compound. Due to these properties, its gaseous state is short-lived; it
exhibits a steep gradient with a high concentration near the source, which then quickly decreases with
distance [8]. Depending on the location of the sensor, the typical range would differ, but 50 ppm or
lower could be reasonable target concentration based on toxicity.

2.2.3 Hydrogen Sulphide

Commonly known for the source of “rotten egg” smell, hydrogen sulphide (H»S) is a strong odour
inducing component of biogas. While H,S is present in the manure off-gas at a low concentration
(~1000ppm) [3], it is flammable and toxic (8-hour TWA PEL of 10 ppm) [9]. For H,S, there is already
a sensing material researched by Arabi et al. [10] that utilizes gas sorption properties of polymeric
materials, thus H,S was not included in the scope of this research.

2.2.4 Nitrogen Oxides

Manure is a way to add nitrogen into the soil to promote plant growth. There are three types of nitrogen
oxides produced from fermentation of manure: NO, NO, and N,O [11].

N0 is a relatively stable nitrogen oxide that is commonly produced from biological processes. The
term “NOx” is designated to indicate NO and NO; for their reactivity and prevalence in air pollution
and greenhouse effect. When manure is added to the soil, the excess nitrogen undergoes nitrogen
fixation by microorganisms. It has been observed that the NOx emissions from soil increased when
manure was added [12]. While the amount of nitrogen oxides is not significant in the vicinity of manure
lagoons [13], because of the impact NOx has on air pollution and safety, current sensors will be
explored for context (see section 2.4.4).

2.2.5 Humidity

Water is always present as gaseous state (vapour) in varying proportions in ambient air. Depending on
the environment temperature and pressure, the concentration of water can differ typically over the range
of 30%-70% relative humidity (RH). RH denotes the ratio of absolute humidity to the maximum
possible humidity at given conditions. As the manure lagoon contains a large volume mixture of water
and manure, humidity will have a greater effect on the sensor operation than in typical ambient
conditions. As water takes up ~3% v/v of ambient air [14], which is much larger than the concentration
range of other target gases, it is more practical to treat it as an interferent gas for sensor applications.
In general, interactions between water vapour (humidity), sensing materials and gas analytes can be a
complex issue, largely unstudied in the literature.



2.3 Sensing Criteria

Regardless of sensor mechanics, all sensing materials and sensors share the core characteristics of
sensitivity, selectivity, stability, operating temperature, response time and recovery time [15] [16].

2.3.1 Sensitivity

This is a measure of the minimum concentration of target gas a sensor can detect. The difference in the
sensor response at baseline (no gas exposure) and upon target gas exposure is considered and if there
is significant change, it is defined as successful gas detection by the sensor. A sensor is more sensitive
if it shows greater change in response at as low a gas concentration as possible.

For this thesis, the sensitivity of sensing material is calculated based on the amount of target gas sorbed
into the material (see equation 1), since the change in response is typically proportional to the amount
of gas sorbed. For this application, the desired gas concentration is in the part per million (ppm) range.

L Target gas sorbed concentration
Sensivity = - 1
Total target gas concentration

2.3.2 Selectivity

In a real system, the analyte is a mixture of gases that could interfere with detection of the target gas.
A sensor should only produce a signal for the desired gas species. Selectivity is defined as a sensing
material’s affinity towards one gas over the other species (interferents). Typically, this is measured as
the ratio of amounts of gases sorbed or appropriate detection signals between two gases (see equation
2).

R, S
Selectivity = ?g = S—g 2
i i

where R is some detection signal, S is sorption of gas, g stands for target gas, and i for interferent.

The greater the sorption concentration or signal of the target gas to that of the interferent gas, the higher
the selectivity. It is important to investigate selectivity of sensors to minimize error in the practical
application of the sensor. In general and in the long term, for applications to lagoon off-gas, the
interaction of sensing material with other gases should be studied to minimize possible errors in the
analysis. Off-gas contains gases with higher reactivity than methane and ammonia that could interfere
with sensor performance (e.g. hydrogen sulphide, NOy).

2.3.3 Stability

For practical applications, the stability of the sensing material is essential. There are many categories
of stability including but not limited to: reversibility of gas sorption, mechanical integrity, and
resistance to change in sensor performance with ageing or repeated use. When designing a sensor, the
stability of the sensing material is necessary to get reliable results while monitoring gas concentrations.



2.4 Gas Sensing Techniques

There are numerous methods for detecting gas species at low concentrations. In this section, different
sensors and methods are discussed for each gas of interest.

2.4.1 Methane (CH,4) Sensors

Typical methane sensors use a semiconductor such as zinc oxide or tin oxide for methane to adsorb and
react with the sensing material. An electrical potential is subsequently applied to detect the change in
conductivity. The downside of the current methods is that they require high operating temperature
(usually 350-450°C) due to the high stability of methane [17]. Other common methods are combustion
and infrared sensing, both requiring more complex and expensive units [18].

Dosi et al. [18] developed a laser-induced graphene sensor doped with palladium nanoparticles. The
commercial Kapton film was scribed by laser to form a porous carbonized polymer reminiscent of
graphene. This showed an increase in flexibility of the material allowing more freedom of positioning
of the material. The sensing material was tested by observing the change in electrical signal upon
exposure to an air/methane mixture. The sensor response is typically defined as:
(Rg — Ra)
Response (%) = —r x 100 3

a

where Rg and Ra are the resistances of the sensor in target gas and pure air, respectively.

Applying an optimal voltage of 0.6 V, the sensor was able to detect a minimum of 5 ppm at room
temperature within 50 s of exposure. The sensor is responsive only when oxygen (air) is present in the
surroundings. Long time use results in formation of a water layer on top on the sensor; this would
impede the surface reaction leading to the sensor response weakening over time. At 5 ppm of methane,
the signal decayed 16 min after exposure. After each measurement, 12 min of drying time (no methane)
was required to achieve 99% of the previous signal strength. The drying time would increase with
higher product concentration. The humidity of the air also interferes with this sensor. This response
cycle of the material is not very ideal for usage; however, the sensor exhibits good sensitivity.

Bhattacharyya et al. [19] used nanocrystalline zinc oxide thin film as sensing material for methane
detection. The ZnO film was not doped and deposited onto a SiO-based plate as shown in Figure 2.
Gold and palladium-silver electrode contacts were tested for performance with ZnO film and Pd-Ag
contact was found to be more efficient as it performed better at lower operating temperature levels. For
detection of 0.1% methane, the optimal operating temperature is 250°C with response and recovery
times of 22 s and 28 s, respectively. This is better performance than a typical SnO,-based sensor, but
more study into the dopant for ZnO would be beneficial for the manure sensor.
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Figure 2. Schematic of the sensor structure with an Au or Pd-Ag (26%) contact (reproduced
with permission from [19])

Quaranta et al. [20] used osmium for improvement of tin oxide sensor performance. While having
sensitivity to different gases and inexpensive production, metal oxide semiconductors lack selectivity
and tend to be poor in sensitivity without an appropriate catalyst. The addition of 5% osmium into tin
oxide reduced the optimal operating temperature to 250-300°C from that of pure SnO- (350-400°C).
The doped SnO; can detect down to 200 ppm and had response and recovery times of approximately 2
min and 6 min at 1000 ppm methane. The downside is the deterioration of sensor over time due to
ageing.

Navazani et al. [21] utilized SnO, with reduced graphene oxide (rGO) and polyaniline (PANI) to
achieve room temperature methane sensing. In this experiment, pure PANI and PANI with 10wt.%
SnO,@rGO hybrid added were compared. See Figure 3 for the suggested mechanism for formation of
SnO,@rGO-PANI.

The hybrid material can detect down to 100 ppm, which is much better sensitivity compared to pure
PANI and SnO>@rGO which cannot detect such low concentration of methane at room temperature.
At 1000 ppm, the response and recovery time was 360 s and 1150 s, respectively, which did not change
significantly from that of pure PANI with 320 s and 1100 s. As shown in Figure 4, pure PANI has low
methane selectivity against ammonia but SnO,@rGO-PANI showed a significant improvement in
selectivity.

é»"‘!mg -»i

SnO,@rGO Ani SnO,@rGO-PANI

Figure 3. The formation mechanism for SnO;@rGO-PANI ternary nanohybrid (reproduced
with permission from [21])
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Figure 4. Response of SnO; @rGO—-PANI hybrid sensor to 1000 ppm methane compared with
other analytes at room temperature (reproduced with permission from [21])

Merkel et al. [22] investigated the gas sorption properties of poly(dimethlysiloxane) (PDMS) for pure
common diatomic gases (e.g., oxygen gas) and methane at 35°C with varying pressure. Figure 5
summarizes the obtained sorption isotherms for the gases tested. At the same pressure, the sorption
would be favored in the order of CO, > CH4 > diatomic gases (e.g. O,). While the paper only tested the
sorption of individual gas species, PDMS could be tested as a sensing material for sensitivity and
selectivity for methane since it does sorb methane.

Khoshaman et al. [23] analyzed two deposition methods of cryptophane A (crypt A) on quartz
resonators for gravimetric detection of methane. The research expands upon the fact that crypt A shows
an affinity towards methane molecules and that the sensitivity of the sensor made seems to be affected
by the deposition method. Testing methane adsorption at room temperature, the crypt A sensor showed
sensitivity down to 3 ppm. In addition, the effect of humidity on the sensor was investigated, but the
results were not reliable.

Hannon et al. [24] tested various materials typically used. Polyaniline salt was protonated using
hydrochloric acid for absorption of methane. The sensor was exposed to CHy4, CO, SO;, and NH; in 1-
30 ppm concentration range at room temperature. The sensitivity was tested by measuring the electrical
resistance change (response) and polyaniline showed significant response. Sorption was detected down
to 2 ppm of methane.

Sen et al. [25] incorporated ZnO nanoparticles into HCl-doped polyaniline to achieve detection of
methane at ambient temperature. 3 wt.% ZnO-PANI could detect down to 100 ppm methane. In
addition, Sen et al. tested the effect of humidity (~20%-70% RH) on the sensor. Typically, a water layer
can form on the sensor surface at a higher humidity level and reduce contact between the sensor and
the sample. For ZnO-PANI, humidity had a low impact on the sensitivity of the material which is
promising for the target application. This will make the sensor more reliable for analysis of off-gas
since it could be high in humidity from evaporation in the lagoon.
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Assuming 50 ppm is an adequate minimum for the methane detection limit, the SnO,@rGO-PANI
developed by Navazani et al. [21] appears to be a good starting point, considering both sensitivity for
methane and selectivity against ammonia. Another possible selection would be ZnO-doped protonated
PANI suggested by Sen et al. [25] because its sorption of methane at ambient temperature and low
impact of humidity on its performance is desirable for the application.

See also Appendix A.l for a summary of methane sensing materials and brief comments about their
reference sources. Based on the information of this section and Appendix A.1, Table 1 shows the top 4
selected sensing materials to be experimentally evaluated (see Chapter 3).

Table 1. Top 4 most promising materials for methane

Sensing Detection Sensor Type Operating Reference
material Limit Temperature

PANI-SnO, 100 ppm Chemiresistor Room Temperature [21]
PANI-ZnO 100 ppm Chemiresistor Room Temperature [25]
(~3wt.%)

PANI-HC1 2 ppm Chemiresistor Room Temperature [24]
(Emeraldine

Salt)

PDMS N/A! Permselectivity? Room Temperature [26]

ILit. tests for permeability (no data on sorption)
Detection by difference in gas permeation across the material (separation)

2.4.2 Ammonia (NH3) Sensors

Ammonia odor causes nausea and possible respiratory issues, thus a sensor for detection is necessary
for both analysis of manure and safety. There are several sensors available for ammonia with ambient
operating temperature.

Kukla et al. [27] developed HCIO4 doped polyaniline (PANI) for detection of ammonia at room
temperature. The HCIO4-PANI was made into a film with thickness of 0.1-0.5 pum to test for
conductance as a function of film thickness. The ammonia in the air reacts with PANI to reduce the
conductance of the material and the presence of an acid enhances this effect, thus increasing the
sensitivity. The HC1O4-PANI film was able to detect 5-2000 ppm of ammonia with about 10% error at
20°C. The response and recovery times are 90 s and 4 min, respectively. The PANI-ammonia reaction
is dominated by chemisorption, but physisorption may also occur under certain conditions often at a
similar rate. More specifically, the HC1O4-PANI-ammonia absorption appears like physisorption. The
desorption of ammonia requires activation for the reverse reaction, thus thermal regeneration of the
sensor by short-term heating to 104-107°C was needed. Long-term exposure (more than 1 hour) to high
concentration of ammonia makes the adsorption irreversible and renders the sensor unusable.

Wang et al. [28] utilized PANI doped with CuFe,O, for improved sensitivity at room temperature. The
change in electrical signal was measured upon exposure to ammonia at various concentrations. The
sensitivity of CuFe;O4-PANI was 5 ppm, with response and recovery times of 84 s and 54 s at 20°C.
The short recovery time is advantageous in continuous monitoring of concentration. As shown in Figure
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6 and Figure 7, the doped PANI had higher sensitivity/ppm than the pure constituents. The humidity
affects the resistance of the sensor, thus careful calibration and/or calculations are recommended if the
humidity fluctuates near the pit. The study also tested selectivity against methane and CuFe,O4-PANI
showed good selectivity for ammonia.

Zhang et al. [29] used SrGes4O9 as dopant for PANI to make an ammonia sensing material with high
sensitivity. SrGesOy shows high sensitivity to ammonia; however, the material’s initial resistance is
very high, making the signal detection very hard. On the other hand, when incorporated into the
SrGe4O9-PANI (PSN) complex, the sensor response was stronger than that of pure PANI as shown in
Figure 8. The sensor could detect reliably down to 0.25 ppm at room temperature for response and
recovery times of 62 s and 223 s. Overall, the PSN has improved sensitivity and given faster response
and recovery times than pure PANI, thus making it ideal for detection of ammonia at lower
concentrations.
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Figure 6. Sensitivity of PANI, CuFe;04 and PANI/CuFe;04 at different concentrations of
ammonia (reproduced with permission from [28])
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In addition, PSN showed good selectivity to ammonia over other toxic gases (hydrogen sulfide,
formaldehyde, carbon monoxide, sulfur dioxide, carbon dioxide, and methane) as the signal response
for ammonia was at least 4 times stronger than other gases. As shown in Figure 9, humidity in air

reduces the sensor response, thus it is recommended to calibrate or control humidity when using this
material.
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Figure 8. (a) Dynamic response-recovery curves of pure PANI and PSN sensors toward 0.2—
10 ppm NH3 at 25 °C; Real-time resistance changes of the gas sensors towards 0.2 ppm NH3; at
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(reproduced with permission from [29])
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Figure 9. The effect of relative humidity on gas sensing performance of the PSN sensor at room
temperature: (a) base resistance of the sensor under 0-90% RH; (b) gas responses toward
10 ppm NH; under 0-90% RH (reproduced with permission from [29])
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Kulkarni et al. [30] developed a selective ammonia sensor based on PANI doped with tungsten oxide
(WO;3-PANI) that can be prepared on a flexible polyethylene terephthalate (PET) surface. The sensor
detection limit was 1 ppm at room temperature and increase in ammonia concentration showed
corresponding increase in the response magnitude (see Figure 10). Testing at 100 ppm concentration
of each gas, the WO3-PANI showed very small signal response to the test gases (NO», H.S, CH30H,
and C;HsOH) compared to that of ammonia (see Figure 10 (a)). However, humidity reduced the sensor
response.
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Figure 10. (a) Selectivity study of PANI, WO; and flexible PANI-WO3 sensors towards different
test gases, (b) Response study of flexible PANI-WO; (50%) hybrid nanocomposites, (c)
Response study of flexible PANI-WO3 (50%) hybrid nanocomposites to 1-100 ppm of NH3, (d)
Humidity study of PANI-WOs3 (50%) hybrid nanocomposites (reproduced with permission
from [30])

Nicho et al. [31] constructed a polyaniline-polymethyl methacrylate (PANI-PMMA) composite which
is sensitive to low ammonia concentrations (10-4000 ppm at ambient temperature), as its electric and
optical properties change in the presence of the analyte. The composite can be recovered by purging it
with nitrogen gas for reversing ammonia adsorption.

Jiang et al. [32] found that a thin film of poly(pyrrole) (PPy) that is prepared by electrolytic
polymerization changes electrical resistance when exposed to ammonia. The material displayed
adequate sensitivity with pure ammonia of 10-4000 ppm (at ambient temperature) and responded in
less than 20 s while recovering within 60 s of purging.
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Gangopadhyay and De [33] found that a poly(pyrrole)-poly(vinyl alcohol) (PPy-PVA) composite
prepared via electropolymerization showed sorption affinity to ammonia. The composite showed a
change in electrical resistance when exposed to 1~10% ammonia. However, the exposure to ammonia
at higher concentrations, as well as prolonged exposure (24+ hours), caused an irreversible change in
resistance. Similar irreversible sorption of NH3 was observed with poly(pyrrole) coating palladium
nanoparticles (PPy-Pd) tested by Hong et al. [34]. PPy-Pd was able to detect down to 50 ppm but
sorption of ammonia at high concentration was irreversible, making it non-ideal for agricultural
applications.

Similarly, Ahmad et al. [35] synthesized poly(pyrrole)-molybdenum sulfide (PPy-MoS,)
nanocomposite which showed higher sorption of ammonia. PPy was polymerized onto MoS, to form a
porous structure which increased both electrical conductivity and sorption of PPy. PPy-MoS, showed
a decrease in electrical conductivity when exposed to ammonia (lowest concentration of detection at
300 ppm). Unlike PPy-PVA, adsorption of NH3; on PPy-MoS, is reversible at the tested concentration
range (300-1000 ppm). This composite showed selectivity against VOCs such as ethanol, acetaldehyde,
formaldehyde, and diethyl ether.

Chabuksawr et al. [36] synthesized polyaniline doped with acrylic acid (0.03M) (PANI:AA) that can
be used for ammonia detection for a concentration range of 1-600 ppm. Interestingly, as the ammonia
concentration increased, the response time decreased while the recovery time increased. The minimum
response time was 1 min for ammonia concentration higher than 58 ppm, while the maximum was 2.5
min for concentration lower than 2 ppm. The recovery time was 4.5-6 min.

Khun et al. [37] investigated the possibility of using porous nanosized SnO, synthesized via a
nonaqueous sol-gel method for ammonia gas sensing. The film prepared using SnO, was tested at 50
ppm ammonia at different operating temperatures in the 25-200°C range. Khun et al. state that SnO»
showed better sensitivity compared to other metal oxides due to its porosity which increased surface
area for sorption.

A sensing material could be a foam as it could improve surface area for contact with target analyte.
Dacrory et al. [38] developed cellulose-graphene oxide (GO) cryogel (foam) with the polymer
functionalized with ethylenediamine for affinity towards ammonia. With GO, the material can be used
with a resistive sensor. Cellulose-GO detected ammonia as low as 5 ppm, with the electrical resistance
decreasing upon exposure. The lesser ethylenediamine (crosslinker) added, the sensing material
performed better, which implies that there is a close relation between polymer structure and sorption.

Matsugushi et al. [39] prepared films from four blends of polymethyl methacrylate-polyaniline
copolymers doped with bis2-ethyl hexyl hydrogen phosphate (PMMA-PANI: DiOHP) to test the
change in electrical conductivity from exposure to ammonia gas at varying concentrations. Each sample
showed a different affinity to ammonia and PMMA-PANI:DiOHP prepared with toluene as the solvent
showed the fastest response time (and good reversibility). This was the only blend that showed porosity
and Matsugushi et al. state that this structural property made it the optimal sample. However, the
response time (11 min at 30°C for 500 ppm) was not good enough for practical use and further study
was recommended.

Gong et al. [40] also utilized TiO, for ammonia detection but instead of layered films, the oxide fibres
encased polyaniline nanograins to form a titanium oxide-PANI composite. The sensitivity of PANI as
ammonia gas detector was greatly improved to a lower detection limit of 50 ppt (part-per-trillion).
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While such an ultrasensitive sensor may not be necessary, it is a good example of how PANI can be
modified structurally to improve sensor performance.

Tripathi et al. [41] synthesized protonated PANI and mixed it with 2~8 wt.% Al,Os to make a composite
pellet. This composite was tested for change in electrical signal with exposure to ammonia at 100-1500
ppm at room and elevated temperature. Tested at room temperature, Al,O3-PANI composite with higher
metal oxide content showed increased sensitivity at higher NH4 concentration. The concentration of
AlLOs had no significant effect on the sensitivity at 300 ppm. It would be recommended to dope the
sensing material with 6~8 wt.% AL,O3 if the ammonia concentration is higher than 300 ppm.

Khuspe et al. [42] utilized camphor sulfonic acid (CSA) doped PANI-SnO, (50 wt.%) composite. The
PANI-SnO,-CSA (30 wt.%) was the most ideal for detecting NH3 at 100 ppm (30°C) with sensitivity
of 0.91 (ratio of resistance change as signal before and after exposure). Note that CSA-PANI had the
worst performance compared to the individual components due to poor morphology despite the
increased conductivity due to protonation of PANI.

Liu et al. [43] found that polyaniline doped with WS, (PANI-WS,) performs well under humid
conditions. PANI-WS, can detect down to 10 ppm of ammonia and showed faster response and
recovery times when the relative humidity (RH) level was between 22% to 68%. WS, as a dopant
improves the sensor performance of PANI when the analyte has 22% RH or higher, which makes it a
promising material for the off-gas NH3 detection. Similarly, poly(acrylic acid) is found to be more
sensitive to ammonia at higher humidity levels [44].

Lee et al. [45] tested the effectiveness of quartz crystal microbalance (QCM) gas sensors with
alternating layers of TiO» and polyacrylic acid (PAA) to selectively detect amine odors. The TiO»/PAA
had low detection level (0.1ppm) while being stable over a wide range of humidity (30-70% RH) at
room temperature. It was found that ambient ammonia concentration of 15 ppm can be sorbed in such
a way that the concentration may go up to 20000 ppm inside the film composite. Mirmohseni and
Oladegaragoze [46] utilized polyvinylpyrrolidone coated QCM and detected ammonia at low
concentrations. However, the polymer showed higher signal (shift in frequency) with water vapour
thus, non-ideal for agricultural setting.

See also Appendix A.2 for a summary of ammonia sensing materials and brief comments about their
reference sources. Based on the information of this section on ammonia and Appendix A.2, the top 4
materials (Table 2) were synthesized and studied (see Chapter 3).

Table 2. Top 4 most promising materials for ammonia

Sensu?g Detf:ct}on Operating Reference
material Limit Temperature

PANI-TiO; 1 ppm Room Temperature [47]
PPy 10 ppm Room Temperature [32]
PANI-In20; 50 ppm Room Temperature [48]
PANI-

HCI[IM] 2ppm Room Temperature [24]

15



2.4.3 Humidity

As with any biological processes, the anaerobic lagoon contains a large portion of water. Because of
this there would be considerable amount of vapour within the off-gas. A sensor that can either
accurately detect water concentration or is selective towards a specific target analyte is necessary for
the application. Typically, the sensor is expected to perform at RH 5-50%. Some papers in the literature
(e.g. references [28], [29], [30]) have attempted to tackle the humidity issue, but the efforts were far
from systematic.

2.4.4 Nitrogen Oxides

The literature studies reviewed herein were based on sensing materials for inorganic gases in fuel
exhausts. See Appendix A.3 for a summary. Nitrogen oxides cannot be detected (at least so far) using
polymeric materials, thus metal oxides like NiO and/or ZrO, are used. Plashnitsa et al. [49] used a NiO-
based electrode for detection of NO,. This sensor was able to detect down to 50 ppm at 800°C but had
poor selectivity as presence of CH4 produced significant signal response.

Sekhar et al. [50] used LagsSro2CrO; as a working electrode in a mixed potential sensor to detect NOx
down to 100 ppm at 600°C. A positive current bias was used to improve selectivity towards NOx;
however, the stability of the sensor was poorer with the positive current bias which caused a baseline
drift over time (700 h).

Chen and Xiao [51] synthesized a composite La;.¢7S1033Ni04 doped with 10 wt. % yttria-stabilized-
zirconia (Y'SZ) potentiometric sensor for NOx. The sensor was operated between 400 and 550°C, had
a poor detection limit of 700 ppm, and moderate response and recovery times of 4 and 6 seconds,
respectively.

Yang et al. [52] designed a potentiometric NOx sensor that used Pt electrodes on an YSZ electrolyte.
Pt-loaded zeolite (PtY) was used as a filter to remove interferents such as CO, propane, and NHs. The
sensor was highly selective due to the added filter and had an optimum operating temperature of 500°C.
The sensor was sensitive and could detect NOx down to 1 ppm but lacked stability as there was a
baseline drift over time.

Figueroa et al. [53] also used a Pt-loaded zeolite Y as a catalyst with a Pt reference electrode to detect
NOx. A filter was used to catalyze the ionization of NOx. The sensor was tested over a range of 100-
400 ppm at temperatures between 300°C and 500°C. This sensor had high selectivity due to a filter that
acted as a separator and catalyst.

Kim et al. [54] developed a NOx gas sensor for monitoring air quality within a vehicle’s interior. In2O3
was able to detect down to 0.5 ppm of NO, at 300°C with response and recovery times around 1 minute.
The sensor was evaluated over the range of 200 - 350°C and was most sensitive between 275-300°C.

Jha et al. [55] created a selective NOx sensor by functionalizing carbon nanotubes with copper
phthalocyanine (CNT-CuPC). Even at low concentrations of NOx (0.5 ppm), the CNT-CuPC was more
than 10 times selective towards NOx than other interferent gases (CO, SO, and NH3). At room
temperature, the sensor had response and recovery times of 3 and 6 minutes, respectively.

See also Appendix A.3 for a summary of ammonia sensing materials and brief comments about their
reference sources.
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2.5 Dopants for Polymeric Sensing Materials

Many previous works on sensor for methane and ammonia utilized conductivity-altering properties of
semi-conductive polymers such as polyaniline (PANI).

PANI is a conductive polymer unique for having different oxidation states. The monomer, aniline,
consists of a benzene ring and amine group. This amine group could be either reduced or oxidized,
giving polyaniline three forms with distinct properties depending on the ratio of the oxidized amine
group in the chain (see Figure 11). In Figure 12, y is the fraction of reduced units and (1-y) represents
that of oxidized units. PANI is categorized into three states based on the (1-y) values (see Table 3) [56].

Polyaniline in its leucoemeraldine base state is not conductive. It only becomes conductive when it is
moderately oxidized to emeraldine base (EB) and/or protonated to emeraldine salt (ES) [57]. The
oxidation causes ‘gaps’ in the delocalized electron cloud which promotes the charge to be carried along
the polymer chain. The protonation with acid introduces an anion to the polymer which allows oxidized
EB to achieve charge neutrality for better stability and conductivity [58] [59]. On average, EB has
conductivity of 10 S/cm while ES is conductive like a typical metal with 10° S/cm [60].

Each oxidation state can be in a form of a base (e.g. leucoemeraldine base (LEB)) or a protonated state
(e.g. emeraldine salt (ES)), by treating the material with a base or acid. EB is the stable form; thus, it is
more commonly used for research. However, the exact oxidation state is unknown as it is dependent on
the synthesis conditions. The simplest method of distinguishing the oxidation state of PANI is
observing the absorbance peak(s) via ultraviolet/visible (UV/Vis) spectroscopy [61].
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Figure 11. Typical structures of different PANIs (emeraldine salt, emeraldine base,
pernigraniline base, leucoemeraldine base) and their interconversion (reproduced with
permission from [57])
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Figure 12. Generalized structure of PANI

Table 3. Oxidation states of PANI

Oxidation number

Oxidation State of PANI REDOX (1-y)
-y

Leucoemeraldine Base (LEB) Reduced form 0

Emeraldine Base (EB) Neutral form 0.5

Pernigraniline Base (PB)

Oxidized from

1
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Chapter 3. Experimental

3.1 Polymeric Sensing Material Synthesis

After careful consideration of sensor criteria for the specific application and existing sensing materials
from the literature, polyaniline (PANI) was chosen as the candidate for synthesis, doping and
characterization. PANI is advantageous in this application for its stability, cost, and ability to operate
at ambient conditions. The synthesis was relatively simple with high yield (80-90%), which allows
modification with different dopants.

Polypyrrole (PPy) and polydimethylsiloxane (PDMS) were purchased from Sigma-Aldrich and used as
received without further purification.

Metal oxide nanoparticles were used for PANI doping. Tin (IV) oxide (SnO») (avg. particle size <100
nm), zinc oxide (ZnO) (avg. particle size <40 nm, 20 wt.% suspension in H>O) and titanium (IV) oxide
(TiOy) (particle size ~21 nm, 99.5% concentration) were purchased from Sigma-Aldrich. Deionized
(DI) water was used as the reaction medium, and for washing and rinsing, and ethanol (ACS grade)
was used as received for additional washing and rinsing of the synthesized polymers.

3.1.1 Synthesis of PANI without dopant

PANI was prepared in the lab by interfacial-dispersion polymerization of aniline with ammonium
persulfate (APS) as initiator and deionized (DI) water as the continuous dispersion phase. 1.0 mL of
aniline (A.C.S. reagent, Sigma-Aldrich, Oakville, Ontario, Canada) was added to 49 mL of deionized
water and then mixed using a sonicator for 30 minutes. This solution was then cooled to -1°C before
the addition of a solution containing 1.5 g of APS (ACS reagent, Sigma-Aldrich, Oakville, Ontario,
Canada) in 7.5 mL of deionized water. The mixture was swirled manually for one minute to ensure
thorough mixing. The mixture was subsequently left to react at -1°C for 6 hours with occasional
intermittent stirring [62]. The polymer was filtered out using a funnel and Wattman #5 filter paper and
washed with deionized water until the liquid was clear yellow. Then, the polymer was washed with
ethanol three times as over-washing could cause some loss of low molecular weight chains (or dopants,
if dopants were used). The filtered material was left to dry for about a day and collected into a glass
vial for storage under atmospheric conditions. The yield of each sample was also calculated to estimate
the loss of material during synthesis. Typical yields obtained with PANI were above 85%.

3.1.2 PANI with Metal Oxide (MO) Dopants
PANI was doped with metal oxide by adding the metal oxide to the aniline and DI water dispersion
before sonication. MO was added by weight percentage of total (aniline and dopant) weight:

mdopant

dopant conc.= x 100% 4

mdopant + Maqitine

PANI with dopant is notated as PANI-(concentration) (dopant). For example, PANI synthesized with
5% zinc oxide is designated as ‘PANI-5% ZnO’.

The rest of the procedure was kept identical to the one described in the previous section.
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3.1.3 PANI with Sodium Dodecyl Sulphate (SDS)

Based on the process developed by Sen et al. [25], sodium dodecyl sulphate (SDS) SmM was dissolved
into the water/aniline “solution” to compare the incorporation of ZnO into PANI. The reaction mixture
was sonicated, and the rest of the procedure was identical to the above section. As SDS is a surfactant
(non-reactive) and present in very small relative amounts, any sample with SDS added during synthesis
is notated as PANI-(dopant)-SDS.

3.1.4 PANI with Hydrochloric Acid (HCI)

PANI is known to be conductive when doped with acid to change its oxidation state. When synthesized
in neutral pH, PANI is in emeraldine base form (PANI-EB). When doped (synthesized) with acid, PANI
is in emeraldine salt form (PANI-ES). For the comparison of PANI-EB and PANI-ES gas sorption
capability, PANI was also synthesized in acidic conditions. Aniline was added to 1M HCI instead of
DI water and the rest of the procedure was kept identical to Section 3.1.1.

3.2 Gas Sensing Setup

The sensing materials were synthesized in the lab with various dopants for evaluating their sorption
performance. A schematic of the gas analysis setup is shown in Figure 13. All the gas concentration
measurements were done using a Varian 450 gas chromatograph (GC) with a specialized photon
discharge helium ionization detector (PDHID) for high accuracy and detection down to ppb range.

| | »  Passive Mixer »  Flowmeter
MFC MFC v
i | R | ™
¥
Mo Gas
Analyte =

v Balance Chromatograph

L A A

Figure 13. Schematic of the test system, where MFC denotes mass flow controller

Each sensing material was tested by exposing it to a known concentration of analyte (e.g., 5 ppm of a
specific gas in a nitrogen balance). Before the sequence of trials, a “blank” run was performed, which
measures the concentration of exiting gas of the system without any sensing material inside the testing
chamber. This confirms the source concentration of analyte as there is a chance of loss during the gas
transport along the system.

After exposure to the sensing material, the gas stream flows into the GC and the concentration of analyte
were measured. Then, the concentration of gas analyte was compared before and after passing through
the sample chamber. The larger the difference in concentration in a “blank” flask and with the sensing
material indicates better sorption and better sensitivity to the analyte. The tests were conducted at room
temperature (about 22°C) and approximately at 15 psi.
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Polyaniline (PANI), doped PANI (with metal oxides with or without sodium n-dodecyl sulphate
(SDS)), polypyrrole (PPy) and polydimethylsiloxane (PDMS) with different end groups were tested for
formaldehyde (F) sorption (formaldehyde source at 10 ppm). The sensing material was deposited into
a round-bottom flask via a suspension of the sensing material in ethanol, and then the ethanol was
evaporated, leaving only the sensing material in the flask. To note, PDMS was deposited in the round-
bottom flask directly as it is in a liquid state at room temperature. All sorption tests were performed
with 0.1g of each sample in ambient conditions. Table 4 shows the samples tested and the sequence of
tests performed.

Table 4. List of trials with PANI, doped PANI, PDMS, PPy

Sample # | Name Test Purpose
1 PANI F 10 ppm Sensitivity of F
2 PANI-5% SnO; F 10 ppm Sensitivity of F
3 PANI-10% SnO, F 10 ppm Sensitivity of F
4 PANI-5% ZnO F 10 ppm Sensitivity of F
5 PANI-5% ZnO-SDS F 10 ppm Sensitivity of F
6 PANI-2.5% ZnO F 10 ppm Sensitivity of F
7 PANI-2.5% ZnO-SDS F 10 ppm Sensitivity of F
8 PDMS-T (trimethylsilyl terminated)" F 10 ppm Sensitivity of F
9 PDMS-M (monohydroxy terminated)® F 10 ppm Sensitivity of F
10 PANI-HCI F 10 ppm Sensitivity of F
11 PANI-SDS F 10 ppm Sensitivity of F
12 PANI-HCI-SDS F 10 ppm Sensitivity of F
13 PANI-20% ZnO F 10 ppm Sensitivity of F
14 PANI-5% TiO» F 10 ppm Sensitivity of F
15 PANI-20% TiO; F 10 ppm Sensitivity of F
16 Polypyrrole" F 10 ppm Sensitivity of F
17 PANI-2.5% ZnO-SDS B® F 10 ppm Sensitivity of F

() Purchased from Sigma Aldrich

@ Purchased from Alfa Aesar

@ Corresponding sample was synthesized again to eliminate the possibility of material aging as the
cause of sorption decreasing over time
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3.3 Gas Analytes

The gas analytes of interest can be evaluated in the gas sensing system. The concentrations of each
analyte were calculated based on the ideal gas law with the mixture in a balance of nitrogen gas (Praxair,
California, USA).

Methane is flammable and explosive, whereas ammonia is toxic and corrosive, hence both present
special safety issues and also need special modifications in the GC columns and setup. Due to these
concerns, formaldehyde was used as a “simulant” for the GC sorption tests and sensing material
evolution (in Chemical Engineering). The final test with the actual MEMS sensor used methane directly
in a special chamber enclosure (in collaboration with the Department of Systems Design Engineering,
Prof. Eihab Abdel-Rahman group).

3.4 PANI Material Characterization

Several representative sensing materials were selected for characterization. See Table 5 for the selected
samples. The tested samples were chosen as representatives for different material types (e.g. dopant,
oxidation state, etc.)

Table 5. Table of characterization tests performed on the PANI materials

Material SEM EDX XRD UV-Vis
PANI v v N N
PANI 5% SnO, \ \
PANI 10% SnO;
PANI 2.5% ZnO v v
PANI 2.5% ZnO-SDS \s \s
PANI 5% ZnO \ v
PANI 5% ZnO-SDS \ \
PANI 20% ZnO
PANI 5% TiO; v v
PANI 20% TiO»
PANI-HCI1 \ \ \ \s
PANI-HCI-SDS
PANI-SDS \ \ N \s

3.4.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Analysis (EDX)

Pristine PANI and PANI doped with metal oxide (ZnO) and/or hydrochloric acid (HCI) were
synthesized using in-situ polymerization. Scanning electron microscopy (SEM) was performed on the
samples using UltraPlus FESEM (University of Waterloo, WATLAB facility). In parallel, energy
dispersive X-ray analysis (EDX) was conducted using the same equipment to obtain information of the
presence/concentrations of different atomic elements in the polymer.

A square piece of carbon tape was placed on a SEM specimen stub. PANI powder was dispersed in
ethanol and the “solution” was dispensed onto the tape. The sample was left at room temperature for
the solvent to evaporate and observed using SEM. EDX was conducted on sample surfaces with the
most even coverage to obtain the average distribution of elements over the specific area as reliably as
possible.

22



3.4.2 X-Ray Diffraction (XRD)

The crystallinity of pristine PANI, PANI-HCI] and PANI-SDS was analyzed using GIXRD (Grazing
Incidence X-ray Diffraction). The three samples were chosen (see Table 5) as a representative analysis
on crystallinity of PANI without MO dopants. A fine powder of polymeric sample was mounted on a
glass slide using a double-sided tape prepared by Dr. Nina Heinig from the University of Waterloo
WATLAB facility. A PANalytical X’Pert Pro MPD Powder XRD was used to analyze the prepared
sample with X-ray wavelength of Ka 1.54 A (Cu target) operating at 45 kV and 35 mA with scanning
range of 5°-90° with step-size of 0.10°.

3.4.3 Ultraviolet—Visible Spectroscopy (UV-Vis)

Selective PANI samples were analyzed using a Cary 60 UV-Vis spectrophotometer to determine their
oxidation state. The UV-Vis spectrophotometer was used courtesy of Prof. T. Mekonnen. Department
of Chemical Engineering, University of Waterloo. 1.0 mg of PANI material was suspended in 50 mL
of N-methyl-2-pyrrolidone (NMP) for 15 hours prior to analysis. The assay was done under ambient
conditions. Scans were done twice for each sample, following the procedure as described in Mavani
[63].

3.5 Micro-Electrical-Mechanical System (MEMS) Sensor Test

Micro-electrical-mechanical system or MEMS refers to any electrical device that has any sort of
mechanical motion and the whole system has one or more dimensions in the micrometer scale [64].
These are spatially efficient, amenable to handheld devices, and highly sensitive, which is ideal for
sensors that are lightweight and wearable.

A MEMS static bifurcation sensor (see Figure 14) has been developed, where a solid sensing material
can be loaded to detect a target gas [10]. The main component of the sensor is a 60 um by 30 um
platform suspended by two cantilevers (125 um by 5 um; see Figure 15) that vibrate in a certain
frequency when electrical potential difference (pull-in voltage) is applied. This frequency changes
when the mass of the platform changes. If a sensing material that sorbs a target gas is loaded, the sensor
is referred to as ‘functionalized’. When the sensor is exposed to an analyte, the sensing material will
sorb the target gas and the overall mass of the platform will increase. This will lead to a shift in
frequency which can be detected and translated (if needed) into the concentration of the target gas.

In collaboration with Yasser Shama (Ph.D. candidate, Department of Systems Design Engineering,
University of Waterloo), the final gas detection test was performed with methane at 5S0ppm. The sensing
material was loaded onto the sensor by suspending the material powder in ethylene glycol with material
concentration of 10-15 wt.% and leaving it to dry, thus allowing for an even coating on the surface.

The MEMS sensor is placed in an enclosed chamber and the enclosure is purged with nitrogen gas.
Then, the target gas fills the chamber until the concentration inside stabilizes. The displacement of the
sensor platform is continuously monitored when static pull-in voltage is applied. This leads to a sudden
increase in frequency (see Figure 16), which can be translated into sensitivity of the sensor. The
experimental setup can be seen in Figure 17.
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Figure 14. An image of the MEMS sensor (photo taken by the author in Systems Design
Engineering lab circa August 2022)
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Figure 15. Close up shot of a) sensing material deposition b-d) functionalized sensor
(reproduced with permission from [10], open access)
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Figure 16. Frequency response of the sensor before and after functionalization with PANI
(reproduced with permission from [10], open access)
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Figure 17. The experimental setup of MEMS sensor testing (reproduced with permission from
[10], open access) (the gas cylinder was changed to methane during the testing for this research)
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Chapter 4. Results and Discussion

4.1 Gas Sorption

4.1.1 PANIL PPy, and PDMS Formaldehyde Sorption

Formaldehyde (F) sorption (source 10 ppm) of pristine polymers (no dopants) was measured to evaluate
the base sorption behaviour of each material. This gives a sense of which polymer should be modified
for sorption of the target gas. The experimental procedure has been described in section 3.2.

