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ABBREVIATIONS 

CB – „carbon black” carbon nanoparticles  
D – diffusion coefficient 
d – molecule diameter 
fc – critical percolation concentration (percolation threshold) 
HSP – Hansen solubility parameters 
LMWCNT – long multi-wall carbon nanotubes 
MWCNT – multi-wall carbon nanotubes 
n – coefficient, which corresponds to diffusion mechanism 
PEGCB  – polyethylene glycol-carbon nanoparticle composite 
phr – part per hundred rubber 
PiCB – polyisoprene-carbon nanoparticle composite 
PiCB24h – polyisoprene-carbon nanoparticle composite, CB dispersed in mixture of 

low viscosity, total stirring time 24h  
PiCB48h – polyisoprene-carbon nanoparticle composite, CB dispersed in mixture of 

high viscosity, total stirring time 48h 
PiCBRoll – polyisoprene-carbon nanoparticle composite, CB dispersed in polyisoprene 

using cold rolls. 
PiGMWCNT – polyisoprene-long multi-wall carbon nanotubes composite 
PiIMWCNT – polyisoprene-short multi-wall carbon nanotubes composite 
PiMWCNT – polyisoprene-multi-wall carbon nanotubes composite 
PiNCC – polyisoprene nanostructured carbon composite 
PNCC – polymer nanostructured carbon composite 
ppm – parts per million 
PVAcCB – polyvinylacetate-carbon nanoparticle composite 
R,m,l – 3 parameter measurement method: electrical resistance (R), mass (m) and length 
(l) 
RED – relative energy difference 
SMWCNT – short multi-wall carbon nanotubes 
t – critical index of percolation, which shows how many direct electrical contacts 
particle has with other particles 
VOC – volatile organic compounds 
VR – electrical resistance change velocity (Ω/s) 
ε – dielectric permittivity 
 
Example of composite abbreviation - PiCB4.424h means PiCB24h 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 volatile organic compound (VOC) detection is 
conducted because potential application of sensors is not limited only by air quality 
control purposes (indoors and outdoors) to avoid safety risk and prevent ecological 
disaster, in case of organic solvent or their mix leakage. Research results indicate that 
fermentation processes and bacteria growth in food and beverages is accompanied by 
VOC generation. Therefore, in food-processing industry production process progress 
and ready-made product quality can be controlled by VOC analysis (non-destructive 
method!). Similarly VOC control can be applied in agriculture because VOC (alcohols, 
aldehydes, ketones, aromatic compounds etc.) are generated while microorganisms 
metabolize nutrients. One of major and for today most researched sensor materials are 
those, which can be applied in medicine for people exhalation analysis (noninvasive 
method!). It is known that breath of people contain specific VOC as well. In case of 
certain disease VOC composition in exhalation of people changes.  
Nowadays VOC analyses in these fields are done by analytical methods, for example, 
by gas chromatography, which is time consuming and trained people demanding 
method. Commercially indicative and selective sensor materials, which could detect 
VOC in real time of specific process, are purely available and VOC analyses are not 
applied. 
The doctoral dissertation is devoted to investigation of conductive network of polymer-
nanostructured carbon composite (PNCC) depending on used polymer matrix, 
electroconductive filler and composite production technology. PNCC capability to be 
used as electro resistive sensor material for VOC detection is evaluated and spectrum of 
detectable VOC is determined. PNCC sensing principle of VOC is explained and VOC 
diffusion process in PNCC analyzed. 

Aim  
Elaborate polymer-nanostructured carbon composite for VOC detection at 
concentrations, which are equal or below regulated VOC exposure limits in the air. 
Evaluate polymer matrix and electroconductive filler impact on VOC sensor effect of 
PNCC. Experimentally prove that VOC induced PNCC electrical resistance change 
mechanism is based on tunneling current decrease in thin layers of matrix between 
electroconductive filler aggregates. 

Tasks  
1. To elaborate polymer-nanostructured carbon composites and determine:  

1.1.  percolation parameters of polyvinylacetate-nanostructured carbon composite 
(PVAcCB), polyethylene glycol-nanostructured carbon composite (PEGCB);  
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1.2.  polyisoprene-nanostructured carbon composites (PiCB24h, PiCB48h, PiCBRoll, 
PiGMWCNT, PiSMWCNT) percolation parameters depending on used filler and 
production method; 

1.3.  VOC sensoreffect of PiCB24h, PiCB48h, PiCBRoll, PiGMWCNT, 
PiSMWCNT, PVAcCB and PEGCB composites. 

2. To engineer the equipment for in-situ electrical resistance (R), mass (m) and length 
(l) change measurements in VOC atmosphere. 

3. To perform in-situ R,m,l measurements: 
3.1.  for polyisoprene-nanostructured carbon composites (PiNCC), with a purpose to 

find out fundamental principle of VOC sensor effect and electrical resistance 
change mechanism in the presence of VOC. 

Scientific novelty  
1. Applying originally developed research method, it is proved that PNCC VOC 

sensing mechanism is mainly based on filler aggregates inter distance increase 
caused by swelling of matrix thin layers between them. Therefore, tunneling currents 
decrease in thin layer of matrix and composite electrical resistance increases.   

2. It is proved that several VOC induced electrical resistance change mechanisms in 
composite exist, which are based on: tunneling current decrease, destruction of 
conductive network and VOC electrical conductivity. Composite conductive network 
structure determines which electrical resistance change mechanism will appear in the 
composite. 

Practical novelty  
Produced new polymer-nanostructured carbon composites that have high sensitivity to 
VOC, are selective and capable to register VOC concentrations below regulated VOC 
exposure limits. Portative device prototype for VOC detection with integrated polymer-
nanostructured carbon composite sensor element is elaborated as well. 

