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ABBREVIATIONS

CB — ,carbon black” carbon nanoparticles

D — diffusion coefficient

d — molecule diameter

f. — critical percolation concentration (percolattbreshold)

HSP — Hansen solubility parameters

LMWCNT - long multi-wall carbon nanotubes

MWCNT — multi-wall carbon nanotubes

n — coefficient, which corresponds to diffusion imagism

PEGCB - polyethylene glycol-carbon nanoparticleposite

phr — part per hundred rubber

PiCB — polyisoprene-carbon nanoparticle composite

PiCB24h — polyisoprene-carbon nanoparticle compp<iB dispersed in mixture of
low viscosity, total stirring time 24h

PiCB48h — polyisoprene-carbon nanoparticle compp<iB dispersed in mixture of
high viscosity, total stirring time 48h

PiCBRoll — polyisoprene-carbon nanoparticle comigo<tB dispersed in polyisoprene
using cold rolls.

PIGMWCNT - polyisoprene-long multi-wall carbon namges composite

PIIMWCNT — polyisoprene-short multi-wall carbon mémbes composite

PIMWCNT — polyisoprene-multi-wall carbon nanotuloesnposite

PINCC — polyisoprene nanostructured carbon composit

PNCC - polymer nanostructured carbon composite

ppm — parts per million

PVACCB - polyvinylacetate-carbon nanoparticle cosigo

R,m,l — 3 parameter measurement method: electesatance (R), mass (m) and length

()

RED - relative energy difference

SMWCNT - short multi-wall carbon nanotubes

t — critical index of percolation, which shows hawnany direct electrical contacts

particle has with other particles

VOC - volatile organic compounds

VR — electrical resistance change velocidys)

¢ — dielectric permittivity

Example of composite abbreviation - PICB4.424h rseBICB24h composite, which
contains 4.4 parts per hundred rubber of CB.
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GENERAL DISCRIPTION OF THE WORK

Introduction

Development of new sensor materials for volatilgaoic compound (VOC) detection is
conducted because potential application of sensor®t limited only by air quality
control purposes (indoors and outdoors) to avoietgarisk and prevent ecological
disaster, in case of organic solvent or their neixkbge. Research results indicate that
fermentation processes and bacteria growth in fmodl beverages is accompanied by
VOC generation. Therefore, in food-processing itguproduction process progress
and ready-made product quality can be controlledv®C analysis (non-destructive
method!). Similarly VOC control can be applied igriaulture because VOC (alcohols,
aldehydes, ketones, aromatic compounds etc.) anergted while microorganisms
metabolize nutrients. One of major and for todaystmesearched sensor materials are
those, which can be applied in medicine for peaxbalation analysis (noninvasive
method!). It is known that breath of people contsypecific VOC as well. In case of
certain disease VOC composition in exhalation afgbe changes.

Nowadays VOC analyses in these fields are donenhlytcal methods, for example,
by gas chromatography, which is time consuming #&mathed people demanding
method. Commercially indicative and selective sensaterials, which could detect
VOC in real time of specific process, are purelpimble and VOC analyses are not
applied.

The doctoral dissertation is devoted to investaggatf conductive network of polymer-
nanostructured carbon composite (PNCC) dependingused polymer matrix,
electroconductive filler and composite productieehnology. PNCC capability to be
used as electro resistive sensor material for V&&dlion is evaluated and spectrum of
detectable VOC is determined. PNCC sensing priaaylVOC is explained and VOC
diffusion process in PNCC analyzed.

Aim

Elaborate polymer-nanostructured carbon composieg WOC detection at

concentrations, which are equal or below regulat€@C exposure limits in the air.

Evaluate polymer matrix and electroconductive fillmpact on VOC sensor effect of
PNCC. Experimentally prove that VOC induced PNCEctkical resistance change
mechanism is based on tunneling current decreaskinnlayers of matrix between
electroconductive filler aggregates.

Tasks
1. To elaborate polymer-nanostructured carbon comgmaihd determine:
1.1. percolation parameters of polyvinylacetate-namasiired carbon composite
(PVAcCB), polyethylene glycol-nanostructured carlvomposite (PEGCB);
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1.2. polyisoprene-nanostructured carbon compositesB24G, PiCB48h, PiCBRuoll,
PIGMWCNT, PISMWCNT) percolation parameters depegan used filler and
production method,;

1.3.VOC sensoreffect of PiCB24h, PiCB48h, PICBRoll, GMIWCNT,
PISMWCNT, PVAcCB and PEGCB composites.

2. To engineer the equipment for-situ electrical resistance (R), mass (m) and length

(I) change measurements in VOC atmosphere.

3. To performin-situ R,m,| measurements:

3.1.for polyisoprene-nanostructured carbon compogRaedCC), with a purpose to
find out fundamental principle of VOC sensor effactd electrical resistance
change mechanism in the presence of VOC.

Scientific novelty

1. Applying originally developed research method, st proved that PNCC VOC
sensing mechanism is mainly based on filler agdesganter distance increase
caused by swelling of matrix thin layers betweesnth Therefore, tunneling currents
decrease in thin layer of matrix and compositetetsd resistance increases.

2. It is proved that several VOC induced electricaisence change mechanisms in
composite exist, which are based on: tunneling ecurdecrease, destruction of
conductive network and VOC electrical conductivi@omposite conductive network
structure determines which electrical resistan@gk mechanism will appear in the
composite.

Practical novelty

Produced new polymer-nanostructured carbon congsofiitat have high sensitivity to
VOC, are selective and capable to register VOC eotnations below regulated VOC
exposure limits. Portative device prototype for V@&ection with integrated polymer-
nanostructured carbon composite sensor elemelaherated as well.

Composition and volume of the thesis

The doctoral dissertation is written in Latvianntains introduction, 3 basic chapters,
conclusions, list of literature with 94 referenc2snnexes, 107 figures and full amount
Is 160 pages.

Approbation and publications

Results of the doctoral dissertation are published SCI journal papers, 3 SCI
publications in conference proceedings and predeatel4 international scientific
conferences.
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THESIS
1. There are identified three VOC induced electriemistance change mechanisms in
polyisoprene-nanostructured carbon composite (PiINCC

[. If PINCC relative deformation is smaller than 0.@tign the VOC sensitivity
of PINCC is determined by tunneling current expdia¢mecay with relative
deformation increase. It is the basic reason wiNC@I exhibit comparatively
high sensitivity to the presence of VOC.

lI.  When the PINCC swelling in VOC progresses in timel aeaches relative
deformation values greater than 0.01, then destrucff conductive channel
occurs in PINCC. Polyisoprene thin layers betweggregates swell and
aggregate inter distance increases to the degmdetuhneling currents in
PINCC stop flowing and PINCC electrical resistamuereases exponentially
with polynomial dependence on relative deformation:

R {1% sl fdi] <) ={L)

[ll. If PINCC relative deformation change is the sambkernvPiNCC exposed to
VOC with diverse polarity, then PINCC electricasistance change is affected
by VOC electrical conductivity with a circumstantat VOC conductance is
far higher than matrix conductivity. VOC electrigalsistance shunts PINCC
electrical resistance, as a result PINCC totaktastce increase is lower than
predicted by tunneling current theory in PINCC.

2. | and Ill are dominant electrical resistance changgchanisms in polyisoprene-
multiwall carbon nanotube (PIMWCNT) compositeseléctrical resistance change
mechanism in PIMWCNT composites is not observedabse, when composite
swells, MWCNT have greater probability to retaindaform indirect electrical
contacts with other neighboring MWCNT. Both | anctlectrical resistance change
mechanisms coexist in polyisoprene-carbon nanapesti composites (PiCB).
Dominante mechanism in the composite is determibgdconductive network
structure and polyisoprene swelling extent in VO&hich depends on VOC
compatibility with polyisoprene. The Il electrica¢sistance change mechanism
realizes faster in those PiCB composites, whichehsimmpler shape of aggregates
and less filler.

3. New method and original equipment for elastomer pasite testing is developed by
in-situ measuring of electrical resistance, masslangth change in the presence of
VOC.
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CONTENT OF THE WORK

Review of literature

Review of literature is made in a manner to coverad application possibilities of
VOC detection. VOCs are widespread in surroundimgrenment and VOC analyses
can provide us with useful information in suchdghs air quality control, chemical and
petrochemical industry, food production, agricudtiand medicine. Prospective sensor
material types, detection limits, structure andkiag principles are described. In order
of reaction type to the presence of VOC followingemical sensor groups are
identified: physo-chemical, chemical and biosensditsereby slowly positioning a
readers attention to polymer-nanostructured cadoonposites (PNCC) as VOC sensor
materials. Firstly, PNCC conductive network struetis discussed from the point of
view of percolation theory. Analyzing results obtd byBalberg we conclude that
carbon nanoparticle structure and aggregate shapeah impact on the composites
critical percolation parameters and electrical ecomance [1], [2]. Statistical percolation
can be applied to describe electrical percolatiod @aonductance increase of the
composite, if content of electroconductive fillex naised in a matrix. The fact that
aggregates and agglomerates do not have direcaterds it is predicted by statistical
percolation should be taken in account. Aggregaigglomerates are separated from
each other by thin polymer layers. If the distabedveen aggregates and agglomerates
does not exceed ~5-15nm, then they are connectettieally and between them in thin
layer of matrix tunneling currents function [3]. @wgetrical contacts between particles
can be formed within aggregates and agglomerBeashofersandKovacsintroduce the
meaning of kinetic percolation — free particle mmeat, which promotes their
agglomeration. Therefore a composite percolatiwashold is achieved at much lower
filler concentration [4]. The reason for kineticrpalation can be a number of external
factors like low viscosity of the mixture, slow rsiing intensity etc. Looking through
scientific literature about PNCCs used for VOC dets, we realized that there is no
experimental evidence and comprehensive explanafiabserved VOC sensor effect
in these materials. But it is clarified that PNCO® sensitivity is determined by VOC
sorption into polymer matrix, but not into fillefherefore VOC/polymer compatibility
IS important in a composite electrical resistarftange. One of ruling factors for PNCC
application as VOC sensor materials is effectiviuslion process. In the current work
diffusion process is viewed from material structperspective in which the diffusion
process takes place, but not in depending on etdattors like temperature and
pressure. We conclude, that polymer used as a catapmatrix has to be with high
macromolecule mobility and low cohesion energytoampede VOC diffusion into the
composite. Scientific literature evidences that V@@ymer compatibility can
successfully be assessed by Hansen solubility pess) wettability coefficients or
compering dielectric permittivity values. Scierdistave concluded that PNCC electrical
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resistance change in the presence of VOC is detedhly VOC molecule diameter as
well [5]. Specific design the composite structua@ provide that VOC separation is set
by VOC molecule diameter but not by VOC/polymer pattibility. Summarizing above
mentioned, we conclude, that we should experimgntatove tunneling currents
existence in PNCC (in thin layer of matrix betwesggregates). In other words VOC
absorption induces polymer swelling and as a reflldr particles inter-distance
increase and tunneling currents between them exypialg decrease. As we conclude
that VOC sensitivity of PNCC cannot be analyzechwitt diffusion, we decided that
there is a need to do measurements, where sangpéage in size, electrical resistance
(tunneling currents) and sorption are measured [smepusly. Assessment of VOC
diffusion in PNCC stimulated lack of information literature about VOC diffusion
mechanism in PNCC. In the current work polymer magelection influence on VOC
sensitivity of PNCC, structure of PNCC and compbitybis analyzed as well.

Methodological part

Methodological part of the work contains descriptiof used polymer matrixes
materials: polyvinylacetate (PVAc), polyethylengal (PEG) and polyisoprene (Pi)
and conductive fillers: carbon nanoparticles ,carlidack” (CB), long and short multi
wall carbon nanotubes (LMWCNT and SMWCNT). CB isrghased from Evonik
Degussa GmbH. Average diameter of CB primary gdartis 30nm, dibutilphtalate
absorption 380ml/100g, specific surface area — $BPnmiong multi-wall carbon
nanotube (LMWCNT), purchased from Aldrich; outeameter is 40-60 nm and inner
diameter is 5-10 nm, length 0,5-500, maximal aspect ratio12500. Short multi wall
carbon nanotubes (SMWCNT) were obtained from Italiastitute of Technology
Smart Materials Platform. SMWCNT outer diameteb@&80 nm, inner diameter is 5-
15 nm, length 0,5{8m, maximal aspect ratio 40. Specific surface afe’#g, electrical
conductance 100S/cm and density 2.1 §/cin methodological part production
technology of PNCC is described. Schemes of proglucf PNCCs are shown in Fig. 1
and Fig. 2. Polyisoprene-carbon nanoparticle coitgm$PiCB) were prepared in three
different ways. PiCB composites produced accordimd® method further will be
labeled as PiCBRoll. According td™method two types of PiCB composites were
produced and further will be labeled as PiCB48h RieB24h. PiCB48h was produced
directly as shown in Fig. 2 with over all stirrinigne 48 hours. But PiCB24h was
produced modifying the "2 method. CB dispersion in chloroform was added to
polyisoprene/chloroform mixture, while polyisopremigd not start to dissolve in
chloroform. The absolute stirring time of PiCB24hxtare was 24 hours. Other
composites: PVAcCB, PEGCB, PILMWCNT and PiISMWCNT reveproduced
according to scheme shown on Fig. 2.
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Natural
rubber
Vulcanization
agents

Filler (CB)

Unvulacanized
rubber

~— 3 Moulding at 150°C and
under 30atm pressure
Fig. 1. PNCC production scheme according to thméthod.

Chloroform,
ethanol

Chloroform,

ethanol Polymer Filler

Stirring on Filler disspersion with
magnetic ultrasound homogenizer
stirrer
Composite
mixture coating
onh epoxy
Stirring on laminate
magentic stirrer substrate

Moulding at 150°C and
under 30atm pressure

Fig. 2. PNCC production scheme according to fHerthod.

A sample, which is subjected to VOC sensitivitytsestructure is shown in Fig.3 and
described in methodological part of the work.

PNCC layer Epoxy laminate substrate
Brass wire electrodes /
N 14mm
—
10mm

Fig.3. Schematic structure of PNCC sample.
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Fig.4 a) PNCC sample in the sample holder of spdeisign. b) Experimental setup for
simultaneous electrical resistance, mass and langdsurements.

Methodological part contains description of usedigeent for measurements and

originally produced equipment for in-situ electticasistance, mass and length change
measurements in the presence of VOC (Fig.4). Wesassd the equipment capability to

maintain desirable VOC atmosphere for a certairetand determined measurement
limiting factors of the equipment. Method of R,méasurements is discussed.

Experimental part

Experimental part subsectigfOC sensitivity of PNCC” basically can be divided in
two subparts. In the first subpart we evaluate oohde network structure of PNCC
depending on used elaboration method and compositfiocomposite. A composite
electrical conductivity, according to statisticargolation theory, is calculated by:

J:aomf_fc)t, (1)

whereg, - initial conductivity of the material (S/mf)— filler concentrationf, — critical

filler concentration (percolation threshold), t #tical index of percolation. In the
equation f > f.. Statistical percolation scaling low predicts egdrithm equation (1)
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and to look for value df till experimental data has the best fit with linéanction. The
best linear fit is reached, when the highest valug’® is achieved [6], [7]. We estimated
obtained electrical percolation curves of producethposites (Fig.5) and determined
percolation critical parameterg é&nd t) according to above made descriptidavickis
et.al had determined PiICBRoll composite percolatioincal parameters previously [7].
Table 1 contains all obtained percolation critigatameters of composites. The data is a
base for composites conductive network structuerpmetation.
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Fig.5.(on the leftfPNCC conductivity versus CB concentration in themposite
composition(on the rightPIMWCNT conductivity versus MWCNT concentration in
the composite composition.

Table 1. Percolation critical parameters of PN@HC — parts per hundred rubber).

Material fe, phr t Notes
PiCB24h 1,2 7,4 | Influence of
PiCB48h 2,6 1,078| production
PiCBRoll 8,1 6,6 technology
PiCB48h 2,6 1,078 Influence of
PVAcCB 2 2,05 matrix
PEGCB 0,75 1,28

PiCB48h 2,6 1,078 Influence of
PIGMWCNT | 3,15 w.% = 3,4 pht 4,95 filler
PISMWCNT | 5,8 w.% = 6,13 phr 4,54

CB dispersion quality in PiCB composites, obtainveith different techniques, was
evaluated by examining nitrogen fractured compositdace with scanning electron
microscopy (SEM). Obtained images of PiCB commgassare shown in Fig. 6.
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Fig. 6. SEM |mages of PICB compositésn the left)PiCB4.448h(in the midle)
PiCB4.424h andon the right)PiCB10Roll.

Summarizing obtained results we conclude, thaterfildispersion method has
determinant effect on composite conductive netvgbrdcture. Shear forces are exerted
on carbon nanoparticle agglomerates, when fillemiatrix is mixed utilizing ,dry
method” (£' method). In this case agglomerates are destrogesl than in case of
carbon nanoparticle dispersion using ultrasound dgemizer. The statement proves
obtained results: PiICBRoll critical index (t) valise6,6 (see Table 1.). It means that one
particle has at least 6,6 electroconductive costaath other carbon nanoparticles and
shape of the aggregate is more complex than foB#8G composites. Possible
aggregates shapes of PiCB composites are visuahzed).7. Aggregate pictures are
drawn taking in to account determined percolatiariical parameters. PiCBRoll
percolation threshold is high and the compositen gaonductivity at higher filler
concentrations due to extremely high matrix visigosvhen filler is added. Therefore,
CB aggregates are more isolated from each otherhagtter filler concentration is
needed to obtain percolation threshold. Compogitesuced with ,wet method” (2
method), where CB dispersed using ultrasound, Bawvaler CB aggregates and more
spherical like shape than PiCBRoll composites, beeaCB nanoparticles have fewer
contacts with other particles. However in this cdsgerminant role plays viscosity of
the mixture at the time of filler dispersion adaliti CB aggregation and complex shape
aggregate formation is promoted when filler is atte low viscosity mixture (Fig.7.
b)). It is a reason why PiCB24h becomes condu@tewer filler concentrations than
other PIiCB composites (see Table 1.). On contr@®, tendency to aggregate is
suppressed if filler is added to high viscosity tamre (see PiCB48h in Table 1.). The
composite obtains conductivity at higher filler centrations and the shape of
aggregates is simpler and more spherical like TFag).
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Fig.7. Shape of CB aggregates in PiCB composit€s@348h, b) PiCB24h and c)
PiCBRoll. Red sphere — CB nanoparticle that fororstacts with other CB particles.
Green sphere — CB patrticle that forms electricalyduictive contact with red sphere.

PICBRoll. e — carbon nanoparticle. CB aggregates in this catgaircumscribed with
grey dotted line. Red lines — tunneling currentsed within CB aggregates and
agglomerates.

CB aggregate conductive network structure withia domposite matrix is drawn to
understand VOC induced PINCC electrical resistadcange. PiCB48h composite
conductive network structure consists of simplepsh&B aggregates, which are
separated by thin polyisoprene layer (Fig.8 a))ndimtive network structure of
PiCB24h is made of complex shape aggregates whicladdition are mutually
agglomerated (Fig.8 b)). PICBRoll composite conthechetwork has equally complex
shape aggregates as PiCB24h composite, but aggsegyat not mutually agglomerated
(Fig.8 c)).

PNCC conductivity according to determined percolaticritical parameters is
dependent on used polymer matrix structure (crys¢alamorphous, amorphous-cross
linked) (see Table 1.). Percolation threshold isieed at lower filler concentrations if
crystalline polymer matrix with linear macromoleesilis used for the composite
production.

Percolation critical parameters were compared f@dpced PINCC with different
fillers. If MWCNT are used as filler, then lower rpelation threshold is obtained in
case of MWCNT with higher aspect ratio. Despitet tiaat, PILMWCNT percolation
threshold is far higher than for PiICB compositesisBd percolation threshold we relate
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with LMWCNT spaghetti like structure (diminish asperatio). MWCNT/polymer
interaction cannot be excluded as well. CB nanapariendency to agglomerate greatly
increases nanoparticle aspect ratio.

In the second subsection of the sect]d®C sensitivity of PNCC” results concerning
VOC sensitivity of PNCC, electrical resistance xal#on, repeatability and evaluation
of matrix/VOC compatibility, comparing dielectricepnittivity values and Hansen
solubility parameters, are presented. Correlatiiwben compatibility and the
composite electrical resistance change in the poesef VOC is found.

For example, in Fig. 9 PiCB24h composite relatigsistance change versus time is
shown, when sample is exposed to toluene 2000pghredaxed in the air. PiCB24h
composite samples differ from each other by CB eoint3.3; 4.4; 5.5 and 6.6 parts per
hundred rubber (phr), respectively. The highespaoese is observed for PiCB24h
composite with 4.4 phr of CB. This composite confsrto the region in percolation
curve slightly above percolation threshold. Also R/AcCB and PEGCB composites
the highest electrical resistance change was obdeior compositions slightly above
percolation thresholds. However, for PiCB48h, PILKAWT and PISMWCNT
composites the highest response was observed fopasitions far from percolation
transition, where the best sensitivity is expected.
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Fig. 9. Toluene (2000ppm) induced relative eleatrresistance changaR/R,) of
PiCB24h composites depending on filler contenti@824h.

For gas sensor materials not only high sensitiatgt fast response is expected, but also
remarkably fast relaxation process — initial eleelr resistance acquisition. Material
capability to recover initial electrical resistanager interaction with VOC would be
considered as advantage because it would give sibddg of frequent usage of a
sensor. Electrical resistance relaxation data asertbed by equation and relaxation

constantst) are determined:
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t
AR/ Rogy = AR/ Ryy + A @xp{—?J

7, (2)
where AR/Ryy — relative electrical resistance change in timaR/Ry., — relative
electrical resistance change, when t tends,tb— time, sy, — relaxation time constant
(s). At the beginning PiCB848h relative electrigakistance change in time was
determined, when the composite exposed to incrg@sincentration of toluene (100 till
500ppm) and relaxation in the air was recorded @l &lectrical resistance relaxation
curves for samples previously exposed to diffetelitene concentrations are shown in
Fig.10.
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Fig.10. PiCB848h electrical resistance changeme tafter the sample was exposed to
toluene. Experimental data are fitted with theasdtcurves (Eq.(2)).

Produced composites were exposed to different Vatselectrical resistance change
was registered with a purpose to determine PNCérgelty to particular VOC. PNCC
selectivity is determined by VOC and matrix comipidity, which we evaluated, firstly,
by compering dielectric permittivity values)(Thee value for polyisoprene is 2,68 [9].
In Fig.11 PiCB4.424h and PISMWCNT17 relative eleetr resistance change in the
presence of VOCs with diverse polarity are shownntobtained results in Fig.11 can
conclude that PNCC electrical resistance resporeatly differ if VOCs are changed.
In addition to that, as VOE value is closer to polyisoprenreas electrical resistance
change of PNCC is higher. VOC molecule dimensianpaict on PNCC electrical
resistance change velocity also has been examiRgdl? (on the left). These
measurements were performed by picking up VOC phat have equal diameter (d),
but different values ot and on contrary: different d and equal or clasealues.
Obtained results indicate that PNCC electricalstasice change in the presence of VOC
IS mainly determined by VOC and composite matrixnpatibility and molecule
diameter has minor effect on electrical resistanbhange. Polyisoprene and VOC
compatibility was examined also by comparing Hans@bility parameters. Relative
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energy difference (RED) between polyisoprene an@C\W@s determined. In Fig.18r{
the righ) PICB10Roll electrical resistance change velofity) with respect to value of

RED is presented.
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Fig.11(on the left)Relative electrical resistance change of PiCB4.484rOC and
relaxation in the air. TWAand IDLH are VOC concentration level@n the right)
Relative electrical resistance change of PISMWCNIRIVOC and in the air.
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Fig.12.(on the left)Electrical resistance change velocityk\6f PICB10Roll versus
VOC molecule diameter (d) and valuesofon the right)Electrical resistance change
velocity PICB10Roll in different VOC versus relagienergy difference (for
polyisoprene and respective VOC).

1 TWA - average, permissible VOC concentration im&r working day and 40 hour working week.
% IDLH — VOC concentration which is immediatly danges to life and health of humans.
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We conclude that correlation betweer ¥nd RED exists: as VOC and Pi relative
energy difference decreases, PINCC electricalteagie change velocity increases, that
IS, sensitivity to VOC.

Experimental part subsectig®imultaneous electrical resistance, mass and lergt
change measurements’contains description about originally developedthod for
simultaneous R,m,| measurements. PINCC three p&eanchanges in time, when
sample exposed to VOC, are discussed. Correlagtwden absorbed mass of VOC,
relative deformation and the composite electriealstance change is estimated. PINCC
3 parameter change in time is assessed for samtleslifferent production method
and fillers used. Firstly, obtained data gave asibigy to explain in detail observed
VOC sensor effect of PINCC (electrical resistanbange mechanism) and relaxation
process in the air. Secondly, rather unique dat& \&ehieved about VOC diffusion in
PINCC. Only few research reports concerning VOQudibn in PNCC are found in
scientific literature. Obtained results of VOC ddfon in PINCC are compared with
diffusion theory in polymers.

One of R,m,I measurements for PiCB4.448h and PiSMWIZ composites in toluene
vapour are given in Fig.13. Character for all R,mrves is similar and three
characteristic areas are identified: a) first 10Qflsctrical resistance, mass and
deformation of the sample increases; b) saturaBddCC has reached thermodynamic
equilibrium in existing conditions; c) relaxationopess after VOC is removed from the
test chamber.
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Fig.13.(on the left)PiCB4.448h andon the right)PISMWCNT17 electrical resistance,
mass and length change in time, when sample expgogetliene vapour and in the air
after vapour removal.

R,m,| measurement made in VOC indicated that atehet VOC compatibility with

polyisoprene as more VOC is absorbed, as higheslasive deformation and electrical
resistance change. Therefore relaxation procqga®lisnged as well.

PINCC capability to swell is directly affected bysad filler. MWCNT act as
reinforcement of polyisoprene and therefore polyisae swelling in PSMWCNT
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composites is greatly limited. Due to entangleddtmre LMWCNT has more evident
reinforcing action than SMWCNT. In Fig.13 R,m,l ,saeement results are shown for
PiCB4.448h and PISMWCNT17 composites. Comparingeahesults we noticed that at
the same maximal relative mass change both conggdséve sharply different relative
deformation values. We conclude the following: nomeolecules are able to move
simple shape CB aggregates/particles therefore &Bicts macromolecule mobility,
but not swelling of the composite.
R,m,| measurement results indicate that electresiktance relaxation process is related
to ability of macromolecules to rearrange and tbiee equilibrium state which
conforms with desorbed state. At a mean time magl®ecales move particles closer to
each other till their approximate initial distanise renewed and composites initial
resistance is reached.
The section named ,VOC diffusion into PNCC” is mdéd in ,Simultaneous
electrical resistance, mass and length change measments”, where VOC sorption
results are presented. Equilibrium sorption foatieely short times from the point of
view of diffusion theory can be described by [1Q]L]:

1
m _ 4[Dt}2

mwlﬂ1 @3)

wherem is increase of weight in tintem,, - increase of weight, whertends to

infinity, D — diffusion coefficient| — thickness of a sample ahdtime.

Depending on structure of polymer (crystalline, gohous, amorphous-cross linked)
VOC diffusion in polymer can vary from Fickian tocomFickian. VOC diffusion
mechanism in polymer is determined according tagqn [10]:

M

M. , @
where k is a constant, but n — constant which emds about existing VOC diffusion
mechanism in a polymer. If n = 0.5, then the rataifusion is much slower than
molecular chain relaxation (Fick diffusion) [12]3]L The amount of diffusant absorbed
by a polymer in which this diffusion mechanism &ia can be registered by immediate
rearrangement of macromolecules and a respectiuedse of electrical resistance.
When diffusion is very fast compared with molecutdrain relaxation, it is called
Supercase Il n > 1 or Case Il and n = 1 [12],[1i3lneans that macromolecules do not
conform immediately and it take sufficiently longene to rearrange positions toward
equilibrium conformation consistent with sorbedestdf such a polymer matrix is used
for sensor material, then it would cause delayats@eresponse to the presence of
vapour. The third type is anomalous diffusion (8.% < 1) occurring, when rates of
diffusion and molecular chain relaxation are comp&r [12],[13] meaning that
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polymer macromolecules conform almost immediatélgraabsorption of the analyte.
From the facts mentioned above follows that forl-time vapour concentration
monitoring in the air and rapid response sensoenas$ value of n within 06n < 1
(Fick or anomalous diffusion, respectively) is grable.
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Fig.14.(one the leftMass change in time of PiCB4.448h composite, wdsnples
exposed to different VOC. Inset graph shows maasg# in time till dm, reaches 0,6,
for diffusion coefficient calculation purposéen the right)Logarithm of mass change

in time of PiCB4.448h composite, when samples esgds different VOCs.

In Fig.14 mass sorption results of PiCB4.448h casitpoin different VOC are
presented. From experimental data, according t¢3EqgVOC diffusion coefficient
(Fig.14. on the leff) and according to Eq.(4) diffusion mechanism (Eg ©n the
right)) in PiCB4.448h composite is calculated. Determdinigfusion coefficients and
diffusion mechanism constants for PINCC are sunzedrin Table 2. As all obtained
values of n are within the limits from ~0,5 to MOC diffusion in PINCC is dominated
by anomalous diffusion mechanism. It means that \difftision speed is comparable
with macromolecule mobility. R,m,l results evidertb@t macromolecules are linked
with physical and chemical bonds to filler partgleTherefore, polyisoprene
macromolecule ability to follow speed of VOC diffois decreases with increasing
diffusion speed.
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Table 2. VOC diffusion coeficient (D) and diffusiomechanism (n) in PINCC

Material VOC D, cm?/s n
PiCB4.448h acetone 2,18° M| 4 0,880
PiCB4.448h toluene | 3,207 1,011
PiCB4.448h chloroform| 2,640 0,756
PiCB848h toluene | 4,10 /|4 0,853 =
PiCB848h chloroform| 3,270’ 0,650 S
PiCB4.424h ethylacetat¢6,3210" T T 0,854 5]
PiCB4.424h toluene | 4,10’ 0,702 2
PICB10Roll ethylacetatd 2,807 7 T 0598 o
PiCB10Roll toluene | 2,380’ 0,567 =
PiISMWCNT17 toluene | 7,000° 4 0,601 2
PiISMWCNT17 | ethylacetate 2,18’ T 0,473 B
PILMWCNT7 ethylacetate| 6,20 0,422

In experimental part subsection callgelectrical resistance change mechanism of
PINCC” electrical resistance change versus relative defoom of PINCC is
determined and VOC induced electrical resistancang mechanisms identified.
Theoretically electrical resistance of electrocarithe polymer composite is calculated
taking into account number of particles, which tgleet in electroconductive channel
formation and number of conducting pafBk[14],[15]:

87hs
(3 }ej Xp(s,) | (5)

where L — number of particles in a single conduripath, N — number of conducting
paths, g — least distance between conducting particles; effective cross area of
tunneling, e — electron charge;- constant calculated by:

y= —\/ 2mge (6)

where m — mass of the electron, h — Plank’s cohstar potential barrier height
between particles. A composite electrical resisganersus particle inter-distance
change, when a specimen is mechanically compresssealculated according to [3]:

R_s _
R s, exfy(s—s,)] (7)

where R — initial electrical resistance of the compostg;- initial distance between
particles. When electroconductive composite istatexl, then particle inter-distance
change is expressed as [14]:

s=g+e)= so[1+5'j, @)

IO
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whereAl = |-l o, I — initial length of a sample.
Substitution of Eq.(8) into Eqg. (7) yields [13]:

INnR=InR, + In{1+ él} Ab(ﬂj ©)

I0 I0 ’

where A =vS.
Firstly, VOC contribution in PINCC electrical resmace change was examined. As
utilized matrix in PINCC composites is the same elyisoprene, VOC impact
assessment was done only for one PINCC compos#idRiCB4.448h. In Fig.15
PiCB4.448h electrical resistance versus relatiierdstion (Al/lg till 0.01) is shown,
when the sample is held in acetone, chloroform tahgene. Results indicate that the
composites electrical resistance exponentially eéases with respect to relative
deformation and the data can be well fitted with(&g(see Fig.15dn the leff), where
equation member In(/l1,) = 0. Measurement results prove that the composit€ VO
sensor effect is based on matrix swelling, distanceease of CB aggregates, tunneling
current decrease and composites electrical resestasrease accordingly.
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Fig.15.(one the leftPiCB4.448h electrical resistance change versusvwela
deformation in acetone, chloroform and toluene vap8olid line denotes theoretical
fitting by Eq. (9) of experimental data (point&n the right)PiCB4.448h electrical
resistance change versus relative deformationulen@ vapour. Solid line denotes

theoretical fitting by Eq. (10) of experimental @points).

After measurements in different VOCs with the satomposite, we realized that the
composites electrical resistance change is affdayedOC electrical resistantevhen
relative deformation is the same. If VOC condutyivs significantly higher than matrix
conductivity, VOC electrical resistance shunts tteanposites electrical resistance.
Accordingly, final electrical resistance changehad composite is less than it should be

3 Specific electrical resistance of tested VOC j&: 1d°Qm (toluene), 1,6- f®m (chloroform) and
4,08-1d0Qm (acetone).
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with respect to relative deformation. For exampi@uene itself has the highest
electrical resistance with value close to isola(erl0Q). In toluene vapour
PiCB4.448h has the largest electrical resistaneagh because toluene vapour does not
shunt electrical resistance of the composite. se @ chloroform PiCB4.448h electrical
resistance change is less, because chloroform vaboumts electrical resistance of the
composite. The highest degree of shunting is olesenv case of acetone and therefore
the composite electrical resistance change invpeur is the smallest.

When PiCB4.448h was exposed to toluene, relativerchation larger than 0.01 was
achieved and very rapid electrical resistance asgeobserved (Fig.1%r{ the righj).
This is explained with such inter-distance increae€CB aggregates, that tunneling
currents cannot flow anymore. Electroconductivencieh destruction occurs and total
number of conducting paths (N) decrease in the csitgg Therefore we conclude that
electroconductive channel destruction in the cont@a®alizes when the composite
swelling in VOC proceeds and relative deformaticonesds 0.01 and the composite’s
electrical resistance increase exponentially withymomial dependence on relative
deformation. Mathematically this is described byagpn:

LI 1 R o I

Secondly, existing electrical resistance change ham@ism in PiCB composites
elaborated with different methods was examinedaidbt electrical resistance change
versus relative deformation of PICB compositesasdnstrated in Fig.16. It is evident
that in PiCB4.424h noticeably different electricedsistance change mechanism
comparing to PiCB48h and PiCB1ORoll exists. PICR4Hl sharp electrical resistance
increase we relate to conductive network structiirdfile composite. Even one element
(aggregate/agglomerate) withdrawn from conductigevork, which is made of only
few elements, leads to extremely high electricalstance increase of the composite.
PiCB4.424h composite unlike others was exposedwtoet reduced toluene vapour
concentration. In this case electrical resistari@ge mechanism related to tunneling
current decrease in thin layer of matrix, was weintified because the smallest length
change measurable by used camera jgnl2
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Fig.16. att. PiCB electrical resistance versugdiradadeformation, when samples
exposed to toluene vapour.

Similar electrical resistance change mechanismerdity to Eq.(9) and Eq.(10) were
observed for PiCB4.448h, PiCB848h and PiCBlORolhposites. Two samples of
PiCB48h composite containing 4.4 and 8 phr of CBrew¢ested. PiCB4.448h
corresponds to the composition in percolation itexmsregion, but PiCB848h showed
the highest sensitivity to VOC in previous expenmse PiCB4.448h, PiCB848h and
PiCB10Roll composites electrical resistance chatgelative deformation smaller than
0.01 is given in Fig.17o0h the leff. We conclude that for all composites tested aleait

resistance increases exponentially with respectladive deformation. It proves that in
these composites tunneling currents exist.
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Fig.17. PiCB electrical resistance change verdasive deformation < 0.0(on the left)
and > 0.0Xon the right) when samples exposed to toluene vapour. Expetangata
points theoretically fitted with Eq.(9) and Eq.(10)

If relative deformation of PiCB4.448h, PiCB848h aeCB10Roll composites is larger
than 0.01, then electrical resistance of testedposites increases sharply and it is
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related to conductive channel destruction (Fig.@@ the righj). We conclude that
destruction of conductive channels is dependennitial number of conducting paths.
As the number of conduction paths is smaller asefadestruction of conducting
channels occurs. For example, more rapidly thistetal resistance change mechanism
realizes in PiCB4.448h, and then follows PiCB8480 ®iCB10Roll. Obtained results
also indicate that faster destruction of conductivannels occurs if conductive network
Is made of simple shape CB aggregates. Shape cxtypdé CB aggregates increases
in the following order PiCB4.448h, PiCB848h and BiDRuoll.

Thirdly, VOC induced electrical resistance changeclhanism was examined for
PIMWCNT composites. In Fig.18 PISMWCNT17 and PILMWT? electrical
resistance versus relative deformation in ethyltaieevapour is shown. Results
evidence that composites electrical resistancee@asas exponentially with respect to
relative deformation. In case of PIMWCNT compositdsctrical resistance change
mechanism related to destruction of conductive w©hEn was not observed in
experiments with ethyl acetate and toluene vapsunval. However, maximal relative
deformation of PISMWCNT17 composite in toluene waps 0.016. In our opinion,
destruction of conductive channels in this caseotsobserved due to MWCNT larger
surface area. When PIMWCNT composite swells, MWONE larger probability to
form indirect conductive contacts with other nealfhyWCNT, where tunneling current
can exist.
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Fig.18. PSMWCNT electrical resistance change versiasive deformation, when
samples exposed to ethyl acetate vapour. Experangata points theoretically fitted
with Eq.(9).

Summarizing results presented in the sectjBmultaneous electrical resistance,

mass and length measurementdbllowing conclusions are made:

1. VOC induced 3 parameter change of PNCC is dependenVOC and matrix
compatibility. As better compatibility, as more ZQs absorbed, as lager is PNCC
swelling and electrical resistance change.
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2. Simultaneous electrical resistance and relativerd&ition change of the composite
at the time of VOC detection and relaxation in #weindirectly indicate that CB
filler is covalently bond with polyisoprene macroewules.

3. PNCC ability to swell in the presence of VOC is eegent of used filler. CB
restricts macromolecule mobility, but not swellinggecause macromolecules can
move CB aggregates/particles. MWCNT act as reieiment of the polymer.
LMWCNT has more evident reinforcing action than SKAWT and it limits the
composite expansion.

4. R,m,| measurement results evidence that electresistance relaxation process is
related to macromolecule ability to rearrange agxbver equilibrium state which
corresponds to desorbed state. At a mean time madecules move particles closer
to each other till their approximate initial distanis renewed and composite initial
resistance is reached.

5. In PINCC anomalous VOC diffusion mechanism existed at conforms to
comparable VOC diffusion velocity and polymer manaodecule mobility.

6. VOC diffusion analysis in PINCC evidences that mmprene macromolecule
ability to follow diffusion velocity decreases witincrease of diffusion velocity,
because macromolecules are bond to filler partieids chemical bonds.

7. Experimentally proved that PINCC VOC sensor effiscbased on VOC induced
composite swelling, particle inter-distance incegdasinneling current decrease and
composite electrical resistance exponentially iasee with respect to relative
deformation. In addition to that, in PINCC two makectrical resistance change
mechanisms have been observed, which are relatettdwuction of conductive
channels and VOC electrical conductivity.

8. Electrical resistance change mechanism in the pcesef diverse VOC for the same
composite is dependent on PINCC swelling and determined by VOC/polymer
compatibility.

9. At the same relative deformation of PINCC in diffiet VOC electrical conductivity
of the VOC must be taken into account. If it is egkably higher than polymer
(dielectric) conductivity, then VOC shunts compestectrical resistance.

10.VOC induced electrical resistance change mechansndetermined by the
composite conductive network structure, its bubdirlements (particles or
nanotubes), aggregation extent of the filler, shaped size of aggregates and
dispersion quality within the matrix as well.

In the last subsection of experimental part devicetotype for VOC detection

elaborated by student of Riga Technical Univerddyars Deksnis (Fig.19) is

described. In the prototype PiCB848h composite @C\sensor element is integrated.

In this section measurements representing the VE&€cton threshold for PiCB848h

and PISMWCNT17 composites are also demonstratedsitements were made in the

following order. Both composites and probe of pihmtization detector were placed
[28]



into the test chamber. Toluene was injected in® tdst chamber. At the same time
electrical resistance change of composites andeneluconcentration increase by
photoionization detector was monitored.
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o
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Fig.19. Device bfbtotype with integrated PiCB848hsor element.
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CONCLUSIONS

. New sensor material intended for volatile organienpound (VOC) detection is
elaborated based on conductive filler (CB or MWCNiNd polyisoprene. VOC
detection threshold of the sensor material is 75@miene), which is lower than
regulated exposure limits. The working principlesehsor material is systematically
researched using original setup and method.

. Conducting network structure and electrical resista of PICB composite is
dependent on filler dispersion technology in thérmalf mixing using cold rolls is
applied for filler dispersion, then the composienductive network is made of
isolated complex shape CB aggregates. In this lzager amount of CB filler is
necessary to obtained conductive composite. [rfils dispersed in matrix by
solution mixing method, then conductive network tbé composite consists of
simple shape CB aggregates, less filler is necg$sayain conductive composite. In
this case shape complexity of CB aggregate is uhited by viscosity of the mixture
at the time of composite production.

. Conductivity of PIMWCNT composites can be obtained smaller filler
concentrations if MWCNT with higher aspect ratio used. Experimentally
determined PILMWCNT percolation threshold is renadnly higher than
theoretically calculated due to LMWCNT spaghettkeli structure, which
significantly decreases aspect ratio of nanotuli¢swever, MWCNT/polymer
interaction cannot be excluded as well.

. PNCC conductivity, according to determined pergotafparameters, is dependent
on utilized matrix structure (crystalline, amorpepamorphous-cross linked) used
for a composite production. Percolation threshadd achieved at lower filler
concentrations if crystalline polymer with linearnda compactly arranged
macromolecules is used.

. PNCC with selective VOC sensor effect are elabdrathe sensor effect is
reversible — PNCC after exposure to VOC recoveisalnelectrical resistance.
Electrical resistance relaxation process is reltdethatrix macromolecule ability to
rearrange and recover equilibrium state which epwads to desorbed state of
matrix. At a mean time macromolecules move pasicleser to each other till their
approximate initial distance is renewed and contpasitial resistance is reached.

. PNCC electrical resistance change in the presein¢®G@ is generally influenced by
VOC compatibility with the composite matrix. VOCdapolyisoprene compatibility
iIs evaluated by comparing Hansen solubility paransetand relative energy
difference. PINCC sensitivity to VOC increases wittlative energy difference
decrease.

. Three parameter change in time is registered usmiggnal setup and method, when
PNCC samples are exposed to VOC and during retaxati the air. PNCC three
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parameter change is dependent on VOC and matripabiility. As better it is as
larger amount of VOC is absorbed, higher swellirigthe composite and larger
electrical resistance change achieved.

. Experimentally determined that in PINCC anomalou3CV/diffusion mechanism
exists and it conforms to comparable VOC diffusigalocity and polymer
macromolecule mobility. However, polyisoprene mawotecule ability to follow
diffusion velocity decreases with increase of diftun velocity, because
macromolecules are bond to filler particles witlermincal bonds.

. Experimentally proved that PINCC VOC sensor effiscbased on VOC induced
composite swelling, particle inter-distance incegdasinneling current decrease and
composite electrical resistance exponentially iasee with respect to relative
deformation. In addition to that, two more eledlicesistance change mechanisms
have been observed in PINCC, which are related estraction of conductive
channels and VOC electrical conductivity.
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