The measure of sorption will be the difference between the F concentration of the blank runs and the
concentration of F after contact with a testing sample. The relative sorption was calculated based on
the blank (baseline) value for the corresponding trial. The baseline measurements were analyzed to
account for variation experienced between different trial dates. While there were fluctuations between
trial dates, the graphical and statistical analysis confirmed relative stability of blank values (see
Appendix B for figures and related analysis). The least significant difference (LSD) was used to confirm
that blank values were similar enough to ensure the data can be compared between trials (see Appendix
O).

As seen in Table 6, Figure 18 and Figure 19, PANI showed the highest sorption out of the four polymers
with 2.45 ppm of F sorbed. PPy followed PANI with 0.94 ppm sorption, which is rather low to be
considered significant sorption. PDMS, regardless of its end group, showed negligible sorption with
0.58 ppm and 0.24 ppm for PDMS-T and PDMS-M, respectively. This is complete lack of affinity
towards F. PDMS in the form of a thin liquid layer probably led to a smaller surface area for gas sorption
to occur. Both PANI and PPy are in a powder form, which allows for increased contact with gas as
polymer grains have interstitial space between them. Based on the observed trend, a sensing material
that is in the solid state (powder or grain particles) is preferred for the ease of loading the material onto
a sensor platform. PANI is the best polymer for the sorption of formaldehyde, thus it was modified with
a dopant to check whether sorption could be improved.

Table 6. Formaldehyde sorption (ppm) for PANI, PPy, and PDMS (exposed to F=10 ppm)

Material Average sorption values
PANI 2.45 ppm of F
PPy 0.94 ppm of F
PDMS-T 0.58 ppm of F
PDMS-M 0.24 ppm of F
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Figure 18. Formaldehyde sorption (ppm) for PANI, PPy, and PDMS (exposed to F=10 ppm)
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Figure 19. Formaldehyde sorption (relative percentage) for PANI, PPy, and PDMS (exposed to
F=10 ppm)
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4.1.2 PANI and PANI doped with MO Formaldehyde Sorption

PANI was doped with varying concentrations (weight basis) of metal oxides to investigate whether
sorption of the target gas could be enhanced. Note that all sorption tests were independently replicated
on different dates.

SnO; has been used as a sensing material for methane sensing (see section 2.4.1). As seen in Table 7,
PANI 5% SnO; had the highest (average) sorption of F out of the three materials. Figure 20 and Figure
21 show the sorption picture for F by PANI and PANI with different SnO» concentrations. However, if
one calculates 95% confidence intervals (CI) (see Appendix D for calculations), the gas sorption
averages are statistically the same (see Table 28 in Appendix E for proof). This means the difference
in averages is negligible compared to the error fluctuation of sorption values observed in the sorption
test. Based on this observation, 5% was a good SnO- concentration to use, if a dopant is to be tested as
an alternative sensing material. Between 5% and 10%, the lower MO content is preferred for evident
reasons, if the sorption levels are similar.

Table 7. Formaldehyde sorption (ppm) for PANI and PANI doped with SnO; (exposed to F=10
ppm)

Material Average sorption values with 95% CI ranges
SE
PANI 2.45+ 0.310 ppm of F 2.06, 2.83
PANI 5% SnO; 2.49 + 0.425 ppm of F 1.96, 3.02
PANI 10% SnO» 2.28 +0.254 ppm of F 1.65,2.92
Note: The range (denoted as + (value)) is based on one standard deviation (standard error, SE)
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Figure 20. Formaldehyde sorption (ppm) for PANI and PANI doped with SnQO; (exposed to
F=10 ppm)
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PANI with ZnO was prepared next and tested with F 10ppm source. Table 8, Figure 22 and Figure 23
show the sorption values of PANI and its ZnO-doped variants. PANI-ZnO showed sorption along the
same levels as PANI (see Appendix E for statistical analysis). ZnO nanoparticle addition has been
observed before to generate “heterogeneities” in the polymer structure at higher concentrations, as it
has the tendency to form aggregates [65], hence the poorer sorption of PANI with 5% and 20% ZnO.

The interaction between ZnO and PANI will be discussed further in section 4.2.

PANI-2.5% ZnO was the best sensing material in this series with 2.47 ppm sorption from 10 ppm F
source. While this is insignificant increase from pristine PANI, the addition of ZnO could make PANI
have affinity towards methane. The methane sorption effectiveness of PANI-ZnO was tested in section

4.3.
Table 8. Formaldehyde sorption (ppm) for PANI and PANI doped with ZnO (exposed to F=10
ppm)

Material Average sorption values with 95% CI ranges

SE

PANI 2.45+ 0.310 ppm of F 2.06, 2.83

PANI 2.5% ZnO 2.47 +0.199 ppm of F 1.98,2.97

PANI 5% ZnO 2.02 +0.153 ppm of F 1.64,2.40

PANI 20% ZnO 2.25 4 0.355 ppm of F 1.37,3.13

Note: The range (denoted as + (value)) is based on one standard deviation (standard error, SE)
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Figure 22. Formaldehyde sorption (ppm) for PANI and PANI doped with ZnO (exposed to
F=10ppm)
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Figure 23. Formaldehyde sorption (relative percentage) for PANI and PANI doped with ZnO
(exposed to F=10ppm)
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PANI doped with 5% and 20% of titanium oxide (TiO,) showed reduced sorption of F. As seen in Table
9, the sorption is lower than pristine PANI regardless of the amount of TiO, added. While the reduction
in sorption is not favorable, it is an indicator that the dopant had a significant effect on changing the
properties and morphology of PANI. This is supported by a further reduction in sorption by PANI 20%
TiO,. A more detailed analysis on the effect of TiO, on the structure of PANI will be done in section
4.2.

Table 9. Formaldehyde sorption (ppm) for PANI and PANI doped with TiO; (exposed to F=10
ppm)

Material Average sorption values with 95% CI ranges
SE

PANI 2.45+ 0.310 ppm of F (2.06, 2.83)

PANI 5% TiO» 1.84 +0.297 ppm of F (-0.83, 4.50)

PANI 20% TiO; 1.76 + 0.350 ppm of F (-1.39, 4.90)

Note: The range (denoted as + (value)) is based on one standard deviation (standard error, SE); PANI-
TiO; includes 0 in the 95% CI range due to a small number of replicated trials
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Figure 24. Formaldehyde sorption (ppm) for PANI and PANI doped with TiO; (exposed to
F=10ppm)
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Figure 25. Formaldehyde sorption (relative percentage) for PANI and PANI doped with TiO;
(exposed to F=10 ppm)

4.1.3 PANI doped with non-MO dopants

Doping PANI with protic acid such as hydrochloric acid (HCI) is known to improve its conductivity by
converting it into a PANI salt (see also section 4.2.4). Many literature papers utilize PANI-HCI doped
with other materials when testing for resistive gas sensing [24] [25], but they do not test for actual gas
sorption. Thus, pristine PANI and PANI-HCI were compared for gas sorption using formaldehyde. In
addition, reduction of sorption due to ZnO doping of PANI was theorized to be due to the high surface
energy of ZnO nanoparticles [65]. To prevent ZnO aggregation, an emulsifier can be used for better
dispersion of the nanoparticles. Therefore, sodium dodecyl sulphate (SDS), a typical emulsifier [25],
was tested in parallel.

Figure 26 and Figure 27 along with Table 10 show that no significant improvements were observed
during doping PANI with HCl and/or SDS. PANI-HCI had 2.14 ppm sorption, which is a slight decrease
in sorption from pristine PANI when it comes to formaldehyde sorption. Although it lacks gas sorption
effectiveness, its increased conductivity makes it ideal for resistive sensors. This suggests that PANI
can be synthesized using DI water (at neutral pH) to avoid using strong acids during synthesis and
reduce production costs, unless conductive PANI is necessary.

PANI-HCI-SDS was also tested for interaction of the two dopants. The sorption of the sample showed
negligible difference, which suggests lack of interaction between HCl and SDS. A more significant
change can be observed when ZnO and SDS interact below in section 4.1.4.
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Table 10. Formaldehyde sorption (ppm) for PANI and PANI with HCI (exposed to F=10 ppm)

Material Average sorption values with 95% CI ranges
SE

PANI 2.45+ 0.310 ppm of F 2.06, 2.83

PANI-HCI 2.14 + 0.529 ppm of F 1.30,2.98

PANI-HCI-SDS 2.11 + 0.004 ppm of F 2.08,2.14

PANI-SDS 2.08 +0.133 ppm of F 1.75,2.41

Note: The range (denoted as + (value)) is based on one standard deviation (standard error, SE)

PANI Sorption
5.0

4.5
4.0
3.5
3.0
2.5
2.0
L5
1.0
0.5

0.0 . . .
PANI PANI-SDS PANI-HCI PANI-HCI-SDS

OData points

® Average sorption

ppm sorbed

e [1
Cel
O®
[

Figure 26. Formaldehyde sorption (ppm) for PANI and PANI doped with SDS (SmM) and HCI
(1.1M) (exposed to F=10 ppm)
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Figure 27. Formaldehyde sorption (relative percentage) for PANI and PANI doped with SDS
(5SmM) and HCI (1.1M) (exposed to F=10 ppm)
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4.1.4 Interaction of MO dopant and non-MO dopant

A separate batch of PANI-ZnO was synthesized with SmM SDS emulsifier to investigate whether
polymerization yield could be improved. Both batches (with and without SDS) were tested for sorption
performance.

Table 11 and Figure 28 show results from sorption tests. No considerable enhancements (relative to
pristine PANI sorption) were observed. A discussion on morphology of the different materials follows
in section 4.2.1.

Table 11. Formaldehyde sorption (ppm) for PANI and PANI doped with ZnO and SDS
(exposed to F=10 ppm)

Material Average sorption values with 95% CI ranges
SE
PANI 2.45+ 0.310 ppm of F 2.06, 2.83
PANI 2.5% ZnO 2.47 +0.199 ppm of F 1.98,2.97
PANI 2.5% ZnO-SDS 2.81 +0.791 ppm of F 1.83,3.79
PANI 5% ZnO 2.02 + 0.153 ppm of F 1.64, 2.40
PANI 5% ZnO-SDS 2.70 + 0.639 ppm of F 1.91,3.50
PANI 20% ZnO 2.25+0.355 ppm of F 1.37,3.13
PANI-SDS 2.08 + 0.133 ppm of F 1.75,2.41

Note: The range (denoted as + (value)) is based on one standard deviation (standard error, SE)
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Figure 28. Formaldehyde sorption (ppm) for PANI and PANI-ZnO with SDS (SmM) (exposed
to F=10ppm)
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4.2 Material Characterization

4.2.1 Surface Morphology

PANI images were captured using SEM, as seen in Figure 29. The right image (higher magnification)
displays the filament-like structures (orange circle) intertwined with amorphous regions (green arrows)
filling the space in between. PANI forms nanofibers during polymerization [66]. The non-homogenous
structure forms small clusters with high surface area, which is known to improve gas sorption. When
PANI is doped with HCI (PANI-HCI) (see Figure 30), the image shows no filaments. It appears as more
uniform ‘spheres’ in clusters and the ‘cavities’ between successive structures seem more consistent in
depth. This could be due to the introduction of an ionic bond between CI” and cationic N in the polymer
chain. The additional intermolecular attraction force causes closer packing of polymer chains, thus
forming a more “repetitive” surface structure. It can be speculated that a cauliflower-like structure will
have a larger surface area and improve gas sorption properties than pristine PANI.

When SDS (sodium dodecyl sulfate) was used in the PANI synthesis (hereby called PANI-SDS), the
structure of the polymer is almost like that of PANI (see Figure 29 vs Figure 31). PANI-SDS has
filaments in clusters like PANI with amorphous patches in between (Figure 31). Under the higher
magnification of Figure 32, there is an apparent difference in the thickness of the filaments and length
of the clusters. PANI has larger filaments than PANI-SDS, likely due to the emulsification effect of
SDS in the water/aniline monomer mixture allowing for participation of more polymer molecules to
form in clusters at the same time.

10.00 nal AmSE2 S mbar — EHT = 1

Figure 29. iage PANI at 1000x (left)and 5000x (rigt) magnication; Filaments
(orange circle) and amorphous regions (green arrows)
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Figure 32. SEM image of PANI (left) and PANI-SDS (right) at 10000x magnification
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Figure 33 to Figure 35 show how adding a metal oxide dopant (zinc oxide, ZnO) in the polymer affects
its structure. For PANI with 2.5% and 5% ZnO, there are aggregates in spherical ‘pockets’ that were
not observed in other PANI samples. For PANI-ZnO with SDS, the pockets are not found, and the
surface looks more homogenous with respect to structural characteristic (see Figure 36). The varying
surface structure is evident in Figure 34, which shows different sections of the sample at 10000x
magnification. One can see different regions; a structure like undoped PANI (Figure 34, right) and one
containing shorter filaments and ‘spheres’ (Figure 34, left). This could be likely due to incomplete
mixing of dopant and monomer as such effect was not found in the sample with SDS and ZnO together
(Figure 36 and Figure 37).

As seen in Figure 36, the addition of SDS in the formulation of PANI-5% ZnO improved the uniformity
of the structure. There are shorter filaments observed compared to pristine PANI. As observed earlier
with PANI-SDS, the presence of SDS affects the formation of PANI filaments and its overall surface
structure. This affects the gas sorption property of PANI via increased surface area for PANI-analyte
contact. When SDS was added to make PANI with ZnO, the average sorption increased from 2.02 to
2.25 ppm and 2.47~2.80 ppm (see Table 11). This is a notable trend since adding ZnO alone reduced
sorption of F. Unfortunately, experimental noise was also higher with the SDS addition, so it is not
possible to discriminate different effects reliably.

Figure 33. SEM age of PANI-5% ZnO at 1000x (left) an 00 (riht) magnification; orange
circle highlights distinct spherical pocket unique to PANI with ZnO.
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Fgure 34. image of PANI-5% ZnO at 100x magiﬁati f different sections;
spherical pockets (red arrow) found in the left picture

Figure 35. SEM image of PANI-2.5% ZnO at 10000x magnification of different sections;
spherical pockets (orange circle) found in the right picture
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Figure 36. SEM image of PANI-5% ZnO-

DS at 1000x (left) and 5000x (right) magnification
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Figure 37. SEM image of PANI-2.5% ZnO-SDS at 1000x (left) and 5000x (right) magnification

PANI-5% SnO; had great incorporation of dopant (see Table 7) and the surface imaging shows lighter
specks (see Figure 38). These are speculated (since the particle size of SnO, is <100 nm) as brighter
spots indicating either the section having higher atomic number or protruded surface [67]. More on a
quantitative measure of dopant incorporation will follow in section 4.2.2. The overall morphology of
the material (Figure 38) is reminiscent of pristine PANI with short filaments and amorphous regions.

m
— EHT

Figure 38. SEM image of PANI-5% SnO; at 1000x (left) and 5000x (right) magnification;
orange circle highlights SnO; embedded in the polymer matrix

When PANI is doped with TiO,, certain structures were clustered and became less uniform. Two
different sections of the sample were analyzed using EDX (see Table 12) and found to contain 2.87%
and 4.59% of Ti, proving that there is uneven distribution of TiO, dopant. This heterogenous nature
can also be observed in the SEM images that follow.

Figure 39 shows distinct rectangular prisms embedded in an amalgam of filaments present in proximity
to each other. When one of the prisms was randomly selected and analyzed, it had 3.10% Ti content
(measured with EDX) which is higher than the area average of 2.87%, but lower than the expected
amount of 5% (amount added during synthesis), so it is speculated that TiO, was enclosed in PANI and
formed rectangular prisms. In Figure 40, the surface contains a matrix of fibers like that of pristine
PANI without distinct prisms, possibly due to a lack of TiO- on the surface. This explains the poor gas
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sorption (see section 4.1.2) as encased TiO, means lack of contact with the analyte, and reduced surface
area for sorption.

Figure 39. SEM image of PANI-5% TiO; at 1000x (left) and 5000x (right) magnification; orange
circles highlight square plate-like structure unique to the sample

Ti02-045 tif [ EHT = 10.00 k¥

Figure 40. SEM image of PANI-5% TiO; at S000x magnification of different areas

4.2.2 Dopant Incorporation

Table 12 and Table 13 show the summary of EDX analysis of the samples. The compositions of the
major elements for the polymer chains (C, N, O, and S) are similar for all the samples, so it can be
speculated that PANIs (regardless of addition of dopants) have similar molecular weights. The
incorporation of a dopant (basically, the dispersion of MO within the polymer matrix during in-situ
polymerization) would be considered successful if a significant fraction of the characteristic element is
detected. According to the chemical formula, polyaniline would have a C:N molar ratio of 6:1. The
initiator ammonium persulfate (APS) adds sulfate groups at each end of polyaniline, thus the molar
ratio of O:S should be 4:1. However, metal oxides (dopants) could also contribute to increased oxygen
due to the inherent presence of O atoms.

Table 14 cites the molar ratios based on EDX measurements. The C:N ratios fluctuate around 6:1, with
an average value of 6.5:1, which is very close to the theoretical (expected) value. The average O:S ratio
is close to 5.8:1, higher than the theoretical one. These values can easily be explained based on the error
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inherent in EDX determinations. EDX gives a measure based on the specific (localized) spot of the
specimen surface area, not of the whole sample. Therefore, the measurement will be affected by
heterogeneities in the distribution of a specific element, especially of a metal oxide (and by how
embedded the specific element is in the bulk of the polymer). The solution to this would be multiple
measurements per SEM image (at different spots), but this can become time-consuming and eventually
rather expensive.

For PANI-HCI, the polymerization was performed in a 1.1M HCI solution (~50 mL) and resulted in
1.69% of Cl element in the sample. Considering the structure of PANI emeraldine salt (PANI-ES), the
theoretical ratio of CI/N is 1.00 at maximum incorporation of Cl ion (see Figure 11). However, the
literature shows that the typical ratio is 0.440 or even lower [68]. Comparing this to the experimental
CI/N ratio of 0.13, the incorporation of Cl™ has low efficiency despite having an excess amount of HCI
in the reaction. While the ratio is not optimal, it is sufficient to make a significant difference in the
structure and composition of the synthesized PANI, as observed in Section 4.2.1.

Both PANI-5% SnO» and PANI-5% TiO- had good incorporation of dopants with % loss of only 0.14%
and 0.41%, respectively. These samples showed high stability in synthesis. It is notable that TiO,
showed fluctuations of Ti content between 2.87 wt.%~4.59 wt.%

For PANI-5% ZnO, there is no significant amount of Zn found on the surface of the sample. This could
be due to one of two reasons: (a) No ZnO was incorporated into PANI; (b) ZnO particles are somehow
encased by PANI and thus the presence of ZnO could not be detected on the surface. Adding SDS in
the polymerization of PANI-5% ZnO seemed to improve the incorporation of the dopant to 0.97 wt.%.
However, the experimental error for zinc detection is greater than the measured value, thus it is
uncertain whether a significant amount of zinc oxide was incorporated into PANI. The same behaviour
is observed with PANI 2.5% ZnO, which suggests that ZnO is a poor dopant for PANI, as alluded to
earlier as well. This can explain the negligible change in sorption for PANI-5% ZnO (see Table 11).
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Table 12. EDX analysis of PANI with different dopants in mass %

Sample name Carbon Nitrogen Oxygen Sulfur Tin Titanium
65.78 10.54 17.46 6.22
PANI 16,67 | +1835 | <1183 | =848 ) ]
62.82 8.20 17.26 6.86 4.86
- 0 -
PANI-5% Sn0O, 697 | +19.86 | +1171 | 2715 | +37.62
. 60.76 11.55 16.01 7.10 4.59
- 0 -
PANI-5% TiO; +7.14 +17.44 | +12.14 +5.45 +19.96
Sample name Carbon Nitrogen Oxygen Sulfur Chlorine Zinc
61.74 11.20 19.46 7.13 0.46 +
- 0 -
PANI-2.5% ZnO 710 | +1574 | +1097 | +5.02 21.32
62.15 9.99 22.55 4.60 0.70 +
- 0 - -
PANI-25% ZnO-SDS | 619 | 21536 | 1075 | +643 24.71
62.26 12.80 18.61 6.23 0.10
- Y -
PANI-5% ZnO 1656 | +1471 | +1077 | 4547 +£67.99
60.65 11.78 18.56 8.05 0.97 +
- Y - -
PANI-5% ZnO-SDS 729 | +1491 | +1075 | +4.82 22.46
62.12 13.24 14.21 6.05 4.38
PANI-HC 1795 | +1488 | <1181 | =558 +9.36 ]
61.55 13.58 19.15 5.72
PANI-SDS 1630 | +14.07 | +1052 | =+4.84 ] ]
Table 13. EDX analysis of PANI with different dopants in mole %
Sample name Carbon Nitrogen Oxygen Sulfur Tin Titanium
PANI 72.88 10.02 14.52 2.58 - -
PANI-5% SnO» 73.16 8.19 15.09 2.99 0.57 -
PANI-5% TiO; 70.25 11.45 13.90 3.07 - 1.33
Sample name Carbon Nitrogen Oxygen Sulfur Chlorine Zinc
PANI-2.5% ZnO 69.60 10.82 16.47 3.01 - 0.10
PANI-2.5% ZnO-SDS 69.44 9.57 18.92 1.93 - 0.14
PANI-5% ZnO 69.52 12.26 15.60 2.60 - 0.02
PANI-5% ZnO-SDS 69.02 11.50 15.85 3.43 - 0.20
PANI-HCI 70.68 12.92 12.14 2.58 1.69 -
PANI-SDS 68.60 12.98 16.02 2.39 - -
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Table 14. Elemental ratios of PANI with different dopants

Sample name C/N O/S CI/N
PANI 7.27 5.63 -
PANI-5% SnO; 8.93 5.05 -
PANI-5% TiO; 6.14 4.53 -
PANI-2.5% ZnO 6.43 5.47 -
PANI-2.5% ZnO-SDS 7.26 9.80 -
PANI-5% ZnO 5.67 6.00 -
PANI-5% ZnO-SDS 6.00 4.62 -
PANI-HCI 5.47 4.71 0.13
PANI-SDS 5.29 6.70 -

4.2.3 Crystallinity

As described in Section 3.4.2, the crystallinity of polymer samples is analyzed using XRD. The
intensity of diffracted X-rays at angle of diffraction, 28, is plotted in Figure 41 and Figure 43. The plots
show a combination of sharp peaks (crystalline) and hills (amorphous) The peaks represent a different
crystal lattice and atomic arrangement in the material and each peak angle corresponds to one Miller
index. Miller index is a notation system used in crystallography for describing lattice planes in a crystal.
While this is not exactly in the scope of this research, it is worth comparing the index (peaks) with
reference data.

Comparing with experimental results from the literature [69] in Figure 42, the synthesized PANI shows
a similar pattern of three peaks with the middle being the highest and right-most peak being the shortest.
In Figure 41, the peaks do not occur at the same angle as in the literature, likely due to misalignment
of the sample. However, the plot can be shifted by the same fixed distance in the x-axis direction to
match the experimental data for comparison. For instance, the spectrum data points from the literature
in Figure 42 were shifted by 8 degrees to the left (typical error due to slight misalignments) and the
intensity scale was multiplied by a factor of 100 for this purpose (as intensity scales are arbitrary).
Comparing with previously reported cases [70], the synthesized PANI matches the crystalline lattice of
emeraldine base which is the expected product based on the synthesis method used [68].

PANI and PANI-HCI have identical peaks with both incident angle and signal intensity, indicating
similarity in both crystal lattices and crystallinity. PANI-SDS also shows peaks at the same angle
(crystalline structure) but at a slightly lower intensity. This could be due to the different ratio of crystal
lattices and overall lower crystallinity of the sample.

In Figure 41, all three samples showed nearly identical incident angle at around 14.1°, 17.0°, 18.6°, and
25.6°. The crystallinity index is calculated based on the peak intensity compared to the amorphous
region signal [71] (see Appendix F for details). The crystallinity index of PANI and PANI-HCl is 72%,
which is higher than typical semi-crystalline PANI of ~40% [16]. This is due to a lower polymerization
temperature used during synthesis; a slower temperature results in higher crystallinity [72].

The crystallinity index decreased to 67% for PANI-SDS, which indicates that addition of the emulsifier
influenced the structure of the polymer as seen in SEM images (Section 4.2.1). However, PANI-SDS
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is also semi-crystalline with peaks at the same angles as the other samples. The overall reduction of
filament dimensions (see Figure 32) and XRD results imply that SDS led to better emulsification of
aniline; this would have improved the initial rate of conversion of monomer but lowered the molecular
weight while increasing the rate of monomer consumption. This is observed in the PANI yield (see
Table 15), where addition of SDS increased the % yield or conversion of monomer to polymer by
1.5~3.1%. While this is not the most accurate indicator of monomer conversion, the trend is significant,
as it supports the experimental observations.

XRD Plot of PANI/PANI-HCI/PANI-SDS
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Figure 41. XRD plot of PANI, PANI-HCI, PANI-SDS; the numbers around the peaks are

corresponding peak angles (the vertical dashed lines are indicative of the peaks, for easier

visual identification)
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Figure 42. X-ray diffraction plot of polyaniline (PANI); the numbers around the peaks indicate
hkl values or crystal planes (Miller index) corresponding to the peaks (reproduced with
permission from [69])

44



XRD Plot of PANI
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Figure 43. XRD plot comparison of literature values (reproduced with permission from [69])
and experimental data (the vertical dashed lines indicate the peaks, for easier visual
identification)

Table 15. Table of PANI with SDS synthesis yield (monomer conversion basis)

Sample Yield% Sample Yield%
PANI-5%Zn0O 86% PANI-2.5% ZnO 89.0%
PANI-5% ZnO-SDS 90.9% PANI-2.5% ZnO-SDS 90.5%
PANI 81% PANI-HCI 95.1% (90.9%")
PANI-SDS 83.5% PANI-HCI-SDS 96.2% (92.0%")

! Assuming theoretical maximum incorporation of Cl into PANI, CI takes up 4.38w/w% of the total
material mass; when this is excluded, the yield is lower
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4.2.4 Oxidation States of PANI

The UV-Vis absorbance spectra of PANI synthesized in DI water, 1.0M HCI and 0.05mM SDS are
compared in Figure 44 (see also [63]). Each sample underwent independent replication with identical
results. All the samples show one peak in the range of 300 nm-425 nm and another in the range 500
nm-725 nm with small variations in the local maxima and intensity. The peak wavelengths are
summarized in Table 16.

According to Albuquerque et al. [61], both oxidized and reduced PANI show a peak around 350 nm
(due to m-m* transition) due to the C=C bond present in the benzene ring. When PANI is oxidized, the
n-* transition shows as the peak around 600 nm. If the sample is further reduced, the intensity of the
620 nm peak is diminished, while oxidation causes a shift of the corresponding peak towards 550 nm.
Comparing the peaks in Figure 45 shows that the samples are emeraldine PANI of varying y. PANI and
PANI-SDS have two peaks with similar intensity and wavelengths. This confirms that addition of SDS
does not affect the oxidation state of PANI.

UV-Vis Absorption Spectra of PANI
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Figure 44. UV-Vis absorption spectra of PANI and doped PANISs (see [63])

Table 16. UV-Vis spectra peaks for PANI samples

Sample Peak 1 Peak 2
wavelength (nm) | wavelength (nm)
PANI 350 600
PANI-HCI 325 625
PANI-SDS 370 600
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In order to identify oxidation states, the PANI sample intensity was amplified for comparison with the
literature data [61] for y=0.5, 0.55 and 0.9 (see Figure 45). This comparison is possible as the intensity
of the signal is dependent on the concentration of sample solution. Compared to y=0.5 (EB), the PANI
sample has a slight left shift of peak 2 and higher absorbance for peak 1. Since peak 2 shifts to the left
as EB is oxidized and considering the absorbance difference in peak 1 and peak 2, the PANI sample
oxidation state is estimated to be between 0.5 and 0.55. Similar data shifting and comparison were done
with PANI-HCI and plotted with the literature data in Figure 46. The peaks overlap at identical
wavelengths with y=0.5. This confirms that PANI-HCI is emeraldine, as expected.
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Figure 45. UV-Vis absorption spectra comparison between experimental PANI and literature

data for PANI [61]
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Figure 46. UV-Vis absorption spectra comparison between experimental PANI-HCI and
literature data for PANI [61]
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4.3 MEMS Sensor Testing for Methane

The most promising synthesized sensing materials for methane were made available to our MEMS
sensor collaborators in Systems Design Engineering for the final testing of the actual MEMS sensor.
The testing for methane took place successfully (as described below) but the setup developed issues
after methane testing, and hence there were delays that made the reporting of the ammonia testing not
possible in the time frames of this thesis. Some of the suggested materials failed to stay adhered to the
sensor surface. For PDMS, the liquid state lacked surface tension to remain on the sensor. For the
powder materials, those with a lower amount of metal oxide had enough physical integrity for testing.
The list of sensing materials deposited and tested can be found in Table 17.

When the functionalized sensor was exposed to 50 ppm methane, a significant frequency shift was
observed (see Table 18). A larger shift indicates higher sorption of gas and a larger sensor signal.
Therefore, when exposed to the identical concentration of target gas, PANI 5% ZnO sorbed the most
gas out of the three samples. This represents a very successful evaluation of possible sensing materials
and ultimate confirmation with the actual MEMS platform.

Table 17. List of gas sensing materials for MEMS sensor application

Methane Test
Sample Adhesion to sensor
PANI 5% SnO; yes
PANI 5% ZnO yes
PANI 5% ZnO-SDS yes
PANI 10% SnO» X
PANI-HCI X
PDMS M X
PDMS T X

Table 18. MEMS sensor response to 50 ppm methane for different sensing materials

Sample Frequency shift (Hz)
PANI 5% SnO» 48
PANI 5% ZnO 100
PANI 5% ZnO-SDS 77
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4.4 Mechanistic Explanations

The paper by Stewart and Penlidis [73] gives a detailed overview of possible mechanisms that govern
the interactions between sensing materials and analytes.

With respect to methane sorption, a typical non-polar hydrocarbon, a possible mechanism for sorption
is as follows. Firstly, due to its lack of polarity, the molecular attraction between sensing material and
analyte occurs by weak van der Waals forces. The porosity of PANI material promotes gas sorption via
increasing surface area, which enhances the diffusion rate of analyte.

In addition, the interaction between PANI and analyte arises from the conjugated polymer’s unique
behaviour. PANI is a p-type semiconductor where the electron holes drive conduction. The MO dopants
used for PANI are n-type semiconductors, which have excess electrons. When the two types of
semiconductors are in contact, the charge carriers (electron holes and electrons) diffuse out and form a
charge gradient (depletion region) at the boundary. It is suggested that reduces the activation energy
for physisorption of methane [21]. Also, sensors utilizing p-n junction have shown higher sensitivity
and selectivity than sensors that utilize only one type of semiconductor [74].

The reader can also consult reference [75] for the mechanism of methane detection by MO, which is
also possible when MO is embedded into PANI.
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Chapter 5 Concluding Remarks, Contributions, and Future
Recommendations

5.1 Concluding Remarks

PANI 2.5% ZnO-SDS was the best sensing material for 10ppm F sorption with slightly higher average
sorption than its undoped counterpart. The addition of SDS seemed to make the zinc oxide
incorporation more homogeneous (although it did not affect sorption much).

When tested with MEMS sensor for sensitivity towards S0ppm methane, PANI-5% ZnO had the largest
shift in frequency (largest signal). It is worth noting that doping with ZnO and SDS improved sorption
for both formaldehyde and methane (despite the small level of dopant incorporation).

Overall, this thesis represents a successful sensing material evaluation, from polymer synthesis all the
way to actual MEMS sensor testing.

5.2 Contributions

The thesis main contributions are:

1) Successful use of literature information, synthesis, and characterization of possible sensing
materials; sorption properties evaluated in ppm of actual analyte sorption (instead of resistance
values, which are not calibrated versus actual ppm levels); more testing of sensing materials
(and hence, more data collection) for formaldehyde sorption.

2) Successful testing and demonstration of the actual MEMS sensor for methane, a typical
GHG, at 50 ppm and room temperature (roughly in the 22-25°C range, as opposed to the
currently used 300-400°C).

5.3 Future Recommendations

5.3.1 Short-term Recommendations

From Section 4.1.4, further investigation of ZnO-SDS interaction effects on PANI sorption is in order.
Reduction of SDS concentration from SmM to 2mM could improve sensing material performance.

Testing the MEMS sensor with the most promising sensing materials (Section 2.4.2) for ammonia
detection will be an immediate extension. In fact, ammonia testing with the MEMS sensor (Department
of Systems Design Engineering) was ongoing during this MASc thesis’ exam. Initial results with PPy,
PANI with 5% tin oxide and PANI with 5% titanium oxide showed promise. PANI with 5% zinc oxide
did not sorb. One can now compare with the suggested sensing materials from Table 2.

5.3.2 Long-term Recommendations

Expanding on the interaction of dopants in Section 4.1, the interaction of MO dopants with SDS could
be investigated further.
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Appendices

Appendix A. Summary of Sensing Materials

Appendix A.1. Sensing Materials for Methane

. . Detection - Operational | Sensing | Recovery .
Sensing Material Dopant Limit Selectivity [ Time Time Mechanism Reference
Laser-induced graphene
+ ionic . . .
liquid/polyvinylidene Pd nanoparticle 5 ppm RT 50s 16~20min | Electrochemical [18]
fluoride coating
Resistive gas
: 10 sensor
ZnO 0.1~1% 250 22s 27s (oxidation of [19]
sensor)
Resistive gas
Osmium 200~2000 sensor
Sn0: (0sCl) ppm 270 (oxidation of 120]
analyte)
Highly selective Res;zg::rgas
SnO2@rGO-PANI 100ppm against NH3, RT 360s 1150s A [21]
1 (oxidation of
co2M
analyte)
Highly selective Res;zg::rgas
SnO>@rGO - 1000ppm against NH3, 150 61s 330s (oxidation of [76]
Cco2
analyte)
Higher affinity Diffusion/
PDMS B . towards CO>? 3 . . Sorption (221
Cryptophane A - 3ppm - RT 20s - Sorption/ [23]
Gravimetric
SnO2 NiO 6.7 ppm Formaldehyde; 280 °C Resistive gas
Carbon dioxide; sensor [77]
Methane (oxidation of
analyte)
Polyaniline (PANI) PdO (17%) 3000 ppm - RT Resistive gas [78]
Camphor sensor
sulfonic acid (oxidation of
(CSA) analyte)
Cryptophane-A - 5000 ppm - [79]
Cryptophane-A - 20 000 Ammonia [17]
ppm (1.4)
Nitrogen
Dioxide (3.2)
Carbon
Monoxide
(51.5)
Hydrogen Gas
9.4)
Protonated polyaniline (protonated .
(salt) using HCI) 2ppm Possibly low RT 120 300 [24]
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q q Detection nn Operational Sensing | Recovery .
Sensing Material Dopant Limit Selectivity Temperature Time Time Mechanism Reference
Selective
towards CO
(more sensitive
to CO than CH4
Polyphenylacetylene - 10mmHg and CO2) (more RT - - - [80]
sensitive
towards
humidity
poly(etherimide) NA H2/CH4: 22.67 RT [26]
poly(dimethylsiloxane) NA H2/CH4: 1.20 RT [26]
HCl+sodium
. dodecyl sulfate- Low effect of
Polyaniline 7n0 100ppm humidity® RT 20s [25]
nanoparticle
oly(3-n- NH; and CHCl3 Resistive gas
powy(: 300ppm competes; less 60 600s - s [81]
dodecylthiophene) o sensor
sensitive to CHy

(1): The material showed higher sensor response with CO, and NH; than methane
(2): The literature compares permeability of methane and carbon dioxide in water

(3): High relative humidity had minimal to negligible effect on sensor performance
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Appendix A.2. Sensing Materials for Ammonia

Detection

Operational

Sensing

Recovery

C,HsOH, NO2, H,S@

sensor

Sensing Material Dopant Limit Selectivity Temperature Time Time Mechanism Reference
Polyaniline
Titanium dioxide (PANTI) Hydro- Resistive gas
(TiO2) chloric Acid 30ppt sensor [40]
(HCD)
CH30H, .
PANI TiO, 0.5ppm C>H50H, NO RT 100s Resistive gas (82]
H,0 O sensor
PANI Tio, ® Ippm Water mcreasec{i3 ' RT 3 60s Resistive gas [47]
sensor response sensor
PANI Sn0; Ippm “ RT 3s 60s Resistive gas [47]
sensor
PANI ;05 Ippm “ RT 10s 60s Resistive gas [47]
sensor
Protonated (protonated using
polyaniline (salt) HCI) Zppm - RT 120 300 [24]
Resistive gas
PANI HCI+WS» 10ppm Humidity (RH 68%) RT sensor/Sorpti [43]
on
Butyl amine (1.9)
Titanium dioxide/ Pyridine (3.8) Quartz
poly(acrylic acid) - 0.11ppm Ethanol (13.8) RT - micrl(;}l;alance [45]
(TiO2/PAA) Toluene (20.4) (Sorption)
Chloroform (43.6) P
Resistive gas
NO., H>S, CH30H, . :
PANI WO; 1ppm C,H.OH RT 32s 40s sensog/]]Sorpn [30]
Resistive gas
Polypyrrole (PPy) BusNCIO4 10ppm - 20s 60s sensor/Sorpti [32]
on
Resistive gas
Polyaniline CuFe204 Sppm RT 84s 54s sensor/Sorpti [28]
on
Resistive gas
PANI Acrylic Acid Ippm RT 150s 360s sensor/Sorpti 36]
on
PPy Cobalt Ippm RT 300s Resistive gas
phthalocyanine+ sensor/Sorpti [83]
LiClOs on
Polyaniline PAH" + NH;3
Y HCIO4 S5ppm 20 90s 4 min ->PA + [27]
(PANI) i
NH4
D 1- -
Polvanili hydro(;(iiczulfate 10 RT 5 mi 2 mi l‘ies‘lstl/\ée gats. [84]
Olyaniline salt and maleic ppm min min senso(l;n orpti
acid
PANI TiOs 20ppm CH;OH, RT Resistive gas [85]

61




Detection

Operational

Sensing

Recovery

Sensing Material Dopant Limit Selectivity Temperature Time Time Mechanism Reference
Graphene oxide+ Resistive gas
Cellulose ethylenediamine Sppm RT 490s 620s senso(r)/nSorptl [38]
Resistive gas
SnO; - 50ppm RT sensor/Sorpti [37]
on
PANI In20; 50ppm RT Resistive gas
sensor/Sorpti [48]
on
Polvaniline 3-mercapto-1- Ethanol Resistive gas
(13, ANI) propane sulfonic 10.8ppm Toluene RT sensor/Sorpti [86]
acid (3MPS) Acetonitrile on
Resistive gas
PANI ALO; 300ppm RT sensor/Sorpti [41]
on
Resistive gas
SnO,-Camphor .
PANI sulfonic acid 100ppm 30 46s senso;/:orpu [42]
Ethanol, Propanol Resistive gas
PPy MoS: 300ppm Acetaldehyde RT 60~70s 50~60s senso(r)/nSorptl [35]
PPy Palladium 50ppm RT 14s Resistive gas [34]
(Nanoparticle) 148s sensor/Sorpti
on
PANI SrGesO9 0.250 ppm RT 62s 223s [29]
methacylier | ndrogen Resisive gas
Polyaniline phosphate 500ppm 30 11 min sensor/nSorpn [39]
(PMMA-PANI) (DiOHP) 0
Optical
PANI-PMMA - 10ppm RT - - Transmittanc [31]
e
PPy-PVA B 1% B B } Electrochemi [33]
cal
Polythiophene - 300ppm RT 600s [81]
Poly (vinyl
alcohol)
Polypyrrole (PPy) PVA 1000 ppm [87]
(5 wiv %)
. Resistive gas
PANI-embedded Camphor Smin o .
PU sulfonic acid 20ppb RT (1ppm) benbo(l;/nsorptl 88]
para-toluene Resistive gas
PANI sulfonic acid 100ppm RT 4min 4min sensor/Sorpti [89]
(PTSA)+HC1 on
PANI-coated Resistive gas
multi-wall carbon - 200ppb RT 10~120s 100~500s | sensor/Sorpti [90]
nanotubes on
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Sensing Material Dopant Det'ect‘lon Selectivity Operational Sel‘lsmg Rec? very Mechanism Reference
Limit Temperature Time Time
Nanoporous 1.5x107ppm Resistive gas
Alumina ALO; . 0.15 RT 93s Sen”g;s”rp“ Pl
Capacitive
Polyvinylpyrrolid CuO 106pm RT 15 gas [92]
one (PVP) PP s sensor/Sorpti
on
Mass-based
Poly(acrylic acid) - 100ppb 40% RH RT Smin (Change in [44]
resonance)
ethyl-mercaptan, Resistive gas
ZnO - 10ppm hydrogen sulfide, n- 400 sensor/Sorpti [93]
butanol ! on
Resistive gas
WO370% « i
Sn0> 30% - 0.5ppm 550 sensor/Sorpti [93]
on
Resistive gas
SnO2 70% « :
TiOs 30% - 0.5ppm 600 sensor/Sorpti [93]
on
Resistive gas
Sn0O2 10% « i
Ti02 90% - Ippm 550 senso;/nSorptl [93]

(1): Compared response of sensor to different compounds in separate trials; not in mixture.

(2): PANI doped with TiO; had the largest response than PANI doped with SnO; or In,Os, and pure
PANI.

(3): Increased relative humidity increased the sensor response towards NHs; Saturation observed at
>80.2% RH; suggests water sorption to the PANI film.

(4): Comparing sensitivities of NH3 at 20 ppm and other gases at 100 ppm. Greater change in resistance
in presence of 20ppm NHs.
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Appendix A.3. Sensing Materials for Nitrogen Oxide (NOx)

Sensing Detection .. Operational . . Recovery .
Material Dopant Limit Selectivity L — Sensing Time Time Mechanism Reference
. Poor with
NiO 50ppm Methane 800 [49]
LaosSr02CrO3 100ppm 600 [50]
yttria-
Laj¢7Sr- stabilized-
0.33Ni04 zirconia 700ppm 400-550 ds bs (511
(YSZ)
Pt electrodet Ippm Goﬁigff o 500 [52]
YSZ electrolye NH3
Pt-loaded .
Zeolite Y 100 ppm High 300-500 [53]
In>03 0.5ppm 200-350 60s 60s [54]
Functionalized
carbon Good for
nanotube with 0.5ppm C0,S02, RT 180s 360s [55]
copper NH3
phthalocyanine
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Appendix B. Raw Data Trends during Sorption Tests

Polyaniline (PANI), doped PANI, polypyrrole (Ppy), and polydimethylsiloxane (PDMS) with different
end groups were tested for formaldehyde (F) sorption (formaldehyde source at 10 ppm). All sorption
tests were performed with 0.1g of each sample at ambient temperature (23~25°C). Table 4 and Table
19 show the samples tested and the sequence of tests performed.

Table 4. List of trials with PANI, doped PANI (repeated for reference)

Sample # Name Test Purpose
1 PANI F 10ppm Sensitivity of F
2 PANI-5% SnO; F 10ppm Sensitivity of F
3 PANI-10% SnO, F 10ppm Sensitivity of F
4 PANI-5% ZnO F 10ppm Sensitivity of F
5 PANI-5% ZnO-SDS F 10ppm Sensitivity of F
6 PANI-2.5% ZnO F 10ppm Sensitivity of F
7 PANI-2.5% ZnO-SDS F 10ppm Sensitivity of F
8 PDMS-T (trimethylsilyl terminated)" F 10ppm Sensitivity of F
9 PDMS-M (monohydroxy terminated)® F 10ppm Sensitivity of F
10 PANI-HCI F 10ppm Sensitivity of F
11 PANI-SDS F 10ppm Sensitivity of F
12 PANI-HCI-SDS F 10ppm Sensitivity of F
13 PANI-20% ZnO F 10ppm Sensitivity of F
14 PANI-5% TiO» F 10ppm Sensitivity of F
15 PANI-20% TiO; F 10ppm Sensitivity of F
16 PolypyrroleV F 10ppm Sensitivity of F
17 PANI-2.5% ZnO-SDS B F 10ppm Sensitivity of F

() Purchased from Sigma Aldrich
@ Purchased from Alfa Aesar
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Table 19. Sequence of GC tests performed

Sample

Sequence

Date No. No. Note

April 11,2022 1 1

April 11,2022 2 2

April 12,2022 3 3

April 12,2022 4 4

April 13,2022 5 5

April 13,2022 2 repl. 6

April 13,2022 8 7 Increased humidity in the afternoon

April 14,2022 9 3 ;;)t:)sseequz(l);:?ﬁgtsi.on in set-up during the blank run; corrected for
May 12,2022 4 9 Lower blank value than previous trials

May 12,2022 1 10

Aug 23,2022 1 U | Sclected samplos were corected (sce Append £ for dealy
Aug 23,2022 1 12

Aug 24,2022 7 13

Aug 24,2022 4 14

Aug 24,2022 10® 15

Aug 25,2022 5 16

Aug 25,2022 2 17

Aug 25, 2022 6 18 gleia;iijusted baseline for this sample to minimize effect of water peak
Aug 26,2022 3 19

Aug 26, 2022 10 repl. 20

Nov 1, 2022 6 21

Nov 1, 2022 3@ 22

Nov 1, 2022 1 23

Novzamz | woe |2y | Realil bune o s sample o minimse ot of v psk
Nov 3, 2022 7 25
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Nov 3, 2022 11 26
Nov 3, 2022 50) 27 glei?iijusted baseline for this sample to minimize effect of water peak
Dec 6, 2022 5 28
Dec 6, 2022 7 29
Dec 6, 2022 2 30
Dec 7, 2022 10 31
Dec 7, 2022 6 32
Dec 8, 2022 7 repl. 33
Dec 8, 2022 13 34
Dec 8, 2022 12 35
Dec 9, 2022 11 36
Jan 31, 2023 1 37
Jan 31,2023 15 38
Feb 1, 2023 10 39
Feb 1, 2023 16 40
Feb 1, 2023 5 41
Feb 2, 2023 14 42
Feb 2, 2023 13 43
Mar 21, 2023 16 44 Recalibration of baseline (blank) concentration signal was done
Mar 21, 2023 7 45
Mar 22, 2023 10 46
Mar 22, 2023 17 47
Mar 22, 2023 14 48
Mar 23, 2023 13 49
Mar 23, 2023 15 50
Mar 23, 2023 16 repl. 51
Mar 23, 2023 2 52

(D Ventilation of building/lab/fume hood fluctuated throughout the week of April 11, 2022; it
seemed that Plant Ops was doing some work on the 6™ floor, unfortunately without informing the

department.
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@ The sample did not stabilize. Another sorption test was done in the same week.
) Water peak for this sample shifted to the left, affecting the F concentration. To compensate, the
blank measurement was adjusted accordingly.

A typical trial day involved a baseline concentration measured before the sample testing. Occasionally,
baseline drifts occurred due to environment changes in the building beyond our control. On those days,
the blank values were measured again at the end of the trial for confirmation.

The concentration of analyte F is measured with a flask without any sensing material (blank) to account
for any possible loss within the testing system. To ensure stability of the test system, the concentration
was measured until two consecutive values differ by 0.02 ppm, and the average of the last two values
was used as the representative blank value for the day.

Comparing the behavior of blank runs across different dates (sequence 1 to10, see Table 19), the blanks
had similar concentration and convergence behaviour, with an average of 9.18 ppm and a standard
deviation of 0.189 ppm. In Figure 47, there is a noticeable difference for blank 4 due to an inadvertently
inappropriately secured sealing of the main flask. However, even in this case, the concentration quickly
stabilized to 9.36 ppm.

To test the consistency of the blanks, the Bonferroni t-test was performed. The blanks measured on four
days were not significantly different (threshold value, a=0.05) from each other, thus the blanks from
four consecutive days yield a reliable baseline for determining the amount of gas sorption. Blank 5 was
significantly lower than the other four baselines, thus trials corresponding to that specific date (blanks)
were repeated at a later date.
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Figure 47. Plot of blanks concentrations for sequence 1 to 10 measured before each trial
(exposed to F 10 ppm source)
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As seen in Figure 48, the blank values decreased significantly for later trials (sequence 11-20) due to a
faulty F cylinder. The trials completed in the same week showed fluctuations with average blank
concentration of 8.05 ppm with standard deviation of 0.30. With lower input (blank) concentration, the
absolute change in concentration also decreased for all samples (see Figure 49). This shows that the F
sorption of PANI is proportional to the analyte concentration. Therefore, the data collected that specific
week required corrections in the sorption value. The detailed analysis for this correction can be found
in Appendix E.2.
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Figure 48. Plot of blanks concentrations for sequence 11 to 20 measured before each trial
(exposed to F 10 ppm source)
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Figure 49. Comparison of ppm sorbed between GC trial runs for PANI and PANI 5% ZnO
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For sequence 21 to 36, the blank values were within the expected range (10.0+£0.50 ppm) with the fresh
analyte cylinder (see Figure 50 and Figure 51). The variation in the concentration is minimal with
expected blank concentration of 9.89+0.13 ppm.
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Figure 50. Comparison of blanks for sequence 21 to 27 measured before each trial (exposed to F
10 ppm source)
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Figure 51. Comparison of blanks for sequence 28 to 36 measured before each trial (exposed to F
10 ppm source)
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If a blank run taken as the first step early in the morning of an experimentation day showed some issue,
e.g., fluctuations and concentration lower than expected (e.g., 9.24 ppm), then to confirm the baseline
concentration, the same procedure was done at the end of the day; see Figure 52 and Figure 53.
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Figure 52. Comparison of blanks for sequence 37 to 43 measured before each trial (exposed to F
10 ppm source)

12

r—a————

10
g 8
g
= 6
5
3]
g 4
[#)
[

0

0 20 40 60 80 100 120 140 160
Time (min)
Blank 1 Blank 2 —8—Blank 3

Figure 53. Comparison of blanks for sequence 44 to 52 measured before each trial (exposed to F
10 ppm source)
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Appendix C. Statistical Analysis for Blanks (Baseline Sorption) Formaldehyde Tests

Typical GC sorption experimentation tests are conducted over 4 days with blank (baseline)
concentration measured before any sensing material is tested. Sorption analysis starts with the
assumption that the baseline is stable within the week of the GC tests. For that assumption to be true,
the blank concentrations need to be checked if they are identical to each other. This section will show
typical analysis of variance (ANOVA) tables/calculations, thus confirming the consistency of blanks
using the least significant difference (LSD) approach.

ANOVA is a common method for determining the significance of error and spread of data in the face
of independent variable variation. In this case, the variable is the blank value measured on different
dates.

Given blank data for sequence 1-10 (see Table 19 for full sequence):

Concentration (ppm)

t (min) Blank 1 Blank 2 Blank 3 Blank 4* Blank 5
24 9.20 9.19 9.15 8.46 8.90
36 9.25 9.29 9.13 8.34 8.87
48 9.23 9.28 9.12 8.36 8.84
60 9.16 9.23 9.22 8.77 8.77
72 9.23 9.18 8.59 8.83
84 9.25 9.24 8.80 8.85
96 9.20 9.34
108 9.38

*The data points highlighted in red are lower than the expected range (9.20-10.00 ppm) due to
experimental error (see Table 19 for explanation). The Blank 4 string of data is included to confirm that
ANOVA and LSD can detect the odd baseline from the rest.

In this case, sum of squares of blanks is defined as:

where
e ) designates the column number in the data table (i.e. Blank b)
e xp is sum of Blank b values
e 1, is number of data points in Blank b
e pis the number of blanks (p = 5)
e (T is sum of all concentrations
e 1, is the total number of data points

For the total and n:

GT =9.20+9.25+ .-+ 8.83 + 8.85 = 279.65 and n = 31
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For each x; the calculation will be like the following:

x1 =9.20+9.25+--+9.23+9.25 = 55.32 withn, =6

Substituting respective values for SSp:

= 1.37

= + + + +
n, 6 4 7 8 6 32

p

Ss Z(xlf) GT? (55.322 36.992 64.24% 70.042 53.062> 279.65%2
b= ] — = —_

ng

b=1

with degrees of freedom (df) of blank is: df, =p—-1=5-1=4

Similarly, the sum of squares total is:
ng
GT?
SSr = E(xf) -—
i=1 Mt

where x; is i data point when i = 1,2,3, ..., n;

Thus,

279.652
SSr = (9.20% + 9.25% + -+ + 8.83% 4 8.85%) — = 2.58

with degrees of freedom (df) for total: dfy =n;, —1=31—-1=30

Finally, the sum of squares for error is:
SSe =887 —S8S, =258-137=1.21
with degrees of freedom (df) for error: df, = df;y —df, =30—4 = 26

The results are summarized in the table below.

Table 20. ANOVA table for blanks from sequence 1-10 (see Table 19)

SS df MS F
Blanks 1.37 4 0.342 7.34
Error 1.21 26 0.047
Total 2.58 30

(MS: mean squared value, SS/df)

To determine if there is significant difference between blanks, differences between the average of each
blank (X, ) and the overall average (average of all data points, X) is tested with the following hypothesis:
Given 1, = X, — X and b:1,2,3,4,5
Hy:tp =0
Hy:t, # 0 for at least one b

To reject the null hypothesis (Ho), the mean squared value for blanks (represents the inherent difference
between blanks, without random error) should be significantly larger than MS. (difference due to
random error, i.e. data variance). This can be done using the ratio of the two MS as following:
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MS, _SSy/df, 137/4 _

—2b - =7.34
MS,  SS,/df,  121/26

Fo

Compare this to the F-distribution value with corresponding degrees of freedoms and significance level,
o= 0.05 (95% confidence):

F, = Fdfl,dfz,a = Fy26,005 = 2.74

Since Fy > F., the null Hy is rejected. Thus, at least one of the blanks is significantly different from the
rest.

While this is a simple method of checking uniformity of blanks, it cannot discern which blank is
different. For this reason, the least significant difference (LSD) method is used. LSD defines the
maximum difference that the two values can have until they are statistically significantly different.
Essentially, for any two blanks to be considered identical, the difference between the two values should
be smaller than the LSD.

For LSD, a of individual tests (comparisonwise) needs to be adjusted to keep the overall error rate (')
(experimentwise) below 0.05. Given a as error rate of 1 test, the overall probability of making at least
one incorrect rejection of Hy (in all the combination of tests) will be larger than « and it is unknown.

Thus, a reduced a;, is calculated based on the total number of possible tests (c). For the case of five
blanks,
cPP-D _56-D
2 2
a 0.05
ab=z=ﬁ=0.005

The standard error (SE) of the difference between two blanks is:

2 MS,
SE = |-—
n

10

6.2

14
6+4+7+8+6
Z"”= 5 =

SE = 2(0.045) _ 0.0265
N 6.2

Degrees of freedom for error (df, = 26) is used for calculation of t value from student t distribution:

t%,df = 15()_(;05,26 = 3.346

SE and t value are used to calculate LSD:

LSD = ty.00527(SE) = 3.346(0.0265) = 0.0886
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LSD is now used for comparing Blank 1 and Blank 2 and show that two blanks are identical:
Hy: X1 = X,
Hi:X{ # X,

|X; — X, =19.22 —9.25] = 0.03

Since |X; — x| < LSD, blank 1 and blank 2 do not differ significantly, i.e. they are considered
identical.

The LSD tests were completed for all the blank values and the results are summarized in order from
Table 21 to Table 26.

In Table 22, the blanks were compared in groups of trials done within the same week, except for blank
5, which was done a month later. Blank 4 is different from blank 1, 2 and 3 because it had a loose
sample flask during GC trials, which led to lower analyte concentration (but the final concentration
after securing the flask was close enough to blanks average, so it was not a major issue). Blank 5 is
different from other blank values as it was done later than others. However, it was close to blank 4 with
|X4, — X5| proved nearly identical to LSD, and the sorption results were consistent within the expected
range for blank 5 to also be considered as an acceptable baseline.

Sequence 11-20 had distinctly lower and fluctuating baseline values (average of 8.01 ppm) compared
to previous trials. As shown in Table 22, there was a significant difference in blank 2 and 4. Based on
the analysis, it was discovered that there was a contamination of analyte source. Thus, a correction
factor (see Appendix E.2) was applied.

In Table 23, blank 2 and 3 were proven to be identical, while blank 1 was slightly higher than the
average. However, the absolute difference was relatively small (0.213~0.271) compared to difference
values (0.463~0.726) observed in Table 22. The variation was due to the recalibration of GC with an
analyte gas cylinder change prior to the experiment.

For sequence 28-36 (Table 24), all five blanks were statistically the same relative to the typical
error/noise, thus all sorption data taken on different dates can be reliably compared.

For sequence 37-43 (Table 25), blank 1A showed a significant difference from blank values, including
the blank concentration measured again later the same day. The value will be considered erroneous and
blank 1B value was used for further analysis of sorption data.

No notable difference was found in sequence 44-52 (Table 26) with baseline concentrations remaining
stable throughout the week.

Table 21. LSD comparison for 1-10 sequence blanks

Blank # Compared Absolute Difference Izg[g 81;65;
1 and 2 0.027 Not different
1 and 3 0.043 Not different
1 and 4 0.465 Different
1 and 5 0.377 Different
4 and 5 0.088 Not different
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Table 22. LSD comparison for 11-20 sequence blanks

Blank # Compared Absolute Difference L (S()Iz‘;ff)St
1 and 2 0.463 Not different
1 and 3 0.213 Not different
1 and 4 0.262 Not different
2 and 4 0.726 Different
Table 23. LSD comparison for 21-27 sequence blanks
Blank # Compared Absolute Difference L (SODI I;)St
1 and 2 0.213 Different
1 and 3 0.271 Different
2 and 3 0.059 Not different
Table 24. LSD comparison for 28-36 sequence blanks
Blank # Compared Absolute Difference LSD Test
(0.323)
1 and 2A* 0.060 Not different
1 and 2B* 0.132 Not different
2A and 2B* 0.072 Not different
1 and 3 0.013 Not different
1 and 4 0.080 Not different
*Two blank trials were done on the same day (day 2 of the trial week) to test the stability of GC test
system
Table 25. LSD comparison for 37-43 sequence blanks
Blank # Compared Absolute Difference L(S(')I‘)“;:)St
1A and 1B* 0.648 Different
1A and 2* 0.784 Different
1B and 2* 0.136 Not different
2 and 3 0.210 Not different

*Two blank trials were done on the same day (day 1 of the trial week) to test the stability of GC test

system.

Table 26. LSD comparison for 44-52 sequence blanks

Blank # Compared Absolute Difference L(S(')Dl §6e)st
1 and 2 0.014 Not different
1 and 3 0.069 Not different
2 and 3 0.083 Not different
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Appendix D. Standard Error and Confidence Interval Calculations
This appendix contains sample calculations for typical data analysis applied throughout the thesis.

The standard error for sorption of sensing materials is calculated as per following procedure.

Given the data set for pristine PANI sorption for 10ppm formaldehyde source:

PANIsorption (ppm) | 223 | 225 | 282 | 275 2.19

The standard deviation is calculated using the following equation:
Zn—1(xi - f)z
SE =48%2= |/=———
n—1
Average (X) of the data is 2.45ppm.
Z?=1(xi_f)2
n—

Variance (S?) is which equals to 0.0962.

Thus, the standard deviation (SE) of pristine PANI sorption is 0.310.

Given five data points, 95% confidence interval can be calculated using student t distribution:

., SE
x_t%,dfﬁ

For 0=0.05 and d.f. of 4, t-value is 2.77. Therefore, 95% CI of pristine PANI is 2.45 & 0.385.

All the samples for GC sorption tests were analyzed and their results are summarized in Table 27. The
confidence interval of sorption should not include negative values. PPy and PANI-TiO; do not meet
this constraint due to low trial replication, however the standard deviation is low enough to consider
the measurements as consistent.
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Table 27. Confidence intervals (on a 95% confidence level) for formaldehyde sorption (ppm) for

PANI and PANI with dopants (exposed to F=10ppm)

Material Average sorption values with CI
PANI 2.45 + 0.385 ppm of F
PANI 5% SnO, 2.49 + 0.528 ppm of F
PANI 10% SnO» 2.28 + 0.632 ppm of F
PANI 2.5% ZnO 2.47 + 0.494 ppm of F

PANI 2.5% ZnO-SDS

2.81 + 0.982 ppm of F

PANI 5% ZnO 2.02 + 0.381 ppm of F
PANI 5% ZnO-SDS 2.70 + 0.793 ppm of F
PANI 20% ZnO 2.25+ 0.882 ppm of F
PANI 5% TiO» 1.84 + 2.668 ppm of F
PANI 20% TiO; 1.76 + 3.145 ppm of F
PANI-HCI 2.14 + 0.842 ppm of F
PANI-HCI-SDS 2.11 £ 0.032 ppm of F
PANI-SDS 2.08 + 0.331 ppm of F
PPy 0.94 + 1.077 ppm of F

Note: CI for PDMS-M and PDMS-T were not analyzed for lack of replication in testing.
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Appendix E. Statistical Analysis for Formaldehyde Sorption Tests

Appendix E.1. Hypothesis Testing of Expected Sorption Values
Null hypothesis (Hy) test on sorption values of PANI and doped PANI

For a representative case of null hypothesis testing of two sensing material samples, pristine PANI and
PPy will be compared. For one to say that sorption of PANI and PPy are different, one must prove that
the two values are significantly (95% confidence, a=0.05) different. The t-distribution is used, since
the sample size (number of sorption test replications) is small (3-5 replications for each material) and
the true standard deviation is unknown.

First, the standard deviations of two data sets need to be similar. For this, the F-test is performed on the

sorption variances between the two materials. The null hypothesis is:
HO: 0'12 = 0-22

Hy:of # o2
Fy=— ~— and S? > §?

With SE of 0.310 and 0.433 for PANI and PPy, respectively:

P 0.4332
® 7 0.3102
The Fy needs to be larger than the critical F value (F.) to reject the null hypothesis:

= 1.954

Fe = Foaf, af,
where df = (number of replicated sorption test) — 1
dfi(for PPy) =2 and df,(for PANI) =4
Thus,
Foo0524 = 6.94 > Fy = 1.954

Since Fy is lower than F., the null hypothesis cannot be rejected and the standard deviation of the two
samples are the same. Thus, the pooled variance (Sp) of the two materials can be used for the following
calculation.

, dfiS{ +df,S3

P dfy +df;
2(0.433%) 4 4(0.31072
Sp = ( it ) _ 0.1268
2+ 4
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Comparing the two sorption values using t-test with same but unknown standard deviation (95%
confidence, 0=0.05):

Ho:py =
Hy:pg # pp
to = V1 1— V2 :
Given that
y1(PPy average) = 0.94, y2(PANI average) = 2.45
ny (number of PPy tests) = 3, n,(number of PANI tests) =5
2.45 —-0.94
to = = 5.80

v0.1268 %+%

The to needs to be larger than the critical t value (t) to reject the null hypothesis:

te=t
¢ T 'Zdf

where « = 0.05and df; =df; +df, =2+4=6
t0'056 = 2.447

>
Since ty = 5.80 > 2.447, reject the null hypothesis. PANI and PPy are different with 95% confidence.

Same calculations are done for pairs of other materials of interest. The results of hypothesis tests can
be found in Table 28.
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Table 28. Summary of mean hypothesis tests for sensing materials

Comparison

Standard deviation F-test

(rejection of null hypothesis

2 _ 2
of = 03)

Mean t-test
(rejection of null hypothesis

U1 = Uz)

PANI, PANI-5% SnO»

Fail; not different

Fail; not different

PANI, PANI-10% SnO;

Fail; not different

Fail; not different

PANI, PANI-2.5% ZnO

Fail; not different

Fail; not different

PANI, PANI-2.5% ZnO-SDS

Fail; not different

Fail; not different

PANI, PANI-5% ZnO

Fail; not different

Fail; not different

PANI, PANI-5% ZnO-SDS

Fail; not different

Fail; not different

PANI, PANI-20% ZnO

Fail; not different

Fail; not different

PANI, PANI-5% TiO;

Fail; not different

Fail; not different

PANI, PANI-20% TiO»

Fail; not different

Fail; not different

PANI-5% SnO,,
PANI-5% ZnO

Fail; not different

Fail; not different

PANI-2.5% ZnO,
PANI-2.5% ZnO-SDS

Fail; not different

Fail; not different

PANI-5% ZnO,
PANI-5% ZnO-SDS

Fail; not different

Fail; not different

PANI, PANI-HCI

Fail; not different

Fail; not different

PANI, PANI-SDS

Fail; not different

Rejected; two are different

PANI, PDMS-T Fail; not different Rejected; two are different
PANI, PDMS-M! N/A Rejected; two are different
PDMS-T, PDMS-M! N/A Rejected; two are different

IThe standard deviation of PDMS-M was 0.00 ppm.
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Appendix E.2. Recalibration of Sorption Values

The analyte gas cylinder used for sequences 11-20 was contaminated with other aldehydes due to
ageing of F.

When 95% confidence intervals (CI) of sorption are plotted with experimental data (see Figure 54),
PANI-ZnO and PANI-HCI were unrealistically wide and included values lower than 0, which is
impossible. Compared to the GC trials in the past and the trials done with the faulty cylinder, the
sorption is 1.6 times smaller than for the pure F cylinder, leading to sorption data shifting and a wider
spread. To mitigate this error, recalibration for sequence 11-20 was done by multiplying erroneous data
points by factor of 1.6 (see Figure 55). When the sensing material sorption with an uncharacteristically
wide spread was corrected, consistent sorption values were observed.

PANT Sorption OData points
10.0 ® Average sorption
8.0
e 6.0
2
g
E I
= 4.0 @ % -
" S
2.0 —E L @ E T ®
0.0 \ .

PANI PANI5% PANI10% PANI5% PANI5% PANI2.5% PANI2.5% PANI-SDS PANI-HCI
SnO2 SnO2 ZnO ZnO-SDS ZnoO ZnO-SDS

Figure 54. Plot of sorption concentration, average, and 95% CI of different PANI samples
(sequence 1-20)

PANI Sorption OData points
100 ® Average sorption
8.0
T 6.0
=
3
% 4.0 é
A ! i
A
2.0 L e2 E
0.0 T T

PANI PANI5% PANI10% PANI5% PANI5% PANI2.5% PANI2.5% PANI-SDS PANI-HCI
SnO2 SnO2 Zn0O Zn0O-SDS ZnO ZnO-SDS

Figure 55. Plot of sorption concentration data, average, and 95% CI of different PANI samples
(same as Figure 54) with data from sequence 11-20 adjusted with a factor of 1.6
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Appendix F. XRD Data and Crystallinity Analysis

The crystallinity of PANI was determined using XRD. The peaks represent organized lattice entities in
the structure; hence, they define the degree of crystallinity in the material. The location of the crystalline
peaks can be shifted based on the orientation of the sample. However, the relative distance between the
peaks is characteristic of the material and remains the same regardless of intensity of signal (See Figure
43). Utilizing the ‘intensity method’ for analysis, an approximate degree of crystallization for semi-
crystalline polymers can be calculated [71]:

I —1
Cr=-C 4™« 100%

lf Cr
Iam is the highest intensity of the amorphous region (valley between peaks) and I¢; is the intensity of
the highest crystalline peak.

The tallest peak was chosen for comparisons between samples as the peak is at least double the intensity
of the others. The intensity of the peak is compared to the intensity of the estimated intensity for each
sample. As seen in Table 29, pristine PANI and PANI with HCI showed no difference in crystallinity
while PANI-SDS had lower crystallinity. This is a rough estimate of the material structure, yet it
supports the observations from SEM.

XRD Plot of PANI
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Figure 56. XRD plot of pristine PANI with estimated amorphous signals

Table 29. Estimated crystallinity index of PANI and doped PANI

Sample L L. Cryiizlel)i(nity
PANI 198483 55876 72%
PANI-HCI 196706 55444 72%
PANI-SDS 141105 47016 67%
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Appendix G. Certificates for Copyright Material
This appendix contains license agreements for Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure
6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 15, Figure 16, Figure 17, Figure 42.

License agreements for Figure 1
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Livestock Manure, in your master’s thesis as long as you credit University of Missouri Extension and the publication title.
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Victoria Stokes

Senior Business Operations Associate

MU Extension Integrated Marketing Communications
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