Composition and volume of the thesis 
The doctoral dissertation is written in Latvian, contains introduction, 3 basic chapters, 
conclusions, list of literature with 94 references, 2 annexes, 107 figures and full amount 
is 160 pages.  

Approbation and publications 
Results of the doctoral dissertation are published in 3 SCI journal papers, 3 SCI 
publications in conference proceedings and presented at 14 international scientific 
conferences. 
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THESIS 
1. There are identified three VOC induced electrical resistance change mechanisms in 

polyisoprene-nanostructured carbon composite (PiNCC): 

I. If PiNCC relative deformation is smaller than 0.01, then the VOC sensitivity 
of PiNCC is determined by tunneling current exponential decay with relative 
deformation increase. It is the basic reason why PiNCC exhibit comparatively 
high sensitivity to the presence of VOC.  

II. When the PiNCC swelling in VOC progresses in time and reaches relative 
deformation values greater than 0.01, then destruction of conductive channel 
occurs in PiNCC. Polyisoprene thin layers between aggregates swell and 
aggregate inter distance increases to the degree that tunneling currents in 
PiNCC stop flowing and PiNCC electrical resistance increases exponentially 
with polynomial dependence on relative deformation: 
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III.  If PiNCC relative deformation change is the same, when PiNCC exposed to 
VOC with diverse polarity, then PiNCC electrical resistance change is affected 
by VOC electrical conductivity with a circumstance that VOC conductance is 
far higher than matrix conductivity. VOC electrical resistance shunts PiNCC 
electrical resistance, as a result PiNCC total resistance increase is lower than 
predicted by tunneling current theory in PiNCC. 

2. I and III are dominant electrical resistance change mechanisms in polyisoprene-
multiwall carbon nanotube (PiMWCNT) composites. II electrical resistance change 
mechanism in PiMWCNT composites is not observed because, when composite 
swells, MWCNT have greater probability to retain and form indirect electrical 
contacts with other neighboring MWCNT. Both I and II electrical resistance change 
mechanisms coexist in polyisoprene-carbon nanoparticles composites (PiCB). 
Dominante mechanism in the composite is determined by conductive network 
structure and polyisoprene swelling extent in VOC, which depends on VOC 
compatibility with polyisoprene.  The II electrical resistance change mechanism 
realizes faster in those PiCB composites, which have simpler shape of aggregates 
and less filler.  

3. New method and original equipment for elastomer composite testing is developed by 
in-situ measuring of electrical resistance, mass and length 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 cover broad application possibilities of 
VOC detection. VOCs are widespread in surrounding environment and VOC analyses 
can provide us with useful information in such fields as air quality control, chemical and 
petrochemical industry, food production, agriculture and medicine. Prospective sensor 
material types, detection limits, structure and working principles are described. In order 
of reaction type to the presence of VOC following chemical sensor groups are 
identified: physo-chemical, chemical and biosensors. Thereby slowly positioning a 
readers attention to polymer-nanostructured carbon composites (PNCC) as VOC sensor 
materials. Firstly, PNCC conductive network structure is discussed from the point of 
view of percolation theory. Analyzing results obtained by Balberg, we conclude that 
carbon nanoparticle structure and aggregate shape has an impact on the composites 
critical percolation parameters and electrical conductance [1], [2]. Statistical percolation 
can be applied to describe electrical percolation and conductance increase of the 
composite, if content of electroconductive filler is raised in a matrix. The fact that 
aggregates and agglomerates do not have direct contacts as it is predicted by statistical 
percolation should be taken in account. Aggregates, agglomerates are separated from 
each other by thin polymer layers. If the distance between aggregates and agglomerates 
does not exceed ~5-15nm, then they are connected electrically and between them in thin 
layer of matrix tunneling currents function [3]. Geometrical contacts between particles 
can be formed within aggregates and agglomerates. Bauhofers and Kovacs introduce the 
meaning of kinetic percolation – free particle movement, which promotes their 
agglomeration.  Therefore a composite percolation threshold is achieved at much lower 
filler concentration [4]. The reason for kinetic percolation can be a number of external 
factors like low viscosity of the mixture, slow stirring intensity etc. Looking through 
scientific literature about PNCCs used for VOC detection, we realized that there is no 
experimental evidence and comprehensive explanation of observed VOC sensor effect 
in these materials. But it is clarified that PNCC VOC sensitivity is determined by VOC 
sorption into polymer matrix, but not into filler. Therefore VOC/polymer compatibility 
is important in a composite electrical resistance change. One of ruling factors for PNCC 
application as VOC sensor materials is effective diffusion process. In the current work 
diffusion process is viewed from material structure perspective in which the diffusion 
process takes place, but not in depending on external factors like temperature and 
pressure. We conclude, that polymer used as a composite matrix has to be with high 
macromolecule mobility and low cohesion energy not to impede VOC diffusion into the 
composite. Scientific literature evidences that VOC/polymer compatibility can 
successfully be assessed by Hansen solubility parameters, wettability coefficients or 
compering dielectric permittivity values. Scientists have concluded that PNCC electrical 
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resistance change in the presence of VOC is determined by VOC molecule diameter as 
well [5]. Specific design the composite structure can provide that VOC separation is set 
by VOC molecule diameter but not by VOC/polymer compatibility. Summarizing above 
mentioned, we conclude, that we should experimentally prove tunneling currents 
existence in PNCC (in thin layer of matrix between aggregates). In other words VOC 
absorption induces polymer swelling and as a result filler particles inter-distance 
increase and tunneling currents between them exponentially decrease. As we conclude 
that VOC sensitivity of PNCC cannot be analyzed without diffusion, we decided that 
there is a need to do measurements, where sample increase in size, electrical resistance 
(tunneling currents) and sorption are measured simultaneously. Assessment of VOC 
diffusion in PNCC stimulated lack of information in literature about VOC diffusion 
mechanism in PNCC. In the current work polymer matrix selection influence on VOC 
sensitivity of PNCC, structure of PNCC and compatibility is analyzed as well.  

Methodological part 
Methodological part of the work contains description of used polymer matrixes 
materials: polyvinylacetate (PVAc), polyethylene glycol (PEG) and polyisoprene (Pi) 
and conductive fillers: carbon nanoparticles „carbon black” (CB), long and short multi 
wall carbon nanotubes (LMWCNT and SMWCNT). CB is purchased from Evonik 
Degussa GmbH. Average diameter of CB primary particle is 30nm, dibutilphtalate 
absorption 380ml/100g, specific surface area – 950m2/g. Long multi-wall carbon 
nanotube (LMWCNT), purchased from Aldrich; outer diameter is 40-60 nm and inner 
diameter is 5-10 nm, length 0,5-500µm, maximal aspect ratio12500. Short multi wall 
carbon nanotubes (SMWCNT) were obtained from Italian Institute of Technology 
Smart Materials Platform. SMWCNT outer diameter is 50-80 nm, inner diameter is 5-
15 nm, length 0,5-2µm, maximal aspect ratio 40. Specific surface area 40m2/g, electrical 
conductance 100S/cm and density 2.1 g/cm3. In methodological part production 
technology of PNCC is described. Schemes of production of PNCCs are shown in Fig. 1 
and Fig. 2. Polyisoprene-carbon nanoparticle composites (PiCB) were prepared in three 
different ways. PiCB composites produced according to 1st method further will be 
labeled as PiCBRoll. According to 2nd method two types of PiCB composites were 
produced and further will be labeled as PiCB48h and PiCB24h. PiCB48h was produced 
directly as shown in Fig. 2 with over all stirring time 48 hours. But PiCB24h was 
produced modifying the 2nd method. CB dispersion in chloroform was added to 
polyisoprene/chloroform mixture, while polyisoprene did not start to dissolve in 
chloroform. The absolute stirring time of PiCB24h mixture was 24 hours. Other 
composites: PVAcCB, PEGCB, PiLMWCNT and PiSMWCNT were produced 
according to scheme shown on Fig. 2.  
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Fig. 1. PNCC production scheme according to the 1st method. 

 

Fig. 2. PNCC production scheme according to the 2nd method. 

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

 

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

Methodological part contains description of used equipment for measurements and 
originally produced equipment for in-situ electrical resistance, mass and length change 
measurements in the presence of VOC (Fig.4). We assessed the equipment capability to 
maintain desirable VOC atmosphere for a certain time and determined measurement 
limiting factors of the equipment. Method of R,m,l measurements is discussed. 

Experimental part 
Experimental part subsection „VOC sensitivity of PNCC”  basically can be divided in 
two subparts. In the first subpart we evaluate conductive network structure of PNCC 
depending on used elaboration method and composition of composite. A composite 
electrical conductivity, according to statistical percolation theory, is calculated by: 

 
t

cff )(0 −⋅= σσ , (1) 

where σ0  - initial conductivity of the material (S/m), f – filler concentration, fc – critical 
filler concentration (percolation threshold), t – critical index of percolation. In the 
equation  f  >  fc. Statistical percolation scaling low predicts to logarithm equation (1) 
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and to look for value of fc till experimental data has the best fit with linear function. The 
best linear fit is reached, when the highest value of R2 is achieved [6], [7]. We estimated 
obtained electrical percolation curves of produced composites (Fig.5) and determined 
percolation critical parameters (fc and t) according to above made description.  Zavickis 
et.al had determined PiCBRoll composite percolation critical parameters previously [7]. 
Table 1 contains all obtained percolation critical parameters of composites. The data is a 
base for composites conductive network structure interpretation.  

Fig.5. (on the left) PNCC conductivity versus CB concentration in the composite 
composition. (on the right) PiMWCNT conductivity versus MWCNT concentration in 

the composite composition. 

Table 1. Percolation critical parameters of PNCC (phr – parts per hundred rubber). 

 

 
 
 
 
 
 
 
 
 

CB dispersion quality in PiCB composites, obtained with different techniques, was 
evaluated by examining nitrogen fractured composite surface with scanning electron 
microscopy (SEM).  Obtained images of PiCB composites are shown in Fig. 6. 

Material fc, phr t Notes 
PiCB24h 1,2 7,4 Influence of 

production 
technology  

PiCB48h 2,6 1,078 
PiCBRoll 8,1 6,6 
PiCB48h 2,6 1,078 

Influence of 
matrix  

PVAcCB 2 2,05 
PEGCB 0,75 1,28 
PiCB48h 2,6 1,078 

Influence of 
filler  

PiGMWCNT 3,15 w.% = 3,4 phr 4,95 
PiSMWCNT 5,8 w.% = 6,13 phr 4,54 
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Fig. 6. SEM images of PiCB composites: (on the left) PiCB4.448h, (in the midle) 

PiCB4.424h and (on the right) PiCB10Roll. 

Summarizing obtained results we conclude, that filler dispersion method has 
determinant effect on composite conductive network structure. Shear forces are exerted 
on carbon nanoparticle agglomerates, when filler in matrix is mixed utilizing „dry 
method” (1st method). In this case agglomerates are destroyed less than in case of 
carbon nanoparticle dispersion using ultrasound homogenizer. The statement proves 
obtained results: PiCBRoll critical index (t) value is 6,6 (see Table 1.). It means that one 
particle has at least 6,6 electroconductive contacts with other carbon nanoparticles and 
shape of the aggregate is more complex than for PiCB48h composites. Possible 
aggregates shapes of PiCB composites are visualized in Fig.7. Aggregate pictures are 
drawn taking in to account determined percolation critical parameters. PiCBRoll 
percolation threshold is high and the composite gain conductivity at higher filler 
concentrations due to extremely high matrix viscosity, when filler is added. Therefore, 
CB aggregates are more isolated from each other and higher filler concentration is 
needed to obtain percolation threshold. Composites produced with „wet method” (2nd 
method), where CB dispersed using ultrasound, have smaller CB aggregates and more 
spherical like shape than PiCBRoll composites, because CB nanoparticles have fewer 
contacts with other particles. However in this case determinant role plays viscosity of 
the mixture at the time of filler dispersion addition. CB aggregation and complex shape 
aggregate formation is promoted when filler is added to low viscosity mixture (Fig.7. 
b)). It is a reason why PiCB24h becomes conductive at lower filler concentrations than 
other PiCB composites (see Table 1.). On contrary, CB tendency to aggregate is 
suppressed if filler is added to high viscosity mixture (see PiCB48h in Table 1.). The 
composite obtains conductivity at higher filler concentrations and the shape of 
aggregates is simpler and more spherical like (Fig.7 a)). 
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Fig.7. Shape of CB aggregates in PiCB composites a) PiCB48h, b) PiCB24h and c) 

PiCBRoll. Red sphere – CB nanoparticle that forms contacts with other CB particles. 
Green sphere – CB particle that forms electricaly conductive contact with red sphere. 

 
Fig.8. Electroconducitve structure of PiCB composites: a) PiCB48h, b) PiCB24h and c) 
PiCBRoll. ● – carbon nanoparticle. CB aggregates in this composite circumscribed with 

grey dotted line. Red lines – tunneling currents formed within CB aggregates and 
agglomerates. 

CB aggregate conductive network structure within the composite matrix is drawn to 
understand VOC induced PiNCC electrical resistance change. PiCB48h composite 
conductive network structure consists of simple shape CB aggregates, which are 
separated by thin polyisoprene layer (Fig.8 a)). Conductive network structure of 
PiCB24h is made of complex shape aggregates which in addition are mutually 
agglomerated (Fig.8 b)). PiCBRoll composite conductive network has equally complex 
shape aggregates as PiCB24h composite, but aggregates are not mutually agglomerated 
(Fig.8 c)). 
PNCC conductivity according to determined percolation critical parameters is 
dependent on used polymer matrix structure (crystalline, amorphous, amorphous-cross 
linked) (see Table 1.). Percolation threshold is achieved at lower filler concentrations if 
crystalline polymer matrix with linear macromolecules is used for the composite 
production.  
Percolation critical parameters were compared for produced PiNCC with different 
fillers. If MWCNT are used as filler, then lower percolation threshold is obtained in 
case of MWCNT with higher aspect ratio. Despite that fact, PiLMWCNT percolation 
threshold is far higher than for PiCB composites. Raised percolation threshold we relate 
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with LMWCNT spaghetti like structure (diminish aspect ratio). MWCNT/polymer 
interaction cannot be excluded as well. CB nanoparticle tendency to agglomerate greatly 
increases nanoparticle aspect ratio. 
In the second subsection of the section „VOC sensitivity of PNCC” results concerning 
VOC sensitivity of PNCC, electrical resistance relaxation, repeatability and evaluation 
of matrix/VOC compatibility, comparing dielectric permittivity values and Hansen 
solubility parameters, are presented. Correlation between compatibility and the 
composite electrical resistance change in the presence of VOC is found. 
For example, in Fig. 9 PiCB24h composite relative resistance change versus time is 
shown, when sample is exposed to toluene 2000ppm and relaxed in the air. PiCB24h 
composite samples differ from each other by CB content: 3.3; 4.4; 5.5 and 6.6 parts per 
hundred rubber (phr), respectively. The highest response is observed for PiCB24h 
composite with 4.4 phr of CB. This composite conforms to the region in percolation 
curve slightly above percolation threshold. Also for PVAcCB and PEGCB composites 
the highest electrical resistance change was observed for compositions slightly above 
percolation thresholds. However, for PiCB48h, PiLMWCNT and PiSMWCNT 
composites the highest response was observed for compositions far from percolation 
transition, where the best sensitivity is expected.  

 
Fig. 9. Toluene (2000ppm) induced relative electrical resistance change (∆R/R0) of 

PiCB24h composites depending on filler content in PiCB24h.  

For gas sensor materials not only high sensitivity and fast response is expected, but also 
remarkably fast relaxation process – initial electrical resistance acquisition. Material 
capability to recover initial electrical resistance after interaction with VOC would be 
considered as advantage because it would give a possibility of frequent usage of a 
sensor. Electrical resistance relaxation data are described by equation and relaxation 
constants (τ) are determined:  
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where ∆R/R0(t) – relative electrical resistance change in time t, ∆R/R0(∞) – relative 
electrical resistance change, when t tends to ∞, t – time, s, τ1 – relaxation time constant 
(s). At the beginning PiCB848h relative electrical resistance change in time was 
determined, when the composite exposed to increasing concentration of toluene (100 till 
500ppm) and relaxation in the air was recorded as well. Electrical resistance relaxation 
curves for samples previously exposed to different toluene concentrations are shown in 
Fig.10.  

 

Fig.10. PiCB848h electrical resistance change in time after the sample was exposed to 
toluene. Experimental data are fitted with theoretical curves (Eq.(2)). 

Produced composites were exposed to different VOCs and electrical resistance change 
was registered with a purpose to determine PNCC selectivity to particular VOC. PNCC 
selectivity is determined by VOC and matrix compatibility, which we evaluated, firstly, 
by compering dielectric permittivity values (ε). The ε value for polyisoprene is 2,68 [9]. 
In Fig.11 PiCB4.424h and PiSMWCNT17 relative electrical resistance change in the 
presence of VOCs with diverse polarity are shown. From obtained results in Fig.11 can 
conclude that PNCC electrical resistance response greatly differ if VOCs are changed. 
In addition to that, as VOC ε value is closer to polyisoprene ε as electrical resistance 
change of PNCC is higher. VOC molecule dimensions impact on PNCC electrical 
resistance change velocity also has been examined (Fig.12 (on the left)). These 
measurements were performed by picking up VOC pairs that have equal diameter (d), 
but different values of ε and on contrary: different d and equal or close ε values. 
Obtained results indicate that PNCC electrical resistance change in the presence of VOC 
is mainly determined by VOC and composite matrix compatibility and molecule 
diameter has minor effect on electrical resistance change. Polyisoprene and VOC 
compatibility was examined also by comparing Hansen solubility parameters. Relative 
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energy difference (RED) between polyisoprene and VOC was determined. In Fig.12 (on 
the right) PiCB10Roll electrical resistance change velocity (VR) with respect to value of 
RED is presented.   

 

Fig.11 (on the left) Relative electrical resistance change of PiCB4.424h in VOC and 
relaxation in the air. TWA1 and IDLH2 are VOC concentration levels. (on the right) 

Relative electrical resistance change of PiSMWCNT17 in VOC and in the air. 

 

Fig.12. (on the left) Electrical resistance change velocity (VR) of PiCB10Roll versus 
VOC molecule diameter (d) and values of ε. (on the right) Electrical resistance change 

velocity PiCB10Roll in different VOC versus relative energy difference (for 
polyisoprene and respective VOC). 

                                                           
1 TWA - average, permissible VOC concentration in 8 hour working day and 40 hour working week. 
2 IDLH – VOC concentration which is immediatly dangerous to life and health of humans. 
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We conclude that correlation between VR and RED exists: as VOC and Pi relative 
energy difference decreases, PiNCC electrical resistance change velocity increases, that 
is, sensitivity to VOC.  
Experimental part subsection „Simultaneous electrical resistance, mass and length 
change measurements” contains description about originally developed method for 
simultaneous R,m,l measurements. PiNCC three parameter changes in time, when 
sample exposed to VOC, are discussed. Correlation between absorbed mass of VOC, 
relative deformation and the composite electrical resistance change is estimated. PiNCC 
3 parameter change in time is assessed for samples with different production method 
and fillers used. Firstly, obtained data gave a possibility to explain in detail observed 
VOC sensor effect of PiNCC (electrical resistance change mechanism) and relaxation 
process in the air. Secondly, rather unique data were achieved about VOC diffusion in 
PiNCC. Only few research reports concerning VOC diffusion in PNCC are found in 
scientific literature. Obtained results of VOC diffusion in PiNCC are compared with 
diffusion theory in polymers.  
One of R,m,l measurements for PiCB4.448h and PiSMWCNT17 composites in toluene 
vapour are given in Fig.13. Character for all R,m,l curves is similar and three 
characteristic areas are identified: a) first 1000s electrical resistance, mass and 
deformation of the sample increases; b) saturation, PiNCC has reached thermodynamic 
equilibrium in existing conditions; c) relaxation process after VOC is removed from the 
test chamber. 

Fig.13. (on the left) PiCB4.448h and (on the right) PiSMWCNT17 electrical resistance, 
mass and length change in time, when sample exposed to toluene vapour and in the air 

after vapour removal. 

R,m,l measurement made in VOC indicated that as better is VOC compatibility with 
polyisoprene as more VOC is absorbed, as higher is relative deformation and electrical 
resistance change. Therefore relaxation process is prolonged as well.  
PiNCC capability to swell is directly affected by used filler. MWCNT act as 
reinforcement of polyisoprene and therefore polyisoprene swelling in PSMWCNT 



 

 

[21] 
 

composites is greatly limited. Due to entangled structure LMWCNT has more evident 
reinforcing action than SMWCNT. In Fig.13 R,m,l measurement results are shown for 
PiCB4.448h and PiSMWCNT17 composites. Comparing these results we noticed that at 
the same maximal relative mass change both composites have sharply different relative 
deformation values. We conclude the following: macromolecules are able to move 
simple shape CB aggregates/particles therefore CB restricts macromolecule mobility, 
but not swelling of the composite.  
R,m,l measurement results indicate that electrical resistance relaxation process is related 
to ability of macromolecules to rearrange and to achieve equilibrium state which 
conforms with desorbed state. At a mean time macromolecules move particles closer to 
each other till their approximate initial distance is renewed and composites initial 
resistance is reached. 
The section named „VOC diffusion into PNCC” is included in „Simultaneous 
electrical resistance, mass and length change measurements”, where VOC sorption 
results are presented. Equilibrium sorption for relatively short times from the point of 
view of diffusion theory can be described by [10], [11]: 
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where mt is increase of weight in time t, m∞ - increase of weight, when t tends to 
infinity, D – diffusion coefficient, l – thickness of a sample and t - time.  
Depending on structure of polymer (crystalline, amorphous, amorphous-cross linked)  
VOC diffusion in polymer can vary from Fickian to non-Fickian. VOC diffusion 
mechanism in polymer is determined according to equation [10]: 
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where k is a constant, but n – constant which evidences about existing VOC diffusion 
mechanism in a polymer. If n = 0.5, then the rate of diffusion is much slower than 
molecular chain relaxation (Fick diffusion) [12],[13]. The amount of diffusant absorbed 
by a polymer in which this diffusion mechanism is valid can be registered by immediate 
rearrangement of macromolecules and a respective increase of electrical resistance. 
When diffusion is very fast compared with molecular chain relaxation, it is called 
Supercase II n > 1 or Case II and n = 1 [12],[13]. It means that macromolecules do not 
conform immediately and it take sufficiently longer time to rearrange positions toward 
equilibrium conformation consistent with sorbed state. If such a polymer matrix is used 
for sensor material, then it would cause delayed sensor response to the presence of 
vapour. The third type is anomalous diffusion (0.5 < n < 1) occurring, when rates of 
diffusion and molecular chain relaxation are comparable [12],[13] meaning that 
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polymer macromolecules conform almost immediately after absorption of the analyte. 
From the facts mentioned above follows that for real-time vapour concentration 
monitoring in the air and rapid response sensor materials value of n within 0.5≤ n < 1 
(Fick or anomalous diffusion, respectively) is preferable. 

Fig.14. (one the left) Mass change in time of PiCB4.448h composite, when samples 
exposed to different VOC. Inset graph shows mass change in time till mt/mb reaches 0,6, 
for diffusion coefficient calculation purposes. (on the right) Logarithm of mass change 

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

In Fig.14 mass sorption results of PiCB4.448h composite in different VOC are 
presented. From experimental data, according to Eq.(3), VOC diffusion coefficient 
(Fig.14. (on the left)) and according to Eq.(4) diffusion mechanism (Fig.14. (on the 
right)) in PiCB4.448h composite is calculated. Determined diffusion coefficients and 
diffusion mechanism constants for PiNCC are summarized in Table 2. As all obtained 
values of n are within the limits from ~0,5 to ~1, VOC diffusion in PiNCC is dominated 
by anomalous diffusion mechanism. It means that VOC diffusion speed is comparable 
with macromolecule mobility. R,m,l results evidence that macromolecules are linked 
with physical and chemical bonds to filler particles. Therefore, polyisoprene 
macromolecule ability to follow speed of VOC diffusion decreases with increasing 
diffusion speed.  
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Table 2. VOC diffusion coeficient (D) and diffusion mechanism (n) in PiNCC 

Material VOC D, cm2/s n 
PiCB4.448h acetone 2,78.10-6 0,880 
PiCB4.448h toluene 3,27.10-7 1,011 
PiCB4.448h chloroform 2,64.10-7 0,756 
PiCB848h toluene 4,19.10-7 0,853 
PiCB848h chloroform 3,27.10-7 0,650 
PiCB4.424h ethylacetate 6,32.10-7 0,854 
PiCB4.424h toluene 4,13.10-7 0,702 
PiCB10Roll ethylacetate 2,86.10-7 0,598 
PiCB10Roll toluene 2,38.10-7 0,567 
PiSMWCNT17 toluene 7,09.10-7 0,601 
PiSMWCNT17 ethylacetate 2,73.10-7 0,473 
PiLMWCNT7 ethylacetate 6,22.10-7 0,422 

In experimental part subsection called „Electrical resistance change mechanism of 
PiNCC” electrical resistance change versus relative deformation of PiNCC is 
determined and VOC induced electrical resistance change mechanisms identified. 
Theoretically electrical resistance of electroconductive polymer composite is calculated 
taking into account number of particles, which take part in electroconductive channel 
formation and number of conducting paths [3],[14],[15]: 
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where L – number of particles in a single conducting path, N – number of conducting 
paths, s0 – least distance between conducting particles; a – effective cross area of 
tunneling, e – electron charge, γ – constant calculated by:  
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where m – mass of the electron, h – Plank’s constant, ϕ – potential barrier height 
between particles. A composite electrical resistance versus particle inter-distance 
change, when a specimen is mechanically compressed, is calculated according to [3]: 
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where R0 – initial electrical resistance of the composite, s0 – initial distance between 
particles. When electroconductive composite is stretched, then particle inter-distance 
change is expressed as [14]:  
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where ∆l = l-l 0, l0 – initial length of a sample. 
Substitution of Eq.(8) into Eq. (7) yields [13]: 
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where A0 = γs0. 
Firstly, VOC contribution in PiNCC electrical resistance change was examined. As 
utilized matrix in PiNCC composites is the same – polyisoprene, VOC impact 
assessment was done only for one PiNCC composition – PiCB4.448h. In Fig.15 
PiCB4.448h electrical resistance versus relative deformation ((∆l/l 0 till 0.01) is shown, 
when the sample is held in acetone, chloroform and toluene. Results indicate that the 
composites electrical resistance exponentially increases with respect to relative 
deformation and the data can be well fitted with Eq.(9) (see Fig.15 (on the left)), where 
equation member ln(1+∆l/l 0) ≈ 0. Measurement results prove that the composite VOC 
sensor effect is based on matrix swelling, distance increase of CB aggregates, tunneling 
current decrease and composites electrical resistance increase accordingly. 

Fig.15. (one the left) PiCB4.448h electrical resistance change versus relative 
deformation in acetone, chloroform and toluene vapour. Solid line denotes theoretical 
fitting by Eq. (9) of experimental data (points). (on the right) PiCB4.448h electrical 
resistance change versus relative deformation in toluene vapour. Solid line denotes 

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

After measurements in different VOCs with the same composite, we realized that the 
composites electrical resistance change is affected by VOC electrical resistance3, when 
relative deformation is the same. If VOC conductivity is significantly higher than matrix 
conductivity, VOC electrical resistance shunts the composites electrical resistance. 
Accordingly, final electrical resistance change of the composite is less than it should be 
                                                           
3 Specific electrical resistance of tested VOC is: 1,2·1010

Ωm (toluene), 1,6·106Ωm (chloroform) and 
4,08·104Ωm (acetone).  
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with respect to relative deformation. For example, toluene itself has the highest 
electrical resistance with value close to isolator (~1014

Ω). In toluene vapour 
PiCB4.448h has the largest electrical resistance change because toluene vapour does not 
shunt electrical resistance of the composite. In case of chloroform PiCB4.448h electrical 
resistance change is less, because chloroform vapour shunts electrical resistance of the 
composite. The highest degree of shunting is observed in case of acetone and therefore 
the composite electrical resistance change in this vapour is the smallest. 
When PiCB4.448h was exposed to toluene, relative deformation larger than 0.01 was 
achieved and very rapid electrical resistance increase observed (Fig.15 (on the right)).  
This is explained with such inter-distance increase of CB aggregates, that tunneling 
currents cannot flow anymore. Electroconductive channel destruction occurs and total 
number of conducting paths (N) decrease in the composite. Therefore we conclude that 
electroconductive channel destruction in the composite realizes when the composite 
swelling in VOC proceeds and relative deformation exceeds 0.01 and the composite’s 
electrical resistance increase exponentially with polynomial dependence on relative 
deformation. Mathematically this is described by equation: 
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Secondly, existing electrical resistance change mechanism in PiCB composites 
elaborated with different methods was examined. Obtained electrical resistance change 
versus relative deformation of PiCB composites is demonstrated in Fig.16. It is evident 
that in PiCB4.424h noticeably different electrical resistance change mechanism 
comparing to PiCB48h and PiCB10Roll exists. PiCB4.424h sharp electrical resistance 
increase we relate to conductive network structure of the composite. Even one element 
(aggregate/agglomerate) withdrawn from conductive network, which is made of only 
few elements, leads to extremely high electrical resistance increase of the composite. 
PiCB4.424h composite unlike others was exposed to twice reduced toluene vapour 
concentration. In this case electrical resistance change mechanism related to tunneling 
current decrease in thin layer of matrix, was not identified because the smallest length 
change measurable by used camera is 12µm. 
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Fig.16. att. PiCB electrical resistance versus relative deformation, when samples 

exposed to toluene vapour.  

Similar electrical resistance change mechanisms according to Eq.(9) and Eq.(10) were 
observed for PiCB4.448h, PiCB848h and PiCB10Roll composites. Two samples of 
PiCB48h composite containing 4.4 and 8 phr of CB were tested. PiCB4.448h 
corresponds to the composition in percolation transition region, but PiCB848h showed 
the highest sensitivity to VOC in previous experiments. PiCB4.448h, PiCB848h and 
PiCB10Roll composites electrical resistance change at relative deformation smaller than 
0.01 is given in Fig.17 (on the left). We conclude that for all composites tested electrical 
resistance increases exponentially with respect to relative deformation. It proves that in 
these composites tunneling currents exist.  

Fig.17. PiCB electrical resistance change versus relative deformation < 0.01 (on the left) 
and > 0.01 (on the right), when samples exposed to toluene vapour. Experimental data 

points theoretically fitted with Eq.(9) and Eq.(10). 

If relative deformation of PiCB4.448h, PiCB848h and PiCB10Roll composites is larger 
than 0.01, then electrical resistance of tested composites increases sharply and it is 
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related to conductive channel destruction (Fig.17 (on the right)). We conclude that 
destruction of conductive channels is dependent on initial number of conducting paths. 
As the number of conduction paths is smaller as faster destruction of conducting 
channels occurs. For example, more rapidly this electrical resistance change mechanism 
realizes in PiCB4.448h, and then follows PiCB848h and PiCB10Roll. Obtained results 
also indicate that faster destruction of conductive channels occurs if conductive network 
is made of simple shape CB aggregates. Shape complexity of CB aggregates increases 
in the following order PiCB4.448h, PiCB848h and PiCB10Roll. 
Thirdly, VOC induced electrical resistance change mechanism was examined for 
PiMWCNT composites. In Fig.18 PiSMWCNT17 and PiLMWCNT7 electrical 
resistance versus relative deformation in ethyl acetate vapour is shown. Results 
evidence that composites electrical resistance increases exponentially with respect to 
relative deformation. In case of PiMWCNT composites electrical resistance change 
mechanism related to destruction of conductive channels was not observed in 
experiments with ethyl acetate and toluene vapour as well. However, maximal relative 
deformation of PiSMWCNT17 composite in toluene vapour is 0.016. In our opinion, 
destruction of conductive channels in this case is not observed due to MWCNT larger 
surface area. When PiMWCNT composite swells, MWCNT has larger probability to 
form indirect conductive contacts with other nearby MWCNT, where tunneling current 
can exist. 

 
Fig.18. PSMWCNT electrical resistance change versus relative deformation, when 

samples exposed to ethyl acetate vapour. Experimental data points theoretically fitted 
with Eq.(9). 

Summarizing results presented in the section „Simultaneous electrical resistance, 
mass and length measurements” following conclusions are made: 
1. VOC induced 3 parameter change of PNCC is dependent on VOC and matrix 

compatibility.  As better compatibility, as more VOC is absorbed, as lager is PNCC 
swelling and electrical resistance change.  



 

 

[28] 
 

2. Simultaneous electrical resistance and relative deformation change of the composite 
at the time of VOC detection and relaxation in the air indirectly indicate that CB 
filler is covalently bond with polyisoprene macromolecules.  

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

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

5. In PiNCC anomalous VOC diffusion mechanism exists and it conforms to 
comparable VOC diffusion velocity and polymer macromolecule mobility. 

6. VOC diffusion analysis in PiNCC evidences that polyisoprene macromolecule 
ability to follow diffusion velocity decreases with increase of diffusion velocity, 
because macromolecules are bond to filler particles with chemical bonds. 

7. Experimentally proved that PiNCC VOC sensor effect is based on VOC induced 
composite swelling, particle inter-distance increase, tunneling current decrease and 
composite electrical resistance exponentially increase with respect to relative 
deformation. In addition to that, in PiNCC two more electrical resistance change 
mechanisms have been observed, which are related to destruction of conductive 
channels and VOC electrical conductivity.  

8. Electrical resistance change mechanism in the presence of diverse VOC for the same 
composite is dependent on PiNCC swelling and it is determined by VOC/polymer 
compatibility.  

9. At the same relative deformation of PiNCC in different VOC electrical conductivity 
of the VOC must be taken into account. If it is remarkably higher than polymer 
(dielectric) conductivity, then VOC shunts composite electrical resistance.  

10.  VOC induced electrical resistance change mechanism is determined by the 
composite conductive network structure, its building elements (particles or 
nanotubes), aggregation extent of the filler, shape and size of aggregates and 
dispersion quality within the matrix as well.  

In the last subsection of experimental part device prototype for VOC detection 
elaborated by student of Riga Technical University Einārs Deksnis (Fig.19) is 
described. In the prototype PiCB848h composite as VOC sensor element is integrated. 
In this section measurements representing the VOC detection threshold for PiCB848h 
and PiSMWCNT17 composites are also demonstrated. Measurements were made in the 
following order.  Both composites and probe of photoionization detector were placed 
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into the test chamber. Toluene was injected into the test chamber. At the same time 
electrical resistance change of composites and toluene concentration increase by 
photoionization detector was monitored.  

 
Fig.19. Device prototype with integrated PiCB848h sensor element. 
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CONCLUSIONS 

1. New sensor material intended for volatile organic compound (VOC) detection is 
elaborated based on conductive filler (CB or MWCNT) and polyisoprene. VOC 
detection threshold of the sensor material is 75ppm (toluene), which is lower than 
regulated exposure limits. The working principle of sensor material is systematically 
researched using original setup and method. 

2. Conducting network structure and electrical resistance of PiCB composite is 
dependent on filler dispersion technology in the matrix. If mixing using cold rolls is 
applied for filler dispersion, then the composite conductive network is made of 
isolated complex shape CB aggregates. In this case larger amount of CB filler is 
necessary to obtained conductive composite.  If filler is dispersed in matrix by 
solution mixing method, then conductive network of the composite consists of 
simple shape CB aggregates, less filler is necessary to gain conductive composite. In 
this case shape complexity of CB aggregate is determined by viscosity of the mixture 
at the time of composite production.  

3. Conductivity of PiMWCNT composites can be obtained at smaller filler 
concentrations if MWCNT with higher aspect ratio is used. Experimentally 
determined PiLMWCNT percolation threshold is remarkably higher than 
theoretically calculated due to LMWCNT spaghetti like structure, which 
significantly decreases aspect ratio of nanotubes. However, MWCNT/polymer 
interaction cannot be excluded as well.  

4. PNCC conductivity, according to determined percolation parameters, is dependent 
on utilized matrix structure (crystalline, amorphous, amorphous-cross linked) used 
for a composite production. Percolation threshold is achieved at lower filler 
concentrations if crystalline polymer with linear and compactly arranged 
macromolecules is used.  

5. PNCC with selective VOC sensor effect are elaborated; the sensor effect is 
reversible – PNCC after exposure to VOC recovers initial electrical resistance. 
Electrical resistance relaxation process is related to matrix macromolecule ability to 
rearrange and recover equilibrium state which corresponds to desorbed state of 
matrix. At a mean time macromolecules move particles closer to each other till their 
approximate initial distance is renewed and composite initial resistance is reached. 

6. PNCC electrical resistance change in the presence of VOC is generally influenced by 
VOC compatibility with the composite matrix. VOC and polyisoprene compatibility 
is evaluated by comparing Hansen solubility parameters and relative energy 
difference. PiNCC sensitivity to VOC increases with relative energy difference 
decrease.  

7. Three parameter change in time is registered using original setup and method, when 
PNCC samples are exposed to VOC and during relaxation in the air. PNCC three 
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parameter change is dependent on VOC and matrix compatibility. As better it is as 
larger amount of VOC is absorbed, higher swelling of the composite and larger 
electrical resistance change achieved. 

8. Experimentally determined that in PiNCC anomalous VOC diffusion mechanism 
exists and it conforms to comparable VOC diffusion velocity and polymer 
macromolecule mobility. However, polyisoprene macromolecule ability to follow 
diffusion velocity decreases with increase of diffusion velocity, because 
macromolecules are bond to filler particles with chemical bonds. 

9. Experimentally proved that PiNCC VOC sensor effect is based on VOC induced 
composite swelling, particle inter-distance increase, tunneling current decrease and 
composite electrical resistance exponentially increase with respect to relative 
deformation. In addition to that, two more electrical resistance change mechanisms 
have been observed in PiNCC, which are related to destruction of conductive 
channels and VOC electrical conductivity.   
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