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Abstract

With increasing food demand, agriculture and farming industve geown. This led t@nincreasén
production of agricultural waste. The waste is converted into manure via anaerobic fermentation which
continuously produces biogas. Every year, a large volume of bamgégining pollutantsincluding
greenhouse gases (GH@jereleased fronmanure fermentation.

To monitor the progress of manure fermentation and cayaopollutargreleased into the atmosphere,
a sensor that cagetect components diogasin a continuous and reliableanneris necessaryfor a
more economic system, the sensor should be able to opératem temperaturgroughly, 22-25
range)andspecificallydetect certaingas analyte

Methane and ammonia aselectedas the target gases for detection because of their significance.
Methane $ a small molecule hydrocarbon and very pageeeénhouse gaét high concentrations, there

is a possibility of combustion and asphyxiatitinus monitoring itspresence andoncentration is
essential. Ammonia is the main source of odor from manure féati@nand can be toxic at a low
concentrationAs both target gases are toxic and reacfivenaldehyde was used agisimuland or

fi s ur r gag @lesdazardougag for preliminaryin-lab testingof senéng materialsensitivitywith

the gas chromatography (GC)-sgt

Any sensor requires sensingmaterial that repondso one specific gaanalyte Polyaniline (PANI),
polypyrrole (PPy)andpolydimethykiloxane(PDMS) have been indicated in the literature to exhibit
affinity for ammoniaandbr methane They were tested firswith gas chromatograph¢GC) using
formaldehydeOut ofthe threePANI showedbettersensingcapabilities

Tin (IV) oxide, zinc oxide, sodiumdodecylsulphatetitanium (IV) oxide anchydrochloric acidvere
selected as the tdp dopants for polyanilind?ANI was synthesized in the lab wittarying dopant
levels for GC testingScanning electron microscgpSEM), energy-dispersive Xray spectroscopy
(EDX), X-ray diffraction (XRD), and uktavioletvisible (UV-Vis) spectroscopy were used ftather
characterize the synthesized materialgtieir physical and chemical properties.

PANI doped with2.5% ZnQOsodium dodecyl sulfateSOS showedhigher sensitivity for sensing
formaldehyde as it hatthe greatestesponse (sorption) atiow concentrationZnO incorporation into
PANI was poorWhen SDS was added, Zn@orporationmproved whichled to higlergas sorption
The notable interaction of SD&hd ZnO could bescrutinizedfurther if the formulationneeds to be
optimized for best ZnO incorporation without sacrificthg PANI structure

When tested witlthe actualmicro-electricatmechanical systefMEMS) sensorat 50 ppm methane
source(test chanber in Sytem Dedgn Engneering, both PANI with 5% Sn@and 5% ZnO sorbed
methane atoomtemperaturePANI-5% ZnO was proven to be the most suita@asing materidbr
methane detectigshowing the highest signal at ppm methanévels
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ChapterlMot i viatOmjnantdi Waig | i ne

1.1 ResearchMotivation 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
compositionof the mante, a sample itaken for testing at a separate facijlishich may take up to 3
weeks (or an infrared scanning of manure can be done when manure is spread). For moreaconomic
quality control, continuous monitoring of the biogaitted from the manurevas suggestedn
addition, here are various gaseous pollutants in this biogas, including greenhouse gas€3-HLO

and toxic gased\Hs, H.S). While the concentratia@of these compounds are Iqppm level) biogas

is continuously releaseavhich leadsto significant amounbf cumulative pollution Thus, reliably
measuring concentratios essential fomonitoring air pollution caused by agricultural lageon

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 abtietect gasesith ashort response and recovery time to allow
continuous monitoring of manure conditions.eThensor system needs to be lightweight, semi
permanent and it should require low energy. This would inaphpientoperating temperature as
heating would add extra parts and energy requirements to the sensor Elgstee) this thesis focuses

on investiganhg sensing materials that can detect metltkammoniavith operation temperature of

22-25 , which would be more economical than existing senmesection 2.4 describing metal

oxide sens@operating at elevated temperatyrasove 300 ).

The gases question have widely different properties, thus diffesgmsingnaterials for each gas can

be considered. A good candidate would have a reasonable sensitivity for the application, selectivity
against other interferents, short response and recoxsgydind good stability (ability to be regenerated

and used for a long time).

This thesis focuses on developing polymeric materiat®easing materiat®r ammonia and methane
detectionat the 10-50 ppm range. Sincene deals witha mixture of gases with amy interferents,
polymeric materiad areadvantageous for det@ay aspecific gasnalyte

1.2 ThesisOutline

Chapter 2 describes the backgroundwledgeof agricultural lagoosandthe target analygemethane,
ammonia, carbon dioxidand nitrogen oxideslt also explains theghree main criteria of sensor
technology andvhat can be done to modifypical sensing materisi

Chapter 3describes the experimental setup $ensing materiadynthesis andbor testingthe sensing
capabilities of the material€haracterizatiotechniquedor thesematerias arealsodiscussed

Chapter 4liscussesorptionexperiment datand characterization of synthesized polymeric materials
The selected gasensing material are testedof sorptionwith a 10 ppm formaldehyde sourd®
determine the optimal material and dopant for maximgassorption. This giveagood indication of
which material to test withhe actualmicro-electricatmechanical systeniMEMS) sensor The
polyaniline (PANI) basedmaterials are characterizég varioustechniques forcrystallinity, surface



morphology, dopant incorporation and oxidation statesn effort to explain andorroborate the gas
sorption results.

The findings are summarized in Chaptenain contributions aremphasized, ancecommendations
are made fofurtherinvestigatiors.

At the end of the documengjx appendicegA to F) are includedwhich showsummaies of the
literature search, experimental datad related calculationalony with statistical analysis completed
for this thesis. The last appendi®) contains copyright permissiemcquired forfigures borrowed
from the literature



Chapter2Li t erature Background

2.1 Manure Lagoon

With the increased food demand worldwide, animal husbamaliyto 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 treatethfoirther
manure A common methodfg@roducing manure is fermentationtbé liquid waste in a manure lagoon
(seeFigurel). Manure lagoons are also called anaerobic lagoons betteysese anaerobic bacteria

for digestion of remnant nutrient¥he manure is produced in an open outdoor basin with a volume
typically ranging from 100k to 1200k3f1]. 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
removedbatchwise The slurry layer contains most of the nutrients in liquid form, making tleam e

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 ads into lighter gas€®]. During this process, the residual nutrients such as nitrogen
areconverted into useable form and-gfis is released. Theoretically, 19aof off-gas is generated

from 54kg of cow feces each d@}. The actual composition of biogas differs based on the type of raw
materal used for manure productipwith CH; and CQ asthe major components (approx. 60% v/v

and 40% v/v, respectivehgndtrace amourst of H,S and NH [3]. The digestion reactions occur
sequentiallywith the product of prior reaction used as a reactant in the next one. Because of this, the
composition of offgaschanges as the fermentation progresses. The analysis of its composition can be
an indicator of the progress of manure preparation.

2.2.1Methane

Methane isa simple hydrocarborthat is naturally generated from biological procesHeis. highly
flammable with lever flammability level of 5.3% v/¥4], so it is beingconsidereds apotentialfuel
to replace nomegenerativerude oi. However, due tats symmetrical molecular structure, it is Ron
polar andelatively nonreactivecompared to other hydrocarbonsaking it hard to detect or isolate at
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ambient temperaturén addition, methane is the most abundant greenhouse gas after carbon dioxide
but with 30 times greater greenhouse effect than {8 Thus, it is of high interest tdetect and
monitor methane release footh safety and sustainability.

2.2.2Ammonia

Ammonia(NHs) is acommon product of biological react®and can be toxic at low concentrat®n
Assumingan 8-hour shift, a worker could have adverse health effects if exposed to concentration
greater than 50 papermillion (ppm) of ammonia&hour total weight average (TWA) permissible
exposure limit (PEL$& by Occupational Safety and Health Administra)if@]. It hasa distinct odour

that is detectable at 2.6 ppm by the human nose and becomes unbearable at ). Nppris a weak

base, water soluble amadgeactive compound. Due to these properties, its gaseous state-is/gloitt
exhibits asteep gradient with kigh concentration near the sogirehich thenquickly decreasewith
distance[8]. Depending on the location of the sensor, the typical range would differ, pgrs@r

lower couldbereasonabléargetconcentration based doxicity.

2.2.3Hydrogen Sulphide

Commonly known for thesourceof firottene g graell, hydrogen sulphide ¢8) isa strongodour
inducing component obiogas. While HS is present irthe manure offjas ata low concentration
(~1000ppmM [3], it is flammable and toxi(8-hour TWA PELof 10 ppm)[9]. ForH.S, there is already
a sensing material researched by Arabi efldl] that utilizes gas sorption properties of polymeric
materials, thu$i,Swas not included in the scope oisthesearch.

2.2.4Nitrogen Oxides

Manure is a way taddnitrogen into the sotlo promoteplant growth There arehreetypes of nitrogen
oxides produced frorfermentation of manurdNO, NO, and NO [11].

N2O is a relatively stable nitrogen oxide that is commonly produced from biological procd$ees.

te r MIOxd is designated tindicateNO and NQ for their reactivity angrevalence in air paltion

and greenhouseffect. When manuras added to the soil, the excess nitrogen undergoes nitrogen
fixation by microorganismdt has beerobserved thathie NOx emissions from soil increased when
manurewvasadded12]. While the amount dfitrogen oxides igotsignificant in thevicinity of manure
lagoors [13], because othe impactNOx hason air pollution and safetycurrent sensors will be
explored for context (sesection2.4.4).

2.2 . 5Humidity

Water is always present as gaseous $tagour)in varyingproportionsn ambientair. Depending on
theenvironmentemperatur@nd pressuréhe concentration of water cdiffer typically over the range

of 30% 70% relative humidity(RH). RH denotes theatio of absolute humidityto the maxmum
possiblehumidity atgiven conditios. As the manure lagoon contains a large volume mixture of water
and manure, humidity will have a greater effect on the semgerationthan in typical ambient
conditions. As water takes up ~3% v/v of ambienfladf, which is much larger than the concentration
range of other target gaséisis more practical to treat it @ interferentgasfor sensompplicatiors.

In general, interacti@between watevapour (humidity), sensing materialadgasanalytes can be a
complexissue, largely unstudied in the literature



2.3 Sensng Criteria

Regardless of sensor mechanics,salhsing materials argensors share the core characteristics
sensitivity, selectivity, stability, operating temperature, response time and retiovefy/5] [16].

2.3.1Sensitivity

This isa measuref the minimum concentratioof target gas a sensor can detect. difference hthe
sensoresponse at baselineq gas exposuyeand upon target gas exposiseonsiderednd if there
is significant change, it is defined sisccessful gadetectionby the sensoA sensor is more sensitive
if it shows greatr change imesponsat asdow agas concentratioas possible

For thisthesis the sensitivity o6ensing materia$ calculated based on the amount of target gas sorbed
into the material (seeguationl), since the change in responseysically proportional to the amount
of gas sorbed. For this application, the desyasl concentratiois in the partper million (ppm) range
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2.3.2Selectivity

In a real system, the analyte is a mixture of gases that could interfere with detection of the target gas.
A sensor shouldnly produce a signal for thaesired gaspeciesSelectivity is defined aa sensing
materiafs affinity towards one gas over ththerspecies (interferentsjypically, this is measureds

theratio of amouns of gagssorbedor appropriate detectiosignak between two gas(seeequation

2).

whereR is somedetection signalSis sorption of gasg stands for target gaandi for interferent.

The greatethe sorptiorconcentratiomr signalof the target gam that of the interferent gathe higher

the selectivity. It is important to investigate selectivity eénsorgo minimize error in theractical
application of the sensom general and in the long ternprfapplicatios to lagoon oftgas, the
interaction ofsensing materialith other gases should be studied to mininppssibleerrors in the
analysis. Offgas containgases with higher reactivity than methane and ammonia that could interfere
with sensor performande.g.hydrogen sulphide, NE.

2.3.3Stability

For practical applicatias) the stability ofthe sensng material isessential There are many categories
of stability including but notimited to: reversibility of gas sorption, mechanicaltegrity, and

resistance tehange in sensor performance wéteing or repeated us&Vhen designing a sensor, the
stability of thesensing materias necessary to getliableresults while monitoring gas concentrations.



2.4 Gas Sensing Techniques

Thereare numeroumethoddor detecting gas species at low concentrations. Irstgion different
sensors and methodsediscussed foeach gas of interest.

2.4.1Methane (CH,) Sensors

Typical methane sensors use a semiconductor such as zinc oxide or tin oxide for methane to adsorb and
react with thesensing materialAn electrical potential is subsequently applied to detect the change in
conductivity. The downside of the current meth@lshat they require high operating temperature
(usually 356450C) due to the high stability of methafi&’]. Other common methods are combustion
andinfraredsensingboth requiring more compleand expensiveanits[18].

Dosi et al.[18] developed a lasénduced 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 respotypécally defined as
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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 minimurpph &t room
temperature within 50 s of exposure. The sensa@sigonsive 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 leadingft® sensor response weaikgrover time At 5 ppm of methane,
thesignal 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 concentratioithe humidity of the air also iatferes with this sensofhis response

cycle of the material is not very ideal for usage; however, the sensor exhibits good sensitivity.

Bhattacharyyeet al.[19] used nanocrystalline zinc oxide thin film ssnsing material for methane
detection. The ZnO film was not doped and deposited onto atBged plate as shown kigure 2.
Gold and palladiursilver electrode coatts were tested for performance with ZnO film andAigd
contact was found to be more efficient as it performed better at lower operating temperaturédevels.
detection of 0.1% methane, the optimal operating temperature ¢s @bth response and recaye
times of 22 s and 28 s, respectively. This is better performance than a typiedlc&e@ 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 sensaostructure 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 appropriateatalyst. The addition of 5% osmium into tin
oxide reduced the optimal operating temperaturs®300sC from that of pure SnE(350-400C).

The doped Sn&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 senstimewue to
ageing.

Navazaniet al. [21] utilized SnQ with reduced graphene oxide (rGO) and polyaniline (PANI) to
achieve room temperature methane sgndn this experimentpure PANI and PANI with 1@t.%
SnO@rGO hybrid added were compared. Sapire3 for the suggested mechanism for formation of
SnG@rGO-PANI.

The hybrid material can detect down to 100 ppm, which is rbetier sensitivity compared to pure
PANI and Sn@@rGO which cannot detect such low concentration of methane at room temperature.
At 1000 ppm, the response and recovery time was 280 1158, respectively, which did not change
significantly from that dpure PANI with 320s and 110@. As shown irFigure4, pure PANI has low
methane selectivity against ammonia but S@EGOPANI showed a significant improvement in
sdectivity.

APS :. l ®
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Figure 3. The formation mechanism for SnQ@rGO-PANI ternary nanohybrid (reproduced
with permission from [21])
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Figure 4. Response of Sn@@rGOiP A N | hybrid sensor to 1000 ppm m

other analytes at room temperature(reproduced with permission from[21])

Merkel et al[22] investigated the gas sorption peofies of poly(dimethlysiloxane) (PDMS) for pure
common diatomic gases (e.g., oxygen gas) and methaneg@tvdth varying pressurd-igure 5
summarizes thebtained sorption isotherms for the gases tested. At the same pressure, the sorption
would be favored in the order of GO CH, > diatomic gasege.g. Q). While the paper only tested the
sorption of individual gas species, PDMS could be tested as a geanaierial 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 metbaThe 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 samsbr sh
sensitivity down to 3 ppm. In addition, the effect of humidity on the sensor was investigatdie
resultswere not reliable

Hannon et al[24] tested various materials typically used. Polyaniline salt was ptetbnasing
hydrochloric acid for absorption of methane. The sensor was exposed,t€CHsQ, and NH in 1-

30 ppm concentration range at room temperature. The sensitivity was tested by measuring the electrical
resistance change (response) and polyarslisved significant response. Sorption was detected down

to 2 ppm of methane.

Sen et al[25] incorporated ZnO nanopatrticles into H@ped polyaniline to achieve detection of
methane at ambient temperature. 3%wZnOPANI codd detect down to 100 ppm methane. In
addition, Seret al.tested the effect of humidity (~20%80% RH) on the sensor. Typicallyater layer

can form on the sensor surface at a higher humidity level and reduce contact between the sensor and
the sample. For Zn®ANI, humidity had a low impact on the sensitivity of the material which is
promising for the target application. This willake the sensor more reliable for analysis ofgaf

since it could be high in humidity from evaporatiorthelagoon.
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Assuming50 ppm is an adequate minimum fie methanealetection limit, the Sng@rGO-PANI
developed by Navazani et 1] appears to be a good starting ppiunsidering both sensitivitipr
methaneand selectivity against ammonisnother possible selection would BaO-doped protonated
PANI suggestedy Sen et al[25] becausets sorption ofmethane aambient temperature and low
impact of humidity on its performancgdesirable for thapplication.

See alsdAppendix A.1lfor a summary bmethane sensing materials and brief comments about their
reference sources. Based on the infornmatibthis section andppendix A.1 Tablel shows thdop 4
selected ensing material® be experimentally evaluated é¢gehapter 3.

Table 1. Top 4 most promising materials for methane

Sensing Detection Sensor Type Operating Reference
material Limit Temperature

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

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

Salt)

PDMS N/A? Permselectivity Room Temperature [26]

ILit. tests for permeabilityno data on sorption)
2Detection bydifference in gapemeationacross the materigeparatioh

2.4.2Ammonia (NH3) Sensors

Ammoniaodor 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 anith@meient
operating temperature.

Kukla et al.[27] developed HCI® doped polyaniline (PANI) for detection of ammonia at room
temperature. The HCUKPANI was made into a filmwith thickness 0f0.1-0.5 em to test for
conductane as a function of film thickness. The ammonia in the air reacts with PANI to reduce the
conductance of the material and the presence aicehenhances this effect, thus increasing the
sensitivity. TheHCIO4-PANI film was able to detect-8000 ppm of ammonia with about 10% error at
20eC. The response and recovery times are 8Ad 4min, respectively. The PANAmMmonia reaction

is dominated by chemisorption, but physisorption may also occur under certain conditioret aften
similar rate. More specifitly, the HCIO-PANI-ammoniaabsorptiorappears like physisorption. The
desorption of ammonia requires activation for the reverse reaction, thus thermal regeneration of the
sensor by shoiterm heating to 16407C was needed. Lorgrm exposure (more thdrhour) to high
concentration of ammonia makes the adsorption irreversible and renders the sensor unusable.

Wang et al[28] utilized PANI doped with CuR&a for improved sensitivity at room temperature. The
change in electrical signal was measured upon exposure to ammonia at ¥anoastrationsThe
sensitivity of CuFgOs-PANI was 5 ppm, with response and recovery times of 84 s and 54 &at 20
The shortecovery time is advantageous in continuous monitoring of concentration. As sHeguren
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6 andFigure7, the doped PANI had higher sensitivity/ppm than the pure constituents. The humidity
affects the resistance of the sensor, tarsfulcalibration and/or calculatisrare recommended if the
humidity fluctuates near the pit. TBeudy also tested selectivity against methane and JO4FRANI
showed good selectivity for ammonia.

Zhang et al[29] used SrGg£D; as dopant for PANI to make an ammonia sensing material with high
sensitivity. SrtGE0ss hows hi gh sensitivity to ammoni a; howe
very high, making the signal detection very hard. On the other hand, when incorpaotatéaei
SrGeOq-PANI (PSN) complex, the sensor response was stronger than that of pure PANI as shown in
Figure8. The sensor could detect reliably down to 0.25 ppmo@in temperature for response and

recovery times of 62 and 223. 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, CuFeO4 and PANI/CuFe;O; 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 gase®dégdsulfide,
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 shégur®9, humidity in air

reduces the sensor response, thus it is recommended to calibrate or control humidity when using this

material.
L £ .
d 250 PANIISIGe,0, & D[ — PANISrGe, 0, RH:60%
. BN E e NH, Concentration 0.2 ppm
é 200 - ® <]
1) I Q L
® 150 o 750
c c
S g
o 100 R
i 7]
700}
o 50 &, Gasin
i — 5251 —- E 223s E -—
0 n L 1 1 L 650 L i L L
0 2000 4000 6000 8000 0 200 400 600 800
c Time (s) d Time (s)
1050 } —— PANI RH:60% 200l * PANI/SrGe, O, R2=0.9900
— NH, Concentration 0.2 ppm e PANI
(e} = 1e0f Y=20.59X+15.74
91020} Gas out by — Y=0.82X+6.62
c n 120
[ c
w o
@ 990} o 8or
4] ]
x Gas in X 4o0f
N ! .
960 | —=1134s |- - 290s - o
N 1 ' 2 1 . 1 1 1 1 L 1 L
0 300 600 900 0 2 4 6 8 10
Time (s) NH; concentration (ppm)

Figure 8. (a) Dynamic response&ecovery curves of pure PANI and PSNsensors toward 0.2
10 ppymtNH Realt i me resistance changes of gahe
room temperature; (b) PSN gas sensor; and (c) pure PANI sensor; (d) Respof@mcentration

fitting curves of flexible sensors based on pure PANIrad PSN toward 0.Z21 0 ppsmtNR 5
(reproduced with permission from[29])

gas

2200 (Dry 20%  40% 60% b400 | NH; concentration:10 ppm 0"/: RH
2000 |air RH RH RH —ig‘;o 2:
— (']
g 1800 T300} —60% RH
S g —80% RH
14 b ——90% RH
g 1400 S 200 °
% 1200 2
2 1000
8 00 ¢ 100
x
600
400 L . . 0 : . :
0 500 1000 1500 2000 2500 0 500 1000 1500
Time (s) Time(s)

Figure 9. The effect of relative humidity on gas sensing performance of the PSN sensor at room
temperature: (a) base reistance of the sensor underi®0% RH; (b) gas responses toward
p p sunddrdi 90% RH (reproduced with permission from[29])

10

12



Kulkarni et al.[30] developed a selective ammonia sensgeld on PANI doped with tungsten oxide
(WOs-PANI) that can be prepared on a flexiplayethylene terephthala{®ET) surface. The sensor
detection limit was 1 ppm at room temperature and increase in ammonia concentration showed
corresponding increase in the response magnitudeé={ger=10). Testing at 100 ppm concentration

of each gas, the WEPANI showed very small signal response to the test gases tIN®, CHOH,

and GHsOH) compared to that of ammonia ($8gure10(a)). However, humidity reduced the sensor
response.
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Figure 10. (a) Selectivity study of PANI, WQ and flexible PANI-WO; sensors towards different

test gases, (b) Response study of flexible PAMIO3; (50%) hybrid nanocomposites, (c)

Response study of flexible PANMWO3; (50%) hybrid nanocompositesto11 00 ppm, (df NH
Humidity study of PANI-WO3 (50%) hybrid nanocompositeg(reproduced with permission

from [30])

Nicho et al[31] constructed a polyanilinpolymethyl methacrylate (PANPMMA) composite which

is sensitive to low ammonia concentrations-4000 ppm at ambient temperature), as its electric and
optical properties change 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 polfpyrrole) (PPy) that is prepared by electratyt
polymerization changes electrical resistance when exposed to ammonia. The material displayed
adequate sensitivity with pure ammonia of40 ppm (at ambient temperature) and responded in
less than 2@ while recovering within 66 of purging.
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Gangopdhyay and Dd33] found that a poly(pyrrolepoly(vinyl alcohol) (PPyPVA) composite
prepared via electropolymesation showed sorption affinity to ammonia. The composite showed a
change in electrical resistance wheposed to 1~1B® ammonia. However, the exposure to ammonia
at higherconcentrations, as well as prolonged exposure (s caused an irreversible change in
resistance. Similar irreversible sorption of Nias observed with poly(pyrrole) coating pailad
nanoparticles (PRiPd) tested by Hong et dB4]. PPyPd was able to detect down to 50 ppm but
sorption of ammonia at high concentration was irreversible, making Hideah for agricultural
applications.

Similarly, Ahmad et al. [35] synthesized poly(pyrrolenolybdenum sulfide (PPWo0S,)
nanocomposite which showed higher sorption of ammonia. PPy was polymerized onto kol a

porous structure which increased both electrical conductivity and sorption of PRyld®?ghowed

a decrease in electrical conductivity when exposed to ammonia (lowest concentration of detection at
300 ppm). Unlike PRYPVA, adsorption of Nslon PPyMoS; is reversible at the tested concentration
range (30aL000ppm). This composite showed selectivity against VOCs such as ethanol, acetaldehyde,
formaldehyde, and diethyl ether.

Chabuksawr et a[36] synthesizegolyaniline doped with acrylic acid (0.03M) (PANI:AA) that can

be used for ammonia detection for a concentration rangeé00 opm. Interestingly, as the ammonia
concentration increadgethe response time decreased while the recovery time increasediniinem
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 waé .

Khun et al.[37] investigated the possibilityfausing porous nanosized SnGynthesized via a
nonaqueous sa@el method for ammonia gas sensing. The film prepared usingV#aeOtested at 50

ppm ammonia at different operating temperatures in tReORP& range. Khun et al. state that SnO
showed bettesensitivity compared to other metal oxides due to its porosity which increased surface
area for sorption.

A sensing material could keefoam as it could improve surface area for contact with target analyte.
Dacrory et al.[38] developed cellulosgraphene oxidgGO) cryogel (foam) with the polymer
functionalized withethylenediamindor affinity towardsammoniaWith GO, the material can be used
with a resistive sensor. Cellule&O detected ammonia as low as 5 ppm, with the electrical resistance
decreasing upon exposur€he lesser ethylenediamingrosslinkej added, the sensing material
performed bette which implies that there is a close relation between polymer structure and sorption.

Matsugushi et al[39] preparedfilms from four blends of polymethyl methacrylapelyaniline
copolymers doped with bis2thyl hexy hydrogen phosphate (PMMRANI: DIOHP) to test the
change in electrical conductivity from exposure to ammonia gas at varying concentrations. Each sample
showedh differentaffinity to ammonia and PMMAANI:DIOHP prepared with toluene as the solvent
showedhe 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 (1tin at 3@C for 500ppm) was not good engh for practical use and further study

was recommended.

Gong et al[40] also utilized TiQ for ammonia detection but instead of layered films, the oxide fibres
encased polyaniline nanograins to form a titanium el4&ll composite. The sensitivity of PANI as
ammonia gas detector was greatly improved to a lower detection limit of S@apper-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 maxewith 2~8wt.% Al.Os to make a composite
pellet. This composite was tested for change in electrical signal with exposure to ammonia53a.00
ppm at room and elevated temperature. Tested at room temperatOse? ANl composite with higher

metal oxde content showed increased sensitivity at highes dtidcentration. The concentration of
Al,0Os had no significant effect on the sensitivity at 300 ppm. It would be recommended to dope the
sensing materiakith 6~8 wt% Al.Os if theammonia concentratios higher than 300 ppm.

Khuspe et al[42] utilized camphor sulfonic acid (CSA) doped PABHG (50 wt.%) composite. The
PANI-SNG-CSA (30 wt.%) was the most ideal for detectingsNiti100 ppm (3€C) with sensitivity

of 0.91 (ratio ofresistance change agnal before and after exposurdote thatCSA-PANI had the

worst performance compardd the individual components due to poor morpholatpspite the
increased conductivity due to protonatiorP#NI.

Liu et al. [43] found that polyaniline doped with WEPANI-WS;) performs well under humid
conditions. PANHWS; can detect down to 10 ppm of ammonia and showed faster response and
recovery times when the relative hutityd(RH) level was between 22% to 68%. W& a dopant
improves the sensor performance of PANI when the analyte ha&kBP6 higher, which makes it a
promising material for the ofjasNH; detection Similarly, poly(acrylic acid) is found to be more
sensiive to ammoniat higher humidity levels[44].

Lee et al.[45] tested the effectiveness of quartz crystal microbalance (QCM) gas sensors with
alternating layers of Tigand polyacrylic acid (PAA) to selectively detect amine odors. The/FEA

had low detection level (0.1ppm) while being stable over a wide range of humidiio{8RH) at

room temperature. It was found that ambient ammonia concentration of 15 ppmsmahdukin such

a way that the concentration may go up to 20000 ppm inside the film compdisiteahseniand
Oladegaragozg46] utilized polyvinylpyrrolidone coatedQCM and detected ammonia at low
concentrations. Heever, the polymer showed higher signal (shift in frequency) with water vapour
thus, nonideal for agricultural setting.

See alsAppendix A.2for a summary of ammonia sensing materials and brief comments about their
reference sources. Based on the information of this section on ammorigentix A.2 thetop 4
materials Table2) were synthesized and studisgeChapter 3.

Table 2. Top 4 most promising materials for ammonia
Sensing Detection Operating

material Limit Temperature Reference
PANI-TiO; 1 ppm Room Temperature [47]
PPy 10 ppm Room Temperature [32]

PANI-In;Os 50 ppm Room Temperature [48]

PANI-

HCI[1M] 2ppm RoomTemperature [24]
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2.4.3Humidity

As with any biological processes, the anaerobic lagoon cordadargeportion of water. Because of
this there would be considerable amountvapour within the offgas. A sensor that can either
accurately detect water concentratiorisoselective towardsa specifictargetanalyte is necessary for
the applicationTypically, the sensor is expected to perform atfRb0% Some papers in the literature
(e.g.referenceg28], [29], [30]) have attempted to tackle the humidity issue, but the efforts were far
from systematic.

2.4.4Nitrogen Oxides

The literature studies reviewed herein were basedemsing material for inorganic gases in fuel
exhausts. SeAppendix A.3for a summary. Nitrogen oxides cantat detectedat least so farjising
polymeric materials, thus metal oxides like NiO and/or @ used. Plashnitsa et[d9] used a Ni®@
based electrode for detection of N@his sensor was able to detect dowB@gppm at 80€C but had
poor selectivity as presence of gptoduced significant signal response.

Sekhar et a[50] used La.sSr.2CrOs as a working electrode in a mixed potential sensor to ddtegct

down to 100 ppm aB00 . A positive current bias was used to improve selectivity towsi@dsg,
however, the stability of the sensor was poorer with the positive current bias which caused a baseline
drift over time (700 h).

Chen and Xiad51] synthesized a composite 1aSr.3NiO4 doped with 10 wt. % yttriazstabilized
zirconia (YSZ) potentiometric sensor for NOThe sensor was operated between 400 and 55ad
a poor detection limit of 700 ppm, and moderate response and recovery timasefé4seconds,
respectively.

Yang et al[52] designed a potentiometric M@ensor that used Pt electrodes on an YSZ electrolyte.
Ptloaded zeolite (PtY) was used as a filter to remove interferents such as CO, propatie;. afbde
sensor was highly selective due to the added filter and had an optimum operating temperature of 500
The sensor was sensitive and could deteck N@wn to 1 ppm but lacked stability as there was a
baseline drift over time.

Figueroa et al[53] also used a Rbaded zeolite Y as a catalyst with a Pt reference electrode to detect
NOx. A filter was used to catalyzke ionization of NQ. The sensor was tested over a range of 100
400 ppm at temperatures between 308nd 500 . This sensor had high selectivity due to a filter that
acted as a separator and catalyst.

Kim et al.[54] develpedaNOxgas sensor for monitoring a®r gqual.
was able to detect down to 0.5 ppm of NMD300 with response and recovery times around 1 minute.
The sensor was evaluated over the range of 280 and was most seitise between 275800

Jha et al.[55] created a selectivBlOx sensor by functionalizing carbon nanotubes with copper
phthalocyanine (CN-CuPC). Even at low concentrations of NO.5 ppm), the CNACuPC was more
than 10 tines selective towardslOx than other interferent gases (CO,S@nd NH). At room
temperature, the sensor had response and recovery times of 3 and 6 minutes, respectively.

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

Many previousvorkson sensor for methane and ammonibzed conductivity-altering properties of
semiconductive polymers such as polyanil{{RANI).

PANI is a conductive polymer unique for having different oxidation stdtes.monomeraniline,
consists of a benzene ring and amine group. This amine grolg lo® either reduced or oxidized,
giving polyaniline three forms with distinct properties depending on the ratio of the oxidized amine
group in the chaiseeFigurell). In Figurel2, y is the fraction of reduced us@nd (1y) represents

that of oxidized ung& PANI is categorized into three states based on thg\(dlues (seeTable3) [56].

Polyaniline in its leucoemeraldine base state is not conductive. It only becomes conductive when it is
moderately oxidizedo emeraldine base (EBIndor protonatedto emeraldine salt (ESp7]. The
oxidation causes O6gapsd i n t heaheahardetobechriiedaong el ect
the polymer chain. The protonation with aitittoducesananion to the polymer which allows oxidized

EB to achieve charge neutrality for better stability and conductisy [59]. On average, EB has
conductivity of 1& S/cm while ES is conductive liketypicalmetal with 16 S/cm[60].

Each oxidation state cdrein a form ofabase €.g.leucoemeraldine base (LEB)) aprotonated state

(e.g. emeraldine salt (ES)), by treating thetenial with a base or acid. EB is the stable fdims 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 ofiPANI
observing the absorbance peak(s) via ultraviolet/visible (UV/Vis) spectrofgbjy

_+ZI

A @@ & e

Emeraldine salt (ES)
HCl NHj - H,0
Doping Dedoping
H
ISASVSAS!
N/ N+”
H

Emeraldine base (EB)

Redudio%ﬁdatim Oxida.;n\\'tduwon
feaelea sV o cBca el

Pernigraniline base (PB) Leucoemeraldine (LB)

Figure 11 Typical structures of different PANIs (emeraldine salt, emeraldine base,
pernigraniline base, leucoemeraldine base)nd their interconversion (reproduced with
permission from [57])
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Figure 12. Generalizedstructure of PANI
Table 3. Oxidation states of PANI
Oxidation State of PANI REDOX Ox'dat('f_;)n“mbe'
Leucoemeraldine Base (LEB)| Reduced form 0
Emeraldine Base (EB) Neutral form 0.5
Pernigraniline Base (PB) Oxidized from 1

18




Chapter3Ex peri ment al

3.1 Polymeric Sensing Material Synthesis

After careful consideratin of sensor criteritor the specificapplicationand existingsensing material

from the literature polyaniline (PANI) was chosen as the candidate for synthesis, doping and
charaterization. PANI is advantageoirsthis applicatiorfor its stability, costandability to operate

at ambient conditioa The synthesisvas relatively simple with high yiel@@0-90%), which allows
modificationwith different dopard

Polypyrrole (PPy) ad polydimethylsiloxane (PDMS) were purchased from Sigiaich and used as
received without further purification.

Metal oxide nanoparticles were used for PANI dopiFig (IV) oxide (SnQ) (avg.particle sizeO 1 0 0
nm), zinc oxide (ZnO)gvg.particle size<40nm, 20wt.% suspension in D) and titanium (V) oxide
(TiOy) (particle size ~2hm, 99.5% concentration) were purchased from Sigidaich. Deionized
(D) water was used as the reaction medium, anavewhing and rinsing, and ethanolG& grade)
was used as received for additional washing and rinsing of the synthesized polymers.

3.1.1Synthesis of PANI without dopant

PANI was prepared in the lab bgterfaciatdispersionpolymerization of aniline withammonium
persulfate (APSas initiator anddeionized(DI) waterasthe continuous dispersion phade0 mL of

aniline (A.C.S. reagent, Sigr#ddrich, Oakville,Ontario, Canada) was added tomf of deionized

water and then mixed using a sonicator for 30 minutes. This solution was then codledhefore

the addition of a solution containing 1.5 gAi®S (ACS reagent SigmaAldrich, 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 tefreact at1 for 6 hours with occasional
intermittent stirring62]. The polymer was filtered out using a funnel and Wattman #5 filter paper and
washed with deionized water until the liquidisclear yellow. Then, the polymer was washed with
ethanol three times as oweashing could causmmeloss oflow molecular weightlgains (or dopants,

if dopants were used] he filtered materialvas left to dry for about a day and colleciatb a glass

vial for storage under atmospheric conditions. The yield of each sample was also calculated to estimate
the loss of material duringysthesis. Typical yields obtained with PANI were above 85%.

3.1.2PANI with Metal Oxide (MO) Dopants
PANI was doped with metal oxide by additige metal oxide to the aniline and ®@hterdispersion
before sonication. M@vas added byveight percentagef total (aniline and dopant) weight

Om, .
- o -+J|+ D“%IFD = _+ 54; < D 4
o - B LR |

PANI with dopants notated as PAN{concentration) (dopant). For example, PANI synthesized with
5% zincoxideis designated a®ANI-5% ZnCh

The rest of the pcedurewas kepidentical totheone described in tharevioussection.
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3.1.3PANI with Sodium Dodecyl Sulphate(SDS)

Based on the process developed by Sen @5].sodium dodecyl sulphate (SDS) 5mM was dissolved
into the water/anilinésolutiordo to compare the incorporation of ZnO into PANI. The reaction mixture
wassonicatedandthe rest of the procedure was identical to the alseedon As SDSis a surfactant
(nonreactive)and present in very small relative amoyaty sample with SDS added during synthesis
is notatedcas PANHdopant)SDS.

3.1.4PANI with Hydrochloric Acid (HCI)

PANI is known to be conductive when doped with acid to change its oxidation\thaén synthesized
in neutral pH, PANI is in emeraldine base form (PARB). When doped (synthesized) with acid, PANI
is in emeraldine salt form (PANES). For the comparison of PANEB and PANIES gas sorption
capability, PANIwas also synthesized in acidic conditsoniline was added to 1M HCI instead of
DI water and the rest difie proceduravas kepidentical to Sectio3.1.1

3.2Gas Sensing Setup

The sensing materials were synthesized in the lab with various dopants for evaluating their sorption
performanceA schematic of the gas analysis setup is showrigare13. All the gas concentration
measuremestwere done usinga Varian 450 gas chromatograph (GC) with a specialized photon
discharge helium ionization detector (PDHIB) high accuracy and detection down to pabge.

| | »  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 MF@enotesmass flowcontroller

Each sensing material was tested by exposing it to a known concentration of analyte (e.g., & ppm of
specificgas ina nitrogerb al ance) . Before the sequencwhichf tria
measureghe concentration of exiting gas of thesm without angensing materiahside the testing

chamber. This confirmthe sourceconcentratiorof analyte as there is a charafdoss during the gas

transport along the system.

After exposure to the sensing material, the gas stream flows into tard3fie concentration of analyte
weremeasuredThen,the concentration of gas analyte was compared before and afteggassugh

the sample chambef.he | ar ger the difference in concentrat
material indicatebetter sorption and better sensitivity to the analyte. The tests were conducted at room
temperature (about 82) and approximately at 15 psi.
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Polyaniline (PANI), doped PANI (with metal oxides with or without sodiurdodecyl sulphate
(SDS)),polypyrrole (FPy) and polydimethylsiloxane (PDMS) with different end groups were tested for
formaldehyde (F) sorption (formaldehyde source at 10 pph®.€nsing materialvasdeposited into

a roundbottom flask viaa suspension othe sensing materiah ethanol,andthenthe ethanol was
evaporated, leavingnly thesensing materiah the flask. To notd?DMS was deposited in the round
bottom flask directly as it is in a liquid stadé room temperaturéll sorption tests were performed
with 0.1g of each sampla ambientconditions Table4 shows the samples tested and the sequence of
tests performe.

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

Sample # | Name Test Purpose
1 PANI F 10ppm Sensitivity of F
2 PANI-5% SnQ F 10ppm Sensitivity of F
3 PANI-10% SnQ F 10ppm Sensitivity of F
4 PANI-5% ZnO F 10ppm Sensitivity of F
5 PANI-5% ZnOSDS F 10ppm Sensitivity of F
6 PANI-2.5% ZnO F 10ppm Sensitivity of F
7 PANI-2.5% ZnOSDS F 10ppm Sensitivity of F
8 PDMS-T (trimethylsilyl terminatedy) F 10ppm Sensitivity of F
9 PDMS-M (monohydroxyterminatedy 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% TiG F 10ppm Sensitivity of F
16 Polypyrrolé? F 10ppm Sensitivity of F
17 PANI-2.5% ZnQSDS B® F 10ppm 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 sgtion decreasing over time
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3.3Gas Analytes

The gas analytes of interest can be evaluated in theegaingsystem. 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 flammabland explsive, whereassmmonia is toxic and corrosiveence both present

special safety issuemdalsoneed special modifications in the GC columns and setup. Due to these

concerns,

formal dehyde

wa s

used

as

a

fi sialmu |

ant c

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 AbdeRahm

an group).

3.4 PANI Material Characterization

Severalepresentativeensing materialwere selected for characterization. $able5 for theselected
samplesThe tested samples were chosen as represesthiiveifferent material typege.g. dopant,

oxidationstate, eto.

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

Material SEM EDX XRD UV-Vis
PANI v v \ v
PANI 5% SnQ \ \
PANI 10% SnQ
PANI 2.5% ZnO \% \%
PANI 2.5% ZnQSDS \ \
PANI 5% ZnO v v
PANI 5% ZnGSDS v v
PANI 20% ZnO
PANI 5% TiO \ Y
PANI 20% TiQ
PANI-HCI Y Y Y Y
PANI-HCI-SDS
PANI-SDS \ \ \ \Y

3.4.1Scanning Electron Microscopy (SEM) andEnergy Dispersive XRay Analysis (EDX)

Pristine PANI and PANI doped with metal oxide (ZnO) and/or hydrochloric acid (HCI) were
synthesized using igitu polymerization. Scanning electron microscopy (SEM) was perfooméie
samples usingJltraPlus FESEM(University of Waterloo, WATLAB facility). In parallelenergy

dispersiveX-ray analysis (EDXyvas conducted using the same equipment to obtain information of the

presence/concentrations of different atomic elemeritseipolymer.

A square piece of carbon tape was placed on a SEM specimen stub. PANI powder was dispersed in
ethanol and thésolutioro was dispensed onto the tape. The sample was left at room temperature for
the solvent teevaporateand observed using SEMDX was conducted on sample surfaces with the
most even coverage to obtain the average distribution of elements over thie speaias reliably as

possible.
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3.4.2X-Ray Diffraction (XRD)

The crystallinity of pristine PANI, PANHCI and PANISDS wasanalyzed using GIXRDGrazing
Incidence Xray Diffractior). The three samples were chog¢seeTable5) as a representative analysis

on crystallinity of PANIwithout MO dopantsA fine powder of polymeric sample was mounted on a
glass slide using a doubdéded tape prepared by Dr. Nikkeinig fromthe University of Waterloo
WATLAB facility. A PANalytical X0Pert Pro MPD
sampe with X-ray wavelength oK UL.54A (Cu target)operatingat 45kV and35 mA with scanning

range of 5°90° with stepsize 0f0.1C".

3.4.3Ultraviolet T Visible Spectroscopy (JV-Vis)

Selective PANI samples were analyzed usit@ary 60 U\Vis spectrophotometer to determine their
oxidation stateThe UV-Vis spectrophotometavas usectourtesyof Prof. T. Mekanen Department

of Chemcal Engineering, University of Waterlob.0 mg of PAN material was suspended in 50 mL
of N-methyl2-pyrrolidone (NMP) for 15 hourprior to analysis.The assay was done under ambient
conditions.Scansweredone wice for eachsample, following therocedureas describeéth Mavani
[63].

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

Micro-electricatmechanical systeror MEMS refers toany electrical device that fany sort of
mechanical motion and the whole system has one or more dimensit@smicrometer scal¢64].
These arespatially efficient, amenableo handheld devicesnd highly sensitivewhich isideal for
sensos thatarelightweight andwearable

A MEMS static bifurcatiorsensoi(seeFigure14) has beemevelopedwhere a solidensing material
can be loaded to deteattarget gag10]. The main component of the sensor i6Gaem by 30 em
platform suspended by two cantilevéd5 em by 5 em; seeFigure 15) that vibrate in a certain
frequencywhen electrical potential differencéoull-in voltage)is applied This frequency changes
when the mass of thatformchangeslf a sensing material that sorbtarget gas is loaded, the sensor
isr e f er r tunctiohazedaVghendhe sensor is exposedatwanalyte, thesensing materiakill
sorb the target gas arbe overall mass of thplatform will increag. This will lead toa shiftin
frequency which cambedetected and translatéifineeded)nto theconcentation ofthetarget gas.

In collaboration with Yass Shama (PID. candidate Department of Systems Design Engineering,
University of Waterlod, thefinal gas detection testasperformed with methane at 50pphhesensing
materialwasloaded ontdhe sensor by suspenditigematerialpowderin ethylene glycoWith material
concentration of 1:A5wt.% and leaving itto dry, thus allowing for areven coating on the surface.

The MEMSsensoris placed inan enclosed chambemdthe enclosure igurged with nitrogen gas.
Then thetarget gas fib the chambeuntil the concentration inside stabilizes. The displacement of the
sensoplatformis continuously monitored wanstatic pultin voltageis applied. This leagito asudden
increase in frequey (seeFigure 16), which can betranslatedinto sensitivity of thesensor The
experimentasetup can beeenin Figurel?.
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Figure 14. An image of the MEMSsensor(photo taken by the author in Systems Design
Engineering lab circaAugust 2022
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Figure 15. Close up shot of agensing materialdeposition b-d) functionalized sensor
(reproduced with permission from[10], open access)
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Figure 16. Frequency response of the sensbefore and after functionalization with PANI
(reproduced with permission from[10], open access)
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Figure 17. The experimental setup oMEMS sensortesting (reproduced with permission from
[10], open accesHthe gas cylinder was changed to methane during the testing for this research)
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Chapter4.Re s walntds Di scussi on

4.1 Gas Sorption

4.1.1PANI, PPy, and PDMS Formaldehyde Sorption

FormaldehyddF) sorption(source 10 ppnof pristinepolymers(no dopantsjvasmeasuredo evaluate
the basesorptionbehaviourof each materialThis gives a sense of which polymer shdogdmodified
for sorptionof thetargetgas Theexperimentaprocedurehas beendescribedn section3.2

The measure of sorption will be the difference betwbenF concentrationf the blank runs andhe
concentration of F after contact tia testing sample. The relative sorptieas calculatedbased on

the blank (baseling value for the corresponding tridlhe baseline measurements were analyzed to
account for variatioexperiencedetween different trial daseWhile therewere fluctuatbns between
trial dates the graphical andtatistical analysisconfirmed relative stability of blank values (see
Appendix Bfor figures andelatedanalysis) Theleast significant difference (LSDas used to confirm
thatblankvalues weresimilarenougho ensure the data can be compared between(sedappendix

C).

As seenirmable6, Figurel8andFigurel9, PANI showedhe highessorption out of théour polymers
with 2.45ppm of F sorbedPPy followed PANIwith 0.94 ppm sorptionwhich isratherlow to be
considered significant sorptioRDMS, regardless dfs end groupshowed negligible sorptiowith
0.58 ppm and 0.2ppm for PDMST and PDMSM, respectively This is complete lak of affinity
towards FPDMS inthe formof athinliquid layerprobablyled toasmallersurface area for gas sorption
to occur.Both PANI and PPy are in a powder fqrwhich allows for increased contact with gas as
polymergrains have interstitial space between thBased on the observed tredsensing material
tha is inthesolid statgpowder or grain particle$$ preferred for the ease of loaditige materiabnto
asensoplatform PANI is the best polymer fahesorption of femaldehydethusit wasmodified with
adopantto check whether sorption couté improved

Table 6. Formaldehyde sorption (ppm) for PANI, PPy, and PDMS (exposed to F=1Qopm)

Material Average sorption values
PANI 245ppm of F
PPy 0.94ppm of F
PDMST 0.58 ppm of F
PDMSM 0.24 ppm of F
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Figure 18. Formaldehyde sorption (ppm) for PANI, PPy, and PDMS (exposed to F=1Qopm)

Polymer Relative Sorption

50
45
40
35
30
25 E
20
15
10

OData points

® Average rel. sorption

% sorbed

O O

0 T T T ! 1
PANI PPy PDMS-T PDMS-M

Figure 19. Formaldehyde sorption (relative percentage) for PANI, PPyand PDMS (exposed to
F=10ppm)
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4.1.2PANI and PANI doped with MO Formaldehyde Sorption

PANI was doped wittvarying concentrations (weight basis) wfetal oxidego investigate whether
sorption of the target gasuld be enhancedlote that alkorption testsvere independently replicated
on different dates.

SnQ has been usessa sensing material fanethane seny (see sectio2.4.1). As seen infable?,

PANI 5% SnQ had the highegaverage}orption of F out of the three materidfgure20 andFigure

21 show thesorption picture foF by PANI and PANIwith differentSnG concentratioa However, if

one calculate®5% confidence interval(Cl) (see Appendix D for calculatiors), the gas sorption
averags are statisticallthe samdseeTable28in Appendix Efor proof). This means the differee

in averages is negligible compared to éneor fluctuation of sorption valuesbserved in the sorption
test.Based orthis observation, 5% wagsgoodSnQ concentrationo use, if a doparis 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 SrO; (exposed to F=10
ppm)

Material Average sorption valueswith 95% CI ranges
SE
PANI 245+ 0.310ppm of F 2.06, 2.83
PANI 5% SnQ 249+ 0425ppm of F 1.96, 3.02
PANI 10% SnQ 2.28+ 0.254ppm 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 SnG (exposed to
F=10ppm)
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Figure 21. Formaldehyde sorption(relative percentage) for PANI and PANI doped with SnQ

(exposed to F=1(pm)

PANI with ZnOwas preparedextand tested with F 10ppsource Table8, Figure22 andFigure23
showthe sorption values of PANI and #sO-doped variants. PANZNO showed sorptioalong the

same levels as PANkeeAppendix Efor statistical analysis)ZnO nanoparticleaddition has been

ef ore to gene merstrctufelatehighercongentraipastiti e s 0
has the tendency form aggregatef65], hence the poorer sorption of PANI with 5% and 20% ZnO.

observed b

The interaction between ZnO and PAMII be discussed further in sectidn2.

PANI-2.5% ZnO was the best sensing material is $kries with 2.47 ppm sorption from 10 ppm F
source. Whilelis isinsignificant increase fromristine PANI, the addition of Zn©ould makePANI
haveaffinity towards methan&hemethane sorptioaffectiveness oPANI-ZnO wastested irsection

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

Material Average sorption valueswith 95% Cl ranges

SE

PANI 245+ 0.310ppm of F 2.06,2.83

PANI 2.5% ZnO 247+ 0.199ppm of F 1.98, 2.97

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

PANI 20% ZnO 2.25+ 0.355ppm 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 wittZznO
(exposed to F=10ppm)
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PANI doped with 5% and 20% of titanium oxidé@-) showed reduced sorption of&s seen irmable

9, the sorption is lower thapristine PANIregardless ahe amount oTiO, addedWhile the reduction
in sorption is not favorable, it is an indicator tkta¢ dopant had significant effecton changing the
propertesand morphologwyf PANI. This is supported bgfurther reduction irsorptionby PANI 20%

TiO2. A moredetailed analysisn the effect of Ti@on the structureof PANI will be donen section

4.2

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

Material Average sorption valueswith 95% ClI ranges
SE

PANI 245+ 0.310ppm of F (2.06, 2.83

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

PANI 20% TiG 1.76+ 0.350ppm of F (-1.39, 4.90

Note: The range (denoted as * (value)) is based on one standard deviation (standard;gPvaNISE
TiOz includes 0 inthe95% CI range due tasmall 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. Formaldehydesorption (relative percentage)or PANI and PANI doped with TiO»
(exposed to F=1@pm)

4.1.3PANI doped with non-MO dopants

Doping PANI with protic acid such d&ydrochloric acid KICI) is known to improve its conductivityy
convertingit into a PANI salt{seealso sectio.2.4. Manyliteraturepaperutilize PANI-HCI doped

with other materials when testing for resistive gas serf24ld25], but they do not test factualgas
sorption. Thus, pristine PANI arflANI-HCI| werecompared for gas sorptiarsing formaldehyddn
addition, reduction of sorption due to ZnO doping of PANI was theorized to be thehigh surface
energy of ZnO nanoparticlg¢65]. To prevent ZnO aggregation, an emulsifier can be used for better
dispersion of the nanoparticleBherefore, edium dodecyl sulphate (SDS)yaical emulsifier[25],

was testedh parallel.

Figure 26 and Figure 27 along with Table 10 showthat no significant improvementaere observed
during doping PANI with HClad/or SDSPANI-HCI had 2.14ppm sorptionwhich is a slight decrease

in sorption frompristine PANI when it comes to formaldehyde sorption. Although it lacks gas sorption
effectiveness, its increased conductivity makes it ideal for resistive senBmsuggests tha®ANI

can be synthesized using DI water (at neutral pH) to awsiiag strong acids during synthesis and
reduce production costsnless conductive PANI is necessary.

PANI-HCI-SDS was also tested for interaction of the two dopants. Themogitthe sample showed
negligible difference, which suggests lack of interaction between HCI and ABfere significant
change can be observed when ZnO and BEgactbelowin section4.1.4
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Table 10. Formaldehyde sorption (ppm) for PANI and PANI with HCI (exposed to F=10 ppm)

Material Average sorption valueswith 95% ClI ranges
SE

PANI 245+ 0.310ppm of F 2.06, 2.83

PANI-HCI 214+ 0529ppm of F 1.30, 2.98

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

PANI-SDS 2.08+ 0.133ppm 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 26. Formaldehyde sorption (ppm) for PANI and PANI doped with SDS (5mM) and HCI
(1.1M) (exposed to F=1@pm)
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Figure 27. Formaldehydesorption (relative percentage)or PANI and PANI doped with SDS
(5mM) and HCI (1.1M) (exposed to F=1Qppm)
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4.1.4Interaction of MO dopant and non-MO dopant

A separate batch of PANMINO was synthesized withmM SDS emulsifietto investigate whether
polymerizatioryield could be improvedBoth batchegwith and without SDSyvere tested for sorption
performance.

Table11 and Figure 28 show result§rom sorption tests. No considerable enhancements (relative to
pristine PANI sorption) were observed. A discussion on morphology of the different materials follows
in section4.2.1

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

Material Average sorption valueswith 95% CI ranges
SE
PANI 245+ 0.310ppm of F 2.06, 2.83
PANI 2.5% ZnO 247+ 0.199ppm of F 1.98, 2.97
PANI 25% ZnOSDS 2.81+0.791ppm of F 1.83, 3.79
PANI 5% ZnO 2.02+ 0.153ppm of F 1.64, 2.40
PANI 5% ZnOSDS 2.70+ 0.639ppm of F 1.91, 3.50
PANI 20% ZnO 2.25+ 0.355ppm of F 1.37,3.13
PANI-SDS 2.08+ 0.133ppm 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 (5mM) exposed
to F=10ppm)
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4.2 Material Characterization

4.2.1Surface Morphology

PANI images were captured using SEA8 seen ifrigure29. The rightimage(higher magnification)

displays the filamenrlike structures (orange circle) intertwined with amorphous regions (green arrows)

filling the space in between. PANI formanofbersduringpolymerizatio{66]. The nonhomogenous

structure forms small clusters with high surface area, which is known to improve gas sorption. When

PANI is doped with HCI (PANHCI) (seeFigure30), the image showso filaments. lappears asore

uni form édspheresd i n c lsucsessivstrsictuesnsgdemtmore codsistantin t i e s (
depth. This could be due tioe introdwtion of anionic bond between Cand cationic N in the polymer

chain The additionaintermolecularattractionforce causescloserpacking of polymerchains thus

forming a morefirepetitived surface structurdt can be speculated thatauliflowerlike structure will

have a larger surface area and improve gas sorption propkatigsistine PANI.

When SDS (sodium dodecyl sulfate) was used in the PANI synthesis (hereby calle&B8)Nlthe
structure of the polymer is almost like thdtRANI (seeFigure 29 vs Figure 31). PANI-SDS has
filaments in clusters like ANI with amorphous patches in betwedfigure 31). Under the higher
magnification ofFigure32, there is an apparent difference in the thickness of the filaments and length
of the clustersPANI has larger filaments than PAISIDS, likely due to the emulsification effect of
SDS inthe water/aniline monomer mixture allowing fparicipation of more polymemolecules to
formin clusters at the same time.

if .0

|gure 29. SEM age of PANI at 1000x (left) and 5000x (r) magilcation; Filmet
(orange circle) and amorphous regioa(green arrows)
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igure 32 image of PANI (left) and PANISDS (right) at 10000x magnification
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Figure33to Figure35 show how adding a metal oxide dopant (zinc oxide, ZnQO) in the polymer affects

its structwe. ForPANI with 2.5% and 5% Zn0O t her e are aggregates in sp
not observed in other PANI sampldsor PANFZNnO with SDS, the pockets are not found, and the

surface looksnorehomogenousvith respect tastructual characteristi¢seeFigure36). The varying

surface structurés evident inFigure 34, which shows different sectisrof the sample at ID0x
magnification.One can see differen¢giors; a structure like undoped PANF{gure34, right) andone

containing shorter filaments artdpheres (Figure 34, left). This could belikely due to incomplete

mixing of dopant and monomer as such effeasnot found in the sample with SE®d ZnO together

(Figure36 andFigure37).

As seen irFigure36, the addition of SDS in the formulatiohPANI-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 filansamdigts overall surface
structure. This affcts the gas sorption property of PANI via increased surface area fordhalte

contact. When SDS was added to make PAlth ZnO, theaveragesorptionincreased from 2.02 to
2.25ppmand 2.47~2.80 ppr(seeTablel1l). This is a notableénd 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 effectsiably.

0.0

igure 33. SEM age ofPANI-5% ZnO at 1000x (eft) “ (right) magnificationorange
circle highlights distinct spherical pocket unique to PANI with ZnO.

37



Time :41:34:26

Flgur 4. SE iage ofPANI-5% ZnO at 1000xman|f|cat|0n f different sections;
spherical pockets (ed arrow) found in the left picture

Figure 35. SEM image ofPANI-2.5% ZnO at 10000xmagnification of different sections;
spherical pockets (orange circle) found irthe right picture
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36. a of PANI-5% ZnO-SDSat 1000x I 5000x (right) magnification
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Figure 37. SEM image ofPANI-2.5% ZnO-SDSat 1000x (left) and 5000x (right) magnification

PANI-5% SnQ had great incorporation of dopant (3eble7) and the surface imagj stowslighter
speds (seeFigure38). These arspeculatedsincethe particle size of Snds G100 nm) asbrighter
spots indicahg either the section having higher atic number or protruded surfaf@/]. More on a
guantitativemeasure of dopamicorporation willfollow in section4.2.2 The overall morphology of
the materia(Figure38) is reminiscent of pristine PANI with short filantsrand amorphous regians

gure 38 SEM |mag fANI -SSnOQt OOOx Ift) and 5000x (right) magnifi
orange circle highlights SnQ embedded in the polymer matrix

When PANI is doped with Tig) certain structures were clustered dstameless uniform. Two

different section of the sample were analyzed using E@€eTable12) and found to contain 2.87%
and4.59% of Ti,proving that there is uneven distributionO, dopant. This heterogenous nature
can also be observedtime SEM imageghat follow.

Figure39shows dstinct rectangular prisms embedded in an amalgam of filaments present in proximity

to each othedWhen one of th@rismswas randomly selected and analyzed, it 8dd% Ti content
(measured with EDX) which is higher than the area average of 2@mn%ower thanthe expected
amount of 5% (amount added during synthesis), so it is speculated thatas@nclosed in PANI and
formedrectangular prisms. IRigure 40, the surface containg matrix of fiberslike that of pristine
PANI without distinct prisms, possibly due to a lack of 7db the surfacelhis explains the poor gas
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sorption (sesectiord.1.2 as encasetiO2 means lack of contact with the analyte, and reduced surface
areafor sorption

Figure 39. SEM image ofPANI-5% TiO, at 1000x (left) and5000x (right) magnificationorange
circles highlight square platelike structure unique to the sample

4.2.2Dopant Incorporation

Table12 andTable 13 show the summary of EDX analysis of the samples. The compositions of the
major elenents for the polymer char(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 dopar{pbasically, the dispersion of MO within thelpmer matrix during irsitu
polymerizationwould 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 perdfate (APS) adds sulfate groups at each end of polyaniline, thus the molar
ratio of O:S should be 4:However, metal oxides (dopants) could also contribute to increased oxygen
due tothe inherenpresence of O atoms.

Tablel4cites the molar ratios based on EDX measurements. TheaGos fluctuate around B; with
an average value of 815 which is very close to the theoreti@kpected) value. Thevarage O:S ratio
is close to 5.8, 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
specimensurface 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). Theosotatthis would be multiple
measurements per SEM image (at different spots), but this can becorwetisuening ad eventually

rather expensive.

For PANIHCI, the polymerization was performed in a 1.1M HCI solution (/&) and resulted in
1.69% of Cl eément in the sample. Considering the structure of PANI emeraldin®Aaalt-ES), the
theoretical ratio of CI/N is 1.00t amaximum incorporatiomf Cl ion (seeFigure 11). However, the
literature shows that the typical ratio is 0.440 or even Igé&r Comparingthis to the experimental
CI/N ratio of 0.13, the incorporation of @las low efficiency despiteavinganexcess amount ¢iCl

in the reactionWhile 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 Seétibn

Both PANF5% SnQ and PANI5% TiO, had good incorporation of dopants with % loserdfy 0.14%
and 0.41%respectively. Thesesamplesshowed high stability irsynthesislt is notable that Ti@
showed fluctuations of Ti content between 208 26~4.59wt.%

For PANF5% ZnO, there is no significant amount of Zn found on the surface of the sample. This could
be due to one of two reasoifa) No ZnO was incorporated into PANb) 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 PANB% ZnO seemed to improve the incorporation of the dopant to 0.97 wt.%.
However, the experimental error famc detection is greater than the measured value, thus it is
uncertain whether a significant amount of zinc oxide was incorporated into PA&same behaviour

is observed with PANI 2.5% ZnO, which suggests that Zn&pisor dopant for PANlas alluded to

earlier as wellThis can explain the negligible change in sorption for RB¥I ZnO (sedablel1l).
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Table 12. EDX analysis of FANI with different dopants in mass%

Sample name Carbon Nitrogen Oxygen Sulfur Tin Titanium
PANI 65.78 10.54 17.46 6.22 i i
1+6.67 +18.35 +11.83 +8.48
62.82 8.20 17.26 6.86 4.86
-50 -
PANI-5% SnQ +6.97 +19.86 +11.71 +7.15 +37.62
: 60.76 11.55 16.01 7.10 4.59
-50 -
PANI-5% TIO; 17.14 +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 +
- ) -
PANI-2.5% ZnO £7.10 | +15.74 | +10.97 | +5.02 21.32
62.15 9.99 22.55 4.60 0.70 +
- ) -
PANI-2.5% ZnOSDS 16.19 +15.36 +10.75 +6.43 24.71
62.26 12.80 18.61 6.23 0.10
-50 -
PANI-5% ZnO 16.56 +14.71 +10.77 +5.47 +67.99
60.65 11.78 18.56 8.05 0.97 +
-50 -
PANI-5% ZnOSDS +7.29 +14.91 +10.75 +4.82 22.46
62.12 13.24 14.21 6.05 4.38
PANI-HCI £7.05 | +14.88 | +11.81 | +558 | +9.36 -
61.55 13.58 19.15 5.72
PANI-SDS +6.30 +14.07 +10.52 +4.84 i )
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% SnQ 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% ZnQSDS 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% ZnOSDS 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% SnQ 8.93 5.05 -
PANI-5% TiO, 6.14 4.53 -
PANI-2.5% ZnO 6.43 5.47 -
PANI-2.5% ZnGSDS 7.26 9.80 -
PANI-5% ZnO 5.67 6.00 -
PANI-5% ZnOSDS 6.00 4.62 -
PANI-HCI 5.47 471 0.13
PANI-SDS 5.29 6.70 -

4.2.3Crystallinity

As described in Sectio3.4.2 the crystallinity of polymer samplds analyzed using XRDThe
intensity of diffracted Xraysatangd o f di f i& platedinfFiguredlan@Fifured43. Theplots
showa combination of sharp peaks (crystadlirandhills (amorphous)he peaks represeatifferent
crystal lattice and atomic arrangement in the materialeaotipeakangle corresponds tne Miller
index Miller indexis anotation system &sl in crystallography for describing lattice planeadnystal.
While this is notexactlyin the scope of this research, it is worth comparing the ifoeaks)with
reference data.

Comparing withexperimental results frotheliterature[69] in Figure42, the synthesized PANI shows
asimilar pattern of three peaks with the middle being the highestgirienost pealbeing the shortest.

In Figure41, the peaks do not occur at the same aagia the literature likely due to misalignment

of the sample. However, th@ot can be shifted by the same fixed distance in ta&ix directionto

match the experimental ddta comparisonFor instance, the spectrum data points from the literature
in Figure42 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 purpasén{ensity scales are arbitrary).
Comparingwith previously reported casg&)], the synthesized PANI matches the crystalline lattice of
emeraldine basehich isthe expected product basedtbe synthesisnethodused[68].

PANI and PANHHCI have identical peakwith both incident angle@nd signd intensity, indicating
similarity in both crystal lattices andcrystallinity. PANI-SDS also shows peaks at the samglean
(crystalline strature) but at alightly lower intengy. This could be due tthe differentratio of crystal
latticesand overall lower crystallinity of the sample

In Figure41l, al three samples showed nearly identical incident angle at around 14.1°, 17.0°%ai8.6°,
25.6°. The crystallinity index is calculated based on the peak intensity compared to the amorphous
region signaj71] (seeAppendix Ffor details). Therystallinity index of PANI and PANHCI is 72%

which is higher than typical serarystalline PANI of ~40%16]. This is due t@lower polymerization
temperatureised during synthesis; a slower temgbere esults in higher crystallinity72].

The crystallinity index decreas&al67%for PANI-SDS, which indicates thatdition ofthe emulsifier
influencal the structure of the polymasseen in SEM imagg$Section4.2.1). However, PANISDS
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is alsosemicrystallinewith peaks at the same anglestlas other samples. The overall reduction of
filament dimensios (seeFigure 32) and XRD results imply that SDS led to better emulsification of
aniline; this would have improved the initial rate of conversion of monomeéoWwated the molecular
weightwhile increasng therate of monomer consumption. This is observed in the PANI yield (see
Table 15), where addition of BS increased the %ield or conversion of monomer to polymer by
1.5~3.1%. While this is not thmostaccurate indicator of monomer conversion, the tresajigficant,

asit supports the experimentabservations

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 planeg(Miller index) corresponding to the peakgreproduced with
permission from [69])
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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% ZnOSDS 90.9% PANI-2.5% ZnGSDS 90.5%
PANI 81% PANI-HCI 95.1% (90.9%)
PANI-SDS 83.5% PANI-HCI-SDS 96.2% (92.0%)

! Assumingtheoretical maximum incorporation & into PANI, Cl takes up4.38w/w%of the total
materid mass when this is excludedhe yieldis lower
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4.2.40xidation States of PANI

The UV-Vis absorbancepectraof PANI synthesized ibl water,1.0M HCland 0.05mM SD&re
compared irFigure44 (see als¢63]). Each sample underweintdependent replicatiowith identical
results.All the samplse show one peak in the range of 3@®-425nm and another ithe ranges00
nm-725 nm with small variatioa in the local maximaand intensity The peak wavelengths are
summaized inTable16.

According to Albuquerge et al.[61], both oxidized and reduced PANI shaypeak around 5 nm

( d u e-" transitior) due to theC=Cbondpresent in the benzene ringhen PANI isoxidized the
n-~ *ransitionshows as the pealtound600nm. If the sample is further reducethe intensity of the
620 nm peakis diminished, while oxidation causeshift of the corresponding peak towar&850 nm.
Comparing the peaks Figure45shows thathe samples aremeraldine PANbf varying y.PANI and
PANI-SDS haetwo peaks witrsimilar intensity and wavelengthBhisconfirms that addition of SDS
does not affect the oxidation state of PANI

Figure 44. UV-Vis absorption spectra of PANI and doped PANIs(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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