
CHAPTER IV
DEVELOPMENT OF A CARBON AEROGEL COMPOSITE FI1M FOR

GAS SENSORS
4.1 Abstract

New organic aerogel was synthesized via thermal curing reaction of a novel 
type of phenolic resin called polybenzoxazine. The subsequent carbon aerogel (CA) 
was generated by pyrolysis of the organic aerogel at high temperature under inert 
atmostphere. Further activation of CA resulted in an activated CA. The CA and 
activated CA have surface area of 466 m2/g and 917 m2/g with uniform mesopore 
radius of 2.4 nm and 2.5 nm, respectively. New gas sensing conductive polymer 
composites, fabricated from poly (vinyl alcohol) and polybutadiene Filled with 
polybenzoxazine-based CA, have been investigated for organic vapor detection. The 
experimental results showed that high polar poly (vinyl alcohol) gave a higher 
response to high polar solvent, ie. water, and moderate polar solvent, ie. Acetone, but 
a lower response to low polar solvent, ie. n-hexane and toluene. On the other hand, 
the response of non-polar polybutadiene was excellent to n-hexane and toluene but 
not to water and acetone. Moreover, CA polymer composites showed better gas 
response compared to graphite polymer composites since CA is a nano-porous 
material, which has a high adsorption capacity. Moreover, CA polymer composites 
showed good reproducibility as the electrical resistance came back to the original 
value when they were exposed to N2 gas. This study shows that CA composite films 
have potential to be used as gas sensors.
Keyword: Composite/ Conductive filler/ Carbon aerogel/ Polybenzoxazine
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4.2 Introduction

Recently, gas sensing polymer composites have broadened the application 
of conductive polymer composites such as electronic noses [4], The sensing behavior 
of these polymer composites can be explained by the mechanism that the conductive 
networks formed by connection of filler particles through out the insulate polymer 
matrix. Sorption of organic vapors into the polymer provides the swelling of the ma­
trix phase leading to the separation of the inter-particle path of filler in which cut the 
conducting circuits [39]. As a result, the resistance increases sharply. Previously, the 
conductive fillers utilized to produce gas sensors have been concentrated on carbon 
blacks [15, 23], carbon nanotubes [43] and graphite [18].

Carbon aerogel (CA) is one of the unique carbon materials which have nano 
size pores with highly cross-linked structure. It has been applied in many applica­
tions including waste water treatment [12], supercapacitors [47] and advance catalyst 
supports [29] due to their properties of large surface area resulting in high adsorption 
capacity and their controllable pores size. The crosslink density of organic aerogel is 
one of the most importance characteristics. Since high crosslink density not only 
provides high structural stability after solvent is removed but also provides high char 
yield to construct the CA after pyrolysis [25].

Polybenzoxazine, as a novel type of phenolic resin has recently been devel­
oped. This polymer has many fascinating characteristics such as low water adsorp­
tion, dimensional stability, and near-zero shrinkage. Polybenzoxazine can be easily 
prepared from inexpensive material; phenols, formaldehyde, and primary amine. Ac­
cording to the wide variation of raw materials, they have tremendous molecular- 
design flexibility. Furthermore, polybenzoxazine can be polymerized without strong 
acid or base catalysts and without generating by-product and volatile [1, 6, 13]. Con­
sequently, polybenzoxaizine is promising for organic and carbon aerogel preparation.

In order to realize the advantages of CA described above, the purpose of this 
work is to fabricate and characterize the gas sensors made from CA thin film compo­
sites and measure its resistivity and gas sensitivity towards different organic vapors.



19

4.3 Experimental

4.3.1 Materials
Bisphenol-A (Ba) was purchased from Aldrich, Germany. Formalde­

hyde (analytical grade) was purchased from Merck, Germany. Triethylenetetramine 
(TETA) was purchased from Fluka, Switzerland. Graphite (< 20pm) was purchased 
from Sigma-Aldrich, Thailand. Polybutadiene (PB) (Mw=40,000) was purchased 
from Dow Chemical, USA. Polyvinyl alcohol (PVA) (Mw=30,000-70,000) was pur­
chased from Fluka, USA. Toluene (analytical grade), dimethylformamide (analytical 
grade), n-hexane and acetone (analytical grade) were purchased from Lab-scan, 
Thailand.

4.3.2 Equipment
The FT-IR spectrum of benzoxazine precursor was obtained using a 

Nicolet Nexus 670 FT-IR spectrometer. KBr pellet technique was applied in the 
preparation of powder samples. 'H-NMR spectra were recorded on a Varian Mercury 
300 (300 MHz) instrument, using deuterated dimethyl sulfoxide as solvent. DSC ana­
lyses were carried out using a Perkin-Elmer DSC 7 instrument. The samples were 
heated from 30 ๐ to 300 ๐c  at a heating rate of 10 ๐c/min under a N2 atmosphere 
with a flow rate of 10 ml/min. TG-DTA curve was collected on a Perkin-Elmer Pyris 
Diamond TG/TGA instrument. The sample was loaded on the platinum pan and 
heated from 30° to 900 ๐c  at a heating rate of 20 °c/min under N2 flow of 50 
mL/min. HITACHI ร-4800 scanning electron microscope was used to observe the 
surface morphology of polybenzoxazine-based aerogel and carbon aerogel. The spe­
cimens were coated with platinum under vacuum before observation. N2 adsorption- 
desorption isotherms were obtained at -196 ๐c  on a Quantachrome Autosorb-1. 
Samples were degassed at 250 °c for 15 hr in a vacuum furnace prior to analysis. 
Surface areas were calculated using the BET equation. The pore size distributions 
were constructed based on Barrett, Joyner and Halenda (BJH) method, using the ad­
sorption branch of the nitrogen isotherm. Electrical resistance of conductive compo­
site polymers membranes were measured using a digital multimeter (KEITHLEY 
2700).
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4.3.3 Methodology
4.3.3.1 Preparation o f Carbon Aerogel

Carbon aerogel was obtained by three main which including 
preparation of benzoxazine precursor, preparation of organic aerogel, and preparation 
of carbon aerogel from organic aerogel. The details of these steps are as follows:

4.3.3.1.1 Preparation of Benzoxazine Precursor 
Benzoxazine Precursor was prepared by mixing

Bisphenol-A (2.31 g), triethylenediamine (1.74 g), and formaldehyde (3.28 g) in a 
1:1:4 molar ratio. Dimethylformamide (15 g) was used as a solvent. The reaction was 
cooled in an ice bath and mix continuously for 1 hour until homogenous solution was 
perceived.

4.3.3.1.2 Preparation of Organic Aerogel derived 
from Benzoxazine Precursor
The mixture was poured into vessels and sealed 

tightly. The vessels were kept at an ambient condition overnight and partially cured 
at 80°c for 3 days; consequently, highly cross-linked polymer was achieved. Then 
cross-linked wet gel was dried with supercritical carbon dioxide (Tc=45 °C; pc=7.5 
MPa). Finally that, dried gels were fully cured in an oven at temperature of 140 °c, 
160 °c, 180 °c for 2 hours each and 200 °c for 3 hours, resulting in organic aerogel.

4.3.3.1.3 Preparation of Carbon Aerogel derived from Ben­
zoxazine Precursor
CA was obtained by pyrolysis of organic aerogels 

in a quartz reactor using the following ramp cycle: 30 °c to 250 °c for 60 min, 250 
๐c to 600 °c for 300 min, 600 °c to 800 °c for 60 min and held at 800 ๐c for 60 
min. The system was carried out in N2 flow at 700 cm3/min. Finally, activation of 
CA was carried out in CO2 at 900 ๐c, in order to have more surface area.

4.3.3.2 Characteristics o f Polybenzoxazine and Carbon Aerogel De­
rived from Polybenzoxazine
The structural characteristics of polybenzoxazine-based aero­

gel were investigated using FTIR and ’pl-NMR. Thermal properties were measured 
using DSC and TG/DTA. Morphology was observed by SEM. Furthermore, surface 
area and pore distribution were measured using SAA.
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4.3.3.3 Preparation o f Composite Conductive Polymer Films 
for Gas Sensors
The CA and activated CA were triturated in a mortar; the av­

erage diameter of particle size was less than 180 pm. Then the CA and activated CA 
were dried at 100 ๐c  in an oven overnight before use. The composite conductive po­
lymer membranes were prepared by a four-step process. In the first step, the filler 
was introduced into 1 ml of solvent. Water and toluene were used as solvent for PVA 
and.PB, respectively. The mixture was violently stirred for 3 hrs. and ultrasonically 
dispersed for 15 min. The second step involved the preparation of polymer solution 
by dissolving polymer in solvent. During the third step, 15 % of polymer solution 
was. added into filler mixture which was then stirred overnight. Finally in the forth 
step, the rest polymer solution was added into the filler mixture and stirred for 2 hrs. 
Then the films were fabricated by spin-coating technique on an interdigited elec­
trode. For comparison, the composite polymer films with graphite as a conductive 
filler were also manufactured by the same process.

The interdigited electrode was fabricated by thermal evapo­
ration of A1 (100 ran) and Au (80 nm) on a glass slide (Figure 4.1) with a gap size 
between fingers of 2 0 0  pm.

Figure 4.1 Interdigited electrode.
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4.3.3.4 Electrical Response Measurements o f Conductive Composite 
Films for. Gas Sensors
The testing steps started from obtaining a baseline resistance 

(Rb) by allowing only pure nitrogen gas to flow into the test chamber at a flow rate 
of 300 ml/min. Then an analyte gas vapor was carried by nitrogen gas through the 
test chamber in which a sensor was kept. Then the maximum of electrical resistance 
(Rm) of sensor was measured using a digital multimeter. Figure 4.2 shows the 
scheme of the electrical measurement.

Figure 4.2 The scheme of the electrical measurement.

4.4 Results and Discussion

4.4.1 Characterization of Polybenzoxazine-based Aerogel
The structure of polybenzoxazine was examined by FT-IR and ' h 

NMR. IR spectra of the polybenzoxazine are shown in Figure 4.3.
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Figure 4.3 IR spectra of (a) fully cured polybenzoxazine (b) partially cured poly- 
benzoxazine.

The characteristic absorption bands at 1252 cm''(asymmetric stret­
ching of C-O-C of oxazine), 1190 cm' 1 (asymmetric stretching of C-N-C), 1351 cm' 1 
(CH2 wagging of oxazine), 1524 cm' 1 (stretching of trisubstituted benzene ring), and 
944 cm' 1 (out of plane bending vibrations of C-H) were observed, indicating that 
precursors containing benzoxazine backbone in structure was obtained. These results 
were well agreed with the results observed by Dunkers and Ishida [6 ].

By the end of the curing at 200°c, the intensity of the bands of CH2 
wagging of oxazine (1351 cm'1) and out-of-plane bending vibration of C-H (944 
cm'1) was decreased. These results also correspond to the result reported by Takachi 
and coworkers [39] who suggested the completion of ring-opening polymerization of 
polybenzoxazine was attained.

The'H-NMR spectrum of polybenzoxazine is shown in Figure 4. 4.
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Figure 4.4 'H-NMR spectrum of polybenzoxazine.

The characteristic peaks assignable to methylene (O-CH2-N) and me­
thylene (Ar-CH2-N) of oxazine functionality were observed at 4.82 and 3.94 ppm, 
respectively. The methyl protons of bisphenol-A showed peak at 1.55 ppm. The me­
thylene protons of opened-ring of polybenzoxazine were also observed at 2 .8 6  ppm. 
The results correspond to those of Ning and Ishida [30] that confirmed benzoxazine 
precursor was obtained.

The progress of ring-opening polymerization of the precursors was 
also observed by DSC. Figure 4.5 shows DSC thermograms of polybenzoxazine.



25

T e m p e ra tu re (°C )

Figure 4.5 DSC profiles of (a) fully cured benzoxazine precursor (b) partially cured 
benzoxazine precursor.

The exotherm onset corresponding to the ring-opening polymerization 
of partially cured benzoxazine precursor was observed at 160 °c. The exotherm peak 
disappeared after the precursor was fully cured, showing that ring-opening of oxa- 
zine was completed. The possible structure of polybenzoxazine is depicted in 
Scheme 4.1.

Scheme 4.1 Possible structure of polybenzoxazine precursors and the cured resin.
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The thermal stability of polybenzoxazine-based organic aerogel was 
investigated by TGA (Figure 4.6). Polybenzoxazine began to decompose at 225°c 
with the maximum mass loss rate in the temperature range between 250° and 600°c. 
The rate of mass loss became slower after 600°c, and no obvious mass loss was ob­
served beyond 800°c. The values of 5 and 10% weight loss temperatures were 295 
and 325 °c, respectively and the char yield was 39 %wt.

Temperature {°c)

Figure 4.6 TGA thermogram during the pyrolysis of the polybenzoxazine-based or­
ganic aerogel.

Lorjai and coworker [26] reported the char yield of polybenzoxazine 
aerogel is higher than the bulk polybenzoxazine due to polybenzoxazine aerogel has 
the contiguous microporous in its structure. Therefore, the primary products decom­
posed within the porous structure and travel in longer retention time. This porous 
structure cause high opportunity for secondary reaction to form the secondary com­
pounds resulting in formation of char with non-reactive.

Figure 4.7. shows SEM micrographs of the organic aerogel and car­
bon aerogel which exhibit the 3D interconnected particles into a network with conti­
nuous opened-macropore. Flowever, in case of organic aerogel, the denser porous



27

structure was obtained. Since during pyrolysis process, some organic moieties in or­
ganic aerogel structure were decomposed resulting in sparser in carbon aerogel.

Figure 4.7 SEM micrographs of (a) organic aerogel and (b) carbon aerogel.

Figure 4.8 shows the X-ray diffraction (XRD) pattern of 
polybenzoxazine-based carbon aerogel. The broad peaks at 26 = 23° and 43° 
correspond to the interlayer spacing (doo2) and stacking hight (LC;002) of graphitic 
carbon material [24], suggesting that the prepared carbon aerogel contained some 
ordered structure.

Figure 4.8 XRD pattern of polybenzoxazine-base carbon aerogel.



4.4.2 Conductive films morphology

4.4.2.1 Microscale surface analysis by optical microscopy (OM)
Conductive films microscale morphology of activated CA 

was observed by optical microscopy (Figure 4.9). These images provide a general 
view of CA composite conducting network microstructure which was built by inter­
connection of CA in the insulating polymer. Consequently, electrons can circulate 
via this percolated structure. It is obvious that increasing CA content increases the 
network of filler. As a result, the conductance of composite film was increased.
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Figure 4.9 Microscale morphology of a) 32 wt% 
of activated CA in PB c) 47 wt% of activated CA

of activated CA in PB b) 38 wt% 
in PB observed by optical micro­

scope.
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4.4.3 Electrical Response Characterization of Conductive Composite films 
Common polymers are generally insulators. When the presence of CA 

approaches to a critical quantity in which at least one conductive path formed 
throughout the matrix, the electrical conductivity increases due to the effect of perco­
lation threshold [43]. Figure 4.10 shows the relationship between electrical resistance 
of the composites and the content of conductive fillers. As can be seen, there is a 
sharp decrease in the resistance starting at 90 wt% of graphite in PB, 24 wt% of CA 
in PB, and 32 wt% of activated CA in PB, indicating the formation of percolating 
networks. However, the amounts of additive were higher when compared with the 
previous report [41]. Since the conductive fillers interconnect only orthogonal plane, 
say xy in psudo-two-dimension system (2D), whereas the interconnect path can also 
be formed in the z direction in psudo-three-dimensional system (3D) [17] resulting 
in the higher content of filler in thin film was required for percolating formation in 
2D.
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Filler content (wt%)

Figure 4.10 Electrical resistance of polybutadiene filled with a) CA b) activated CA
c) graphite.
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In order to further examine the gas sensitivity and electrical response 
of each sensor to various organic vapors of CA/PB composites to demonstrate gas 
sensing composite performance, the response (dR/Rb=(Rm-Rb)/Rb) of the compo­
sites with various filler contents in toluene vapor was evaluated, (figure 4.11). The 
highest point appeared at 28 wt%, 44 wt% and 96 wt% of loading CA, activated CA 
and graphite in PB, respectively. These loading contents of conductive fillers were 
higher than the percolation threshold. These results are similar to that of the multi- 
walled nanotube/polystyrene composites reporter by Zhang et al. [43]. .When the 
content of conductive filler in composite is low, the tunneling effect contributes to 
the composite conduction beside the direct inter-filler contact. During the composite 
was exposed to organic vapor, the increase in resistance due to the separation of the 
conductive paths built by the direct inter-filler contact has to be less significant. In 
case of high conductive filler content, the excessive fillers causes filler aggregation 
resulting in the difficulty of conductive path destruction. Only at certain filler con­
tent, the conductive networks are mainly built by the direct inter-filler contact, which 
are easy to be separated by the swelling of polymer matrix resulting in the maximum 
response of the composite.
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Figure 4.11 Electrical response of a) CA/PB composite b) activated CA/PB compo­
site C) graphite/PB composite with different content of fillers to toluene vapor.
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toluene hexane acetone water 
Organic vapors

Figure 4.12 Electrical response of composites with different conductive fillers on 
species of organic solvent vapors.

It is known that the composites showed highest response against tolu­
ene vapor at 28 wt%, 44 wt% and 96 wt% of loading CA, activated CA and graphite 
in PB, respectively. Therefore, the subsequent experiment should be made on the 
composites with these conductive filler concentrations. The electric response of 
composites on organic solvents as shown in figure 4.12, comparing to CA/PB and 
graphite/PB composite, the response of activated CA/PB to three organic vapors was 
highest. According to the previous reports [19, 42], the adsorption characteristics of 
filler exerted the importance role on the response of sensor; therefore, the adsorption 
capacity of composites with different fillers was measured by using ATR-FTIR spec­
troscopy. Before the composite films were exposed into toluene vapor which was 
carried by N2 gas, they were heat for 5 hr. at 70 °c in an oven in order to evaporate 
remaining organic solvent. Figure 4.13 illustrates the IR spectra of 20 wt% of acti­
vated CA in PB composite film. The intensity of each spectrum was normalized by 
the intensity of the peak at 990 cm' 1 (=C-H out of plane bending). The peak at 1490 
cm' 1 corresponds to c=c ring stretching of toluene was observed after activated
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CA/PB film was exposed into toluene vapor for 5 min. Moreover, the peak intensity 
was increased with longer exposed time. These results indicated the relative amount 
of toluene adsorbed by activated CA/PB composites.

Figure 4.13 Infrared absorbance spectra of 20 %wt of activated CA in PB films a) 
before exposing go toluene vapor b) after exposing to toluene vapor 5 min c) after 
exposing to toluene vapor 10 min.

Figure 4.14 shows the comparison of the peak area at 1490 cm' 1 of 
pristine PB film and with 20 พt% of activate CA, CA and graphite in PB after expos­
ing to toluene vapor as a function of time. It can be seen that, the peak area of the 
films increased with the exposure time. Furthermore, the peak area of composite 
films was higher than that of pristine PB film at the same exposure time. It can be 
deduced that the adsorption capacity of the filler enhanced the adsorption of the 
composite film. Moreover, the peak area of activated CA was the highest, indicating 
that the activated CA/PB composite film adsorbed larger amount of toluene vapor. 
These results correspond to the work done by Zhang et al. [42] who showed that the 
absorption of CA in organic vapors was higher than that of carbon black resulted in 
better response of CA/polystyrene composite film to organic gas. Since CA has high 
adsorption capacity owing to its property of porous material with high surface area
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[8,12,20], The physical characteristic of activated CA compare to other fillers as 
show as table 4.2.

Figure 4.14 The peak area at 1490 cm' 1 of composite film with different fillers after 
exposing to toluene vapor as a function of time.

Table 4.1 The physical characteristics of conductive fillers

Material Morphology
type

Surface area 
(m2/g)

Average pore 
size (nm)

Pore volume
(cc/g)

CA Powder 466 2.4 0.28
Activated
CA Powder 917 2.5 0.57

Graphite Powder 140 - -

The characteristic resistance of activated CA/PB composites is shown 
in figure 4.15. The resistance rapidly increased and gave high response when the 
composite was exposed in organic vapors only for 25 seconds. This exposure time is



37

shorter than previously report [19, 42], according to the effect of thinner film [16]. 
The adsorbed gas molecule on the surface of thinner film can penetrated into bulk 
easier than the thicker film causing the swelling of polymer matrix; therefore, the 
change of the resistance in thinner film was larger than that of the thicker film. 
Moreover, the activated CA/PB composites showed a good reproducibility as the 
electrical resistivity came back to its original value rapidly after exposing to N2 gas. 
Thus, polybenzoxazine-based CA is a suitable filler for gas sensing polymer compo­
sites.
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Figure 4.15 Typical cyclic responses of electrical resistance of activated CA filled 
PB against a) toluene b) hexane c) acetone vapors as a function of time.
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Table 4.2 The list of the dielectric constant and polarity index of organic vapors

Organic vapors Dielectric constant* Polarity index**
Toluene 2.38 2.4
n-hexane 1.88 0.1
Acetone 21 5.1
Water 80 10.2

(*http://en. wikipedia.org/wiki/soivent 
**http://macro.lsu.edu/howto/solvents/polanty%20index.htm)

The composites possess different responses to different organic va­
pors providing the composites with selective response. From figure 4.11, the hydro- 
phobic PB composite showed high response to non-polar solvents like toluene and 
hexane. But its response was low to moderate to acetone, and no response when ex­
posed to high polar solvent such as water. These results correspond to work done by 
Li et al. [19], They found that the carbon black/polystyrene composites showed high 
responsiveness to good solvent for the polymer matrix.

Since vapor pressures of organic solvent are quite different under the 
same condition, to obtain information about the sensitivity of gas sensor in four kinds 
of organic solvents: toluene, hexane, acetone and water. Their concentrations which 
were carried out by N2 gas were calculated by equation (1).

PV= ทRT (1)

Where p is the pressure of the atmosphere, V is the volume of gas va­
por, ท is the mole of gas vapor, R is the gas constant and T is the temperature at ex­
perimental condition. Mole of each gas can be deduced from the difference between 
the analyst liquid’s original weight and its weight subsequent to the release of the N2 
into the analyte reservoir at flow rate of 300 ml/min for 30 min. This enables US to 
calculate the value of V, the volume of gas vapor. Then the concentration of analyte 
gas vapor in N2 gas for 25 sec can be obtained. Table 4.4 shows the concentration of

http://en
http://macro.lsu.edu/howto/solvents/polanty%20index.htm
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gas vapors carried out by N2 at flow rate of 300 ml/min for 25 sec which were ex­
posed in chamber.

Table 4.3 The concentration of organic vapors carried by N2 gas in the sensor test­
ing

Organic vapors Concentration (ppth)
Toluene 3.49x10'
Hexane 1.62xl02 “
Water 2.75x10'’
Acetone 2.01x1 O' 2

The sensitivity of gas sensor to each solvent was calculated according 
to equation (2 ) [2 2 ],

Sensitivity = Response/concentration of gas vapor (ppm) (2)

toluene hexane

Organic vapors
acetone

Figure 4.16 Sensitivity of activated CA/PB composite to different kind of organic 
vapors.
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The sensitivity of activated CA/PB composite to various organic va­
pors is shown in figure 4.16. The activated CA/PB composite which possesses hy­
drophobic matrix showed sensitivity of 3.20x 10' 1 ppm"1 and 4.14xl0"2 ppm' 1 to non­
polar toluene and hexane, respectively. This sensitivity is higher than that of the sen­
sitivity of the composite when it was exposed to higher polar acetone in which the 
sensitivity of composite was 2.49x10"3 ppm"1.

In order to study the response of different polymer matrix to organic 
vapors, polyvinyl alcohol (PVA) which is hydrophilic nature was chosen for further 
study. Figure 4.17 shows the relationship between electrical resistance of activated 
CA/PVA composite and the content of activated CA. The resistance of composite 
dropped sharply at concentration of activated CA in PVA about 30 wt%. Figure 4.18 
shows the response (dR/Rb=(Rm-Rb)/Rb) of the composites with various activated 
CA contents in water vapor. The highest point was observed at 40 %wt of activated 
CA in PVA. Sine it is known that the composites showed highest sensitivity against 
water vapor at CA contents of 40%. Therefore, subsequent experiment; the mea­
surement of gas sensitivity and electrical response of each gas sensing composite to 
different organic vapors should be made on the composite with this filler content.

Figure 4.17 Electrical resistance of activated CA/PVA composite with activated 
CA content.
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Figure 4.18 Electrical response of activated CA/PVA composite to water vapor with 
activated CA content.

water acetone toluene hexane

Organic vapors

Figure 4.19 Electric response of activated CA/PVA composite on species of organic
solvent vapors.
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From figure 4.19, clearly the response of the activated CA/PVA com­
posite to high polar water was .the highest and moderate to acetone. On the other 
hand, the composite showed low response to non-polar hexane and no response to 
non-polar toluene.

The sensitivity of CA/PVA composite to each solvent is shown in fig­
ure 4.20. The composite which has hydrophilic PVA as a matrix showed sensitivity 
of 4.31xl0'3 ppm' 1 to polar water which was higher than the sensitivity of 3.60xl0"5 
and 2.82x1 O' 5 ppm' 1 when the composite was exposed to lower polar acetone and 
non-polar hexane, respectively. This result suggested that the good solvent of poly­
mer matrix in the composite caused large swelling in matrix. As a result the gas sens­
ing composite has high sensitivity.

water acetone hexane

O rganic vapors

Figure 4.20 Sensitivity of activated CA/PVA composite to different kinds of organ­
ic vapors.
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4.5 Conclusions

In this study, we have demonstrated the synthesis and characterization of 
gas sensing materials which were produced by a new type of filler called CA using 
PVA and PB as matrices. In this work, CA was made from polybenzoxazine based 
precursor which provides high crosslink density and char yield as 39 %wt to 
construct CA. In order to have a higher pore volume and surface area, the CA was 
activated.

On the basis of this study, the following conclusions can be drawn:
1. In the present of activated CA in composite film, the adsorbed gas on 

composite film was higher comparing to pure polymer film and composite film with 
graphite as a filler, resulting in the higher responses of this composite upon exposure 
to organic gas vapors. Further more, the gas sensing material based on activated CA 
show excellent reproducibility.

2. The response of activated CA/PB films was higher when the compo­
sites were exposed to non-polar solvents like'toluene and hexane. But their response 
was low to moderate acetone, and no response with high polar solvent such as water 
due to the hydrophobic nature of the polymer matrix.

3. The response of activated CA/PVA films were high when the compo­
sites were exposed to high polar water was highest and moderate to acetone. On the 
other hand, the composite showed low response to non-polar hexane and no response 
to non-polar toluene due to the hydrophobic nature of the polymer matrix.
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