CHAPTER VI
POLYDIPHENYLAMINE/ZEOLITE Y COMPOSITE AS A SENSOR ARRAY
FOR THE SELECTION OF DIFFERENT CHEMICAL VAPORS

6.1 Abstract

A composite of nanoscale polvdiphenylamine (nPDPA) and dealuminated
zeolite Y (DYH[80]) was fabricated to be used as a sensor array for discriminating
various kinds of chemical solvent vapors: non polar solvents, low polar solvents, and
high polar solvents. Discriminant analysis was used to confirm that the composite
could distinguish different chemical solvents. The effects of surfactant type and
concentration, and DYH[80] content on the electrical conductivity responses,
sensitivity, and selectivity of the composite were investigated. The induction and
recovery time, and cyclic response of the composite were also investigated. The
composite with sodium dodecyl sulfate as a surfactant with 15 %viv DYHL8(]
showed relatively high sensitivity toward dichloromethane IDCM) vapor.
Discriminant analysis confirmed that the response pattems of the composite toward
each chemical solvent could be distinguished among non polar and low polar
solvents, but not high polar solvents. Moreover, the interaction of the composite and
DCM vapor was reversible as confirmed by cyclic response. Fourier transform
infrared spectroscopy spectra, and electrostatic force microscopy images. When
compared ith conventional microscale polvdiphenylamine (cCPDPAI composites,
the nanoscale polydiphenylaming composite with dealuminated zeolite Y
(NPDPA/DYH[80] ) is a promising material for use as a sensor array for detecting non
polar and low polar solvents.

Keywords: Polydiphenylamine: Zeolite Y: Sensor array: Chemical vapor,
Discriminant analysis



6.2 Introduction

Chemical vapor intrusion is of concern hecause chemical vapors may cause
many health problems (e.g.. eye and respiratory irritation, headaches, nausea, cancer
or chronic disease) (EPA. 2012). Health risks are dependent on the type and amount
of chemical vapor exposure (NAQOAA. 2012). Generally, chemical vapors can
originate from common household products (e.g.. paint, paint stripper and thinner,
new carpeting and furniture, air fresheners, cleaning products, etc.) (EPA. 1991
Sidebottom et ai. 2011). Rapid, sensitive, portable, and inexpensive sensor systems
are an urgent need to identify a wide range of chemical vapors (Askim et ai. 2013;
Grate et al.. 2001; Janata et al.. 2001). Recently, the} have been many efforts to
develop sensor array systems for many types of materials such as metal oxide
semiconductors (Tomchenko et al.. 2003), field effect transistors (FEE) (Ho. 2011
Potyrailo et al.. 2011 James et al. 2005). chemical field-effect transistors
(ChemFET) (Janata and Josowicz. 2009: Ronkainen el ai. 2010). as well as
conductive polymer sensors (Nambiar et ai. 2011 Chanthaanont et al.. 2012:
Konkayan et ai. 2013: Kamonsawas et ai. 2010 Permpool et ai. 2013: Jian et ai.
2010 Jun et ai. 2009). The sensors based on conductive polymers possess cost
effectiveness, better processability, greater sensitivity, and reproducibility than
sensors made from inorganic oxides (Partridge et ai. 2000). A highly sensitive
sensor system improves with the material surface area to mass ratio. Conductive
polymers have been developed at nanoscale; nanowires (Huang et ai. 2010: Wang et
ai. 2014; Hangarter et ai. 2010). nanotubes (Kwon et ai. 2012). nanofibers
(Nicholas. 2013: Huang et ai. 2002). etc. Another important property of a sensor
system is selectivity (Askim et ai. 2013). Zeolites are of interest as a selective
material because they provide optimal sizes and shapes, which can absor chemical
vapor molecules while sustaining a high surface area to mass ratio due to its porous
structure (Zhou et ai. 2003). Recently, conductive polymer/zeolite composites have
been used as a selective material for many toxic gases: eg. poly(34-
ethylenedioxythiophenefpolystyrene suifonate/zeolite ZSM5 as a carbon monoxide
sensor (Chanthaanont et ai. 2012): poly(3-thiopheacetic acidfzeolite Y composite as



an ammonia sensor (Konkayan et ai, 2013): polypyrrole/zeolite 3A as a chemical
lacquer thinner sensor ( annatong et ai. 2008). etc.

Additionally, a polydiphenylamine zeolite Y composite with a Si/Al ratio of
80 (D-PDPAJYH[80J) was investigated in terms of electrical conductivity response
and sensitivity toward halogenated solvents (Permpool et ai. 2013). it was possible
to change the selectivity toward polar (e.g. dichloromethane; DCM) and lion-polar
(e.g. hexane) solvents. However, the sensitivity and selectivity of the composite
toward those solvents were low. Thus, a modification of the structure of PDPA and
YH[80] was required to enhance the sensitivity toward those vapors. PDPA was
synthesized via emulsion polymerization to obtain PDPA at nanoscale (nPDPASs.
Zeolite 'Y was modified by a dealumination process (DYH[80J) to increase its
hvdrophobicity. The objective of the present work. nPDPA and DYHI[80] were
incorporated together to form compressed composite to be used as a sensor arras to
discriminate between different halogenated solvents.

6.3 Experimental

6.3.1 Materials

Diphenylamine. DPA (reagent. Sigma Aldrich), ammonium
persulfate. (NTDbSiOg. (AR grade. Riedel-deHaén), and 36.5-38.0 % |/
hydrochloric acid. HC1, (ACS reagent. J.T. Baker) were used for PDPA synthesis.
Zeolite Y (Zeolite International) with Ir as a cation, possessed the Si/Al ratio of 80
(YH80) in powder form. Sodium dodecyl sulfates. SDS. (Lobachemie).
Cetyltrimethylammonium bromide, CTAB. (Sigma Aldrich). Polyoxyethylene (20)
sorbitan monooleate. TW80. (ICI Americas. Inc.) were used as surfactants and
dopants. The solvents for the sensitivity tests were hexane, toluene, chloroform,
dichloromethane. DCM, tetrahydrofuran, THF. acetone, dimethylformamide. DMF.,
ethanol, methanol, and propanol. All solvents were of analytical grade and were used
as received.



6.3.2 Sample Preparation

Polydiphenylamine nanoparticle (nPDPA) was synthesized via the
emulsion polymerization method according to the procedure of Permpool et al.
(2014). SDS. CTAB. and TW80 were used as soft templates for control size and
shape of nPDPA. Zeolite Y was modified through an acid treatment process by
varying acid treatment times as previously reported (Permpool et al., 2013). In order
to prepare the nPDPA/DYHI[80] composites. nPDPA powder was ground with
DYH[80] at various concentrations (5. 10. 15. 20. 25. 30. and 50 %v/v). The pellet
form of each sample for the conductivity and sensitivity measurement was prepared
by pressing with a hydraulic press (GRASEBY SPECAC) under a 4-5 ton load. The
diameter of the pellets was -1.30 cm.

6.3.3 Characterization

The morphology of nPDPA. DYHB80 and its blends were investigated
by using a scanning electron microscope. SEM (HITACHI. -4800) with a
magnification of I0000x and 30000x. operated at 10 kv.

The charge distribution along the composite hackbone before, during,
and after exposure to DCM, THF, and acetone was measured by electrostatic force
microscopy, EFM (Park System. XE-100) operating in standard EFM mode with an
NSC 14=Cr-Au tip. a scan size of 2 mm 12 mm, and a scan rate of 0.1 Hz. Voltage
was applied to the sample at 5 V. The EFM phase image exhibited brighter regions,
which identified positive charges within the composites, while the darker regions
identified negative charges within the composite. The degree of charge generated on
the surface of the composite was also measured and analyzed.

The chemical interaction between the composites and the vapors was
investigated by using Fourier transform infrared spectroscopy. FT-IR (Thermo
Nicolet. Nexus 670) in a wave number range of 4000-600 cm'%, a resolution of 4 cm’
', and a scan number of 64.

6.3.4 Conductivity & Sensitivity Measurement
The conductivity measurement of all PDPA samples was measured
by a custom-built two point probe connected with a conductivity meter (KEITHLEY



6517A). Voltage was applied to the sample in the linear Ohmic regime. The resultant
current signal was recorded with 6517 Hi-R Test software. Each sample disc was
compressed to a diameter of "1.30 cm and a thickness of ~0.05-0.07 cm as measured
with a digital thickness gauge (PEAACOCK. model PDN-20). Electrical
conductivity (o) of the samples was calculated by the following Eq. (.1 );

9= (~) 61)

where | is the measured current (A), V is the applied voltage (V). t is the sample
thickness (cm), and K is the geometric correction factor which is equal to the ratio
/', where and lare the probe width and the length, respectively (1.07 X 10)
Sensitivity of the samples is defined as the change in conductivity of
all samples (A ct) when exposed to the solvents divided by the conductivity value in
pure nitrogen. The difference in the specific electrical conductivity ( ,'em) was
calculated by Eq, (6.2);

Ac = Solvent vapor - a - initial (6.2)

where o\, intid is the specific electrical conductivity in Ni before exposure ( /c ).
and Gonemvapr is the specific electrical conductivity (S/cm) under solvent exposure at
various concentrations. All measurements were taken at 27 + 1 °C. at atmospheric
pressure (atm) using a 5 L/min air and N: flow rate.

6.4 Results and Discussions

6.4.1 Sensitivity of nPDPA toward PCM Vapor: Effect of Surfactant Type
and Content
Sensitivity values of nPDPA toward DCM vapor at various surfactant
types and concentrations are shown in Figure L The sensitivity values of nPDPA at
various surfactants toward DCM vapor increased from (-6.21 + 2.35) X 102 to (-9.76
1 0.32) X 10 for nPDPA-SDS. from (-1.64 £ 0.04) X 10, to (-3.19 £ 0.82) X 10-, for



nPDPA-CTAB, and from (-1.21 £ 0.01) X10- to (-2.19 £ 0.36) X 10-. for nPDPA-
TWB80 with increasing monomer to surfactant mole ratio from 1:0.001 to 1:0.5 (CMC
point). But values decreased to (-3.71 £ 1.15) X 101 for nPDPA-SDS. (-7.17 + 0.40)
I 10 for nPDPA-CTAB, and (-6.01 £ 1.05) ' 10. for nPDPA-TW80 when the
monomer to surfactant mole ratio was equal to 1:1. This is because the particle size
of NPDPA decreases with increasing surfactant concentration until reaching the CMC
point of each surfactant (Permpool et al. 2014). The CMC points are 35 X 10
mol/l. 412 X 10« molL and 8.092 X 10 s mol/L for SDS. CTAB. and TWB0.
respectively. The smaller particle size of nPDPA provided larger surface area for
electron transfer, hence sensitivity increased ( annatong et al.. 2008). Moreover,
electrical conductivity sensitivity of nPDPA-SDS toward DCM vapor was higher
than that of nPDPA-CTAB. and nPDPA-TW80, respectively, as shown in Figure 1
This is due to a difference in: (i) the strength of the intermolecular interaction
between the polymers and the vapors: (ii) steric effect of surfactant molecules.
Stronger interactions between the polymers and vapors induced greater sensitivity
(Askim et al.. 2013). For nPDPA-SDS and nPDPA-CTAB. the interaction between
the polymers and the vapors was a ion-dipole interaction (—40-600 kJ/mole per
interaction) (Silberberg, 2006). But the interaction between nPDPA-TW80 and the
DCM vapor was the dipole-dipole interaction (-5-25 kJ/mole per interaction)
(Silberberg. 2006). So. nPDPA-SDS. and nPDPA-CTAB were expected to have a
sensitivity value toward DCM vapor higher than that of nPDPA-TW80. In addition,
electron mobility along the polymer chain was obstructed due to the steric effect of
each surfactant molecule. The molecular size of TW80 was larger and thus it had a
greater steric effect than those of CTAB. and SDS. respectively. Consequently, the
electron mobility along the wPDPA-TWs0 backbone was more obstructen than
nPDPA-CTAB and nPDPA-SDS. In comparison to the conventional micro scale of
PDPA (cPDPA). sensitivity of nPDPA-SDS toward DCM [(- 9.76 + 0.32) X 10'] is
higher than that of cPDPA [(-3.83 £0.15) X107 at 39.24%.



6.4.2 Sensitivity of nPDPA/DYH1801 Composite toward PCM Vapor:

Effect of DYH1801 Content

In order to improve selectiv ity of the nPDPA. zeolite Y was employed
and investigated further. Sensitivity' values of nPDPA/DYHI[80] composite toward
DCM vapor at various DYH[80] zeolite concentrations are shown in Figure 2
Sensitivity values of the composites increase from (-1.19 £ 0.57) X 10- to (-9.764 #
0.32) X HP: for the nPDPA-SDS/DYH[80] composite, from (-3.22 + 3.03) X 101 to
(-6.74 £ 1.40) X 101 for the nPDPA-CTAB/DYHI[80] composite, and from (-4.57
5.40) X10° to (-2.10 £ 2.56) X 10 for the nPDPA-TW80/DYHI[80] composite with
increasing DYH[80] concentration from 5 %viv to 15 % ' As DYH80
concentration increases to 30 %viv, sensitivity decreases to (-1.64 £ 0.73) X 10 for
the nPDPA-SDS/DYH[80] composite. (-446 = 1.07) X 101 for the nPDPA-
CTAB/DYH[80] composite, and (-1.65 + 104) X 10. for the nPDPA-
TWB0/DYH[80] composite. Sensitivity of the nPDPA-SDS/DYH[80] composite
toward the DCM vapor is also higher due to the difference in the strength of the
intermolecular interaction between the polymers and vapors, as well as the steric
effect of surfactant molecules. The initial increases in sensitivity of the composite, as
DYH[80] concentration increased from 5 %v/v to 15 %vlv, are due to the DCM
molecules being trapped in the micro porous structure of DYH[80], With a higher
DYH[80] concentration, more DCM molecules could be trapped in the DYHI[80]
zeolite (Zheng et al. 2013). Nevertheless, when the DYH[80] concentration
increased to 30 %viv, sensitivity of the composite decreased because the active sites
of the polymer were reduced (Phumman et al. 2009). As compared to our previous
work, the nPDPA-SDS composite with 15 %v/v DYH[80] promoted the highest
sensitivity toward DCM vapor while the highest sensitivity toward DCM vapor of
the cPDPA/DYH[80] composite came from 30 %v/v DYH[80]. The nPDPA-
SDS/DYH[80] composite showed higher sensitivity toward DCM vapor than the
cPDPA/DYH[80] composite by -45% due to the synergistic effects between the
nanoparticles of nPDPA-SDS and greater hydrophobicity of DYH[80] (Saidina and
Anggoro. 2002: Holmberg et al. 2004; Kumar et al.. 2000 Triantafillidis et al,
2000). In summary, the nPDPA-SDS/DYH[80] composite was more effective and
could be used more efficiently as a sensing material for DCM vapor than
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cPDPA/DYH[80] composite. The nPDPA with the monomer to SDS ratio of 1.0.5
and 15 %vlv DYH[80] (nPDPA-SDSJ-0.5/15%DYH[80]) was employed for further
investigation.

6.4.3 Sensitivity of nPDPA-SDS  1-0.5-15°-(>DYH30 Composite toward

Various Solvent Vapors

Sensitivity of the nPDPA-SDS _1-0.5/15%DYH[80] composite toward
different kinds of chemical vapors was measured to test its ability to discriminate
different analytes. Figure 3 shows sensitivity values of the composite toward three
different groups of chemical vapors: (i) high polar solvents—methanol, ethanol, and
propanol; (i) low polar solvents—dichloromethane. DCM. tetrahydrofuran. THF.
acetone, and dimethylformamide. DMF. and: (iii) non polar solvents—hexane,
toluene, and chloroform. The composites show negative responses toward all
chemical vapors. The largest responses are toward the low polar solvents
(DCM>THF>acetone>DMF). ~ followed by~ non  polar  solvents
(toluene~chloroform>hexane). The composite possessed low sensitivity toward the
high polar solvents. The sensitivity values of the composite toward all chemical
vapors are tabulated in Table L Typically, a chemical polymeric sensor is molecular
recognition device that responds to a specific interaction between the polymer and
target vapor (Hunter. 2004; Rigby. 1986 Muller and Hobza. 1999). The low polar
solvents, the interaction between the composite and the vapors is quite strong via the
jon-dipole interaction. The non polar solvents have a low dielectric constant and
dipole moment. The interaction between the composite and the vapors occurs
through the physical adsorption on the surface of the composite. For the high polar
solvent, the interaction between the composite and the vapors resulted in the
hydrogen bonding because the vapors had a high dielectric constant and high dipole
moment. From this conjecture, the sensitivity of the composite toward different
chemical vapors should be in the order of: high polar solvent>low polar solvent>non
polar solvent. However, the results showed that the composite has rather low
sensitivity toward high polar solvents relative to that of the low polar solvents, and
the non polar solvents. Not only the specific interaction between the composite and
the target vapor can affect its sensitivity, but the solute-solvent interaction is also
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dominant (Righy. 1986: Harada et al., 2011; Guan et al., 2008). The Hansen
solubility parameter, Q s used to indicate solvency behavior of a specific solvent
(Bruke, 1984). Materials are miscible when ¢ is similar (Hansen. 1967, 2012). The
solubility parameter of nPDPA is 20.8 MPa.. (Permpool et al., 2013). As shown in
Table 2, the solubility parameter of high polar solvents is quite different from that of
nPDPA. But solubility parameters of the low polar and non polar solvents are not
much different from that of nPDPA. Consequently, the composite could not dissolve
in a high polar solvent as sensitivity values of the composite toward these solvents
are very low. This caused the order of sensitivity to be: low polar solvent>non polar
solvent>high polar solvent.

6.4.4 The Temporal Response of the nPDPA-SDS 1-0.5/15°0DYH|80|

Composite toward Various Solvent Vapors

Table 1 shows the induction and recovery times of the composite
when exposed to 10 chemical vapors. For the non polar solvents, the induction time
of the composite is 12.94 £ 0.72 min for hexane. 7.79 £ 0.32 min for toluene, and
1.54 £ 0.16 min for chloroform. For the low polar solvents, the induction time of the
composite is 531 £ 0.07 min for DCM, 6.78 + 0.48 min for THF. 7.88  0.49 min
for acetone, and 6,95 £ 0.57 min for DMT. For the high polar solvents, the induction
time of the composite is 10.84 + 0.55 min for methanol. 10.94 £ 0.69 min for
ethanol, and 11.34 £ 0.86 min for propanol. Thus, the composite shows the lowest
induction times toward the low polar solvents, followed by the non polar solvents,
and the high polar solvents, respectively. The recovery time of the composite follows
the same behavior as the induction time; the low polar solvents have the lowest
recovery times, followed by the non polar solvents, and the high polar solvents,
respectively. Since the interaction between the composite and the low polar and non
polar solvents causes a dipole-dipole interaction, this lowers the induction and
recovery times (Askim et al., 2013). On the other hand, for the high polar solvents,
the interaction of the composite and the vapors is through the hydrogen bonding
which consumes high energy per mole of interaction but it cannot dissolve in the
composite due to the solvency behavior. So. the induction and recover times of the
composite toward the high polar solvents are relatively higher than those of the other
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two types of solvents. In comparison with our previous work, the induction and
recovery times toward the DCM vapor of ¢cPDPA composite with DYH[80] was
1561 + 0.07 min, and 1281 % 0.08 min. respectively. The cPDPA/DYH[80]
composite showed lower induction and recovery times toward DCM vapor than
NPDPA-SDS_1-0.5/15%DYH[80] composite used in this work due to lower surface
area in comparison to the nanoscale PDPA composite.

6.4.5 Discriminant Analysis of nPDPA-SDS 1-0,5/15%DYHr801

Composite toward DCM. TIIF. and Acetone

Since the composite has different sensitivity responses toward various
kinds of solvent vapors, the statistical technique was used to estimate the sensitivity
responses generated by the composite, which can be used to discriminate different
solvents. The data were transformed to a canonical score by linear discriminant
analysis (LDA) (Askim et al.. 2013; Cooper et al.. 2010) as shown in Figure 4.
Figure 4a shows the discriminant analysis of the sensitivity response of the nPDPA-
SDS _1-0.5/15%DYH[80] composite toward 10 different chemical vapors at a
concentration of 50 %v/v. The high polar and non polar solvents are not clearly
discriminated and show overlapping between the groups. But the low polar solvents
are clearly discriminated from each other as shown in Figure 4b. Therefore, the effect
of vapor concentration of the low polar solvent on sensitivity of the composite was
investigated next. Figure 5 shows sensitivity of the nPDPA-SDSI-
0.5/15%DYH[80] composite toward DCM. THF. and acetone vapor at different
concentrations at 27 £ 1 oc and 1atm. Sensitivity of the composite exposed to DCM
increases from -0.082 £ 0.066 to -0.976 t 0.738 as the vapor concentration increases
from 5 %v/v (7.696 ppm) to 100 %vl/v (153.914 ppm) (Figure 5). For THF exposure,
sensitivity increases from -0.053 + 0.053 to -0476 + 0491 as the vapor
concentration increases from 5 %v/v (1583 ppm) to 100 %viv (31.668 ppm). For
acetone exposure, sensitivity increases from -0.009 £ 0.0300 to -0.117 £ 0.321 as the
vapor concentration increases from 5 %viv (2.428 ppm) to 100 %v/v (38.577 ppm).
Thus the composite shows linear responses in relation to vapor concentrations. The
slope of each graph indicates selectivity of the composite toward the vapors (Ma et
al.. 2011). The slope of DCM (-3x10") is greater than that of THF (-2X:09). and



acetone (-5*1056), respectively. This suggests that the selectivity of the composite
toward DCM is higher than that of THF and acetone. Moreover, the limit of
detection (LOD) of the composite was also investigated. LOD is the estimate from
the mean of the nitrogen gas (blank), and the standard deviation of nitrogen gas and
target vapors (Loock et al., 2012). The average LOD of the composite was 225 ppm
for DCM. 150 ppm for THF, and 1070 ppm for acetone.

6.4.6 Cyclic Response and Chemical Reaction between nPDPA-SDS 1-0,5/
15%DY1 11801 Composite and Vapor

Figure  shows the electrical conductivity of the composite toward

DCM. The measurement was repeated for 5 cycles. The composite shows a negative
cyclic response when exposed to DCM. The conductivity values of the composite of
the 1st 2nd 3rd 4th and Stheycle are 8.74 £ 0.69 > 105 /cm, 8.79 + 0.05 X105 /cm,
949 £ 127 X105 slem, 9.02 £ 0.74 X 105 s/cm, and 8.96 £ 0.87 X 105 cm.
respectively. This suggests that the interaction hetween the composites and the
vapors is quite reversible. Moreover, the FT-IR spectra of the composite before,
during, and after exposure to DCM vapor confirm the interaction hetween the
composite and the vapor, as shown in Figure 7. Before DCM exposure, the spectrum
shows characteristic peaks of D-PDPA and DYH[80] (Santana and Dias, 2003; Hua
and Ruckenstein, 2003; Sathiyanarayanan et al., 2006). During DCM exposure, new
peaks appear at 2974, 2866, 1056, and 1012 cm'L which can be assigned to the
interaction between DCM and D-PDPA. specifically CH; in DCM (Lambert et .
2010). After flushing DCM vapor with N, the peaks that correspond to the
interaction between the composite and the vapor disappear from the spectrum. This
indicates that the interaction between the composite and the vapor is reversible. The
charge distribution on the surface of the composite was investigated by the EFM
technique with an external electric excitation of 5 volts. Figures sa-c shows the
charge distributions on the surfaces of the composites before, during, and after
exposure to DCM. The bright region indicates positive charges on the surface while
the dark region indicates negative charges on the surface. Before exposure to DCM
(Figure sa). both bright and dark regions are observed on the surface of the
composite. This indicates that the composite backbone has hoth positive and negative
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charges present. During exposure to DCM (Figure sb), there are more dark regions.
This indicates that the composite accommodates electrons from the DCM vapor.
After exposure to DCM (Figure sc). the image shows both bright and dark regions
equally, which implies that the composite has no additional electrons left on its
surface. This further proves that the interaction between the polymer and the vapor is
reversible. Figure 9 shows the proposed mechanism of the composite and DCM
vapor. The chlorine atom of DCM is an electron donating group. It will stabilize the
cations of the inling nitrogen in the composite. In comparison to our previous work,
in which the interaction between the DCM and the cPDPA/DYH[80] composite is
irreversible, the interaction in this work is reversible due to the weak interaction
between the composite and the vapor as described above. The weak interaction of the
composite and the vapor occurs due to the steric effect of the SDS molecules causing
only physical adsorption on the composite.

6.5 Conclusions

By means of nanoscale PDPA particles in the nPDPA-SDS I-
0.5/15%DYH[80] composite, sensitivity and selectivity of the composite toward
various kinds of chemical vapors were drastically improved. Sensitivity toward DCM
of the nPDPA-SDS _-0.5/15%DYHI[80] composite was as high as 39.24% compared
with that of the cPDPA. With increasing zeolite concentration, sensitivity of the
composite increased because more vapor molecules were trapped in DYH80. The
DYH80 zeolite concentration which showed the highest sensitivity toward DCM in
NPDPA-SDS_1-0.5/15%DYH[80] was lower than that of cPDPA/30%DYH|[80] with
a higher sensitivity toward DCM vapor of 45.49%. due to the synergistic effect
between nPDPA-SDS and DYFI[80], Moreover, the nanoscale composite showed
lower induction and recovery times toward the chemical vapors relative to those of
the cPDPA/DYFI[80] composite due to the weaker interaction between the composite
and the vapors. The composite showed different electrical conductivity responses
toward various kinds of chemical solvents: high polar solvents: low polar solvents;
and non polar solvents. With the use of linear discriminant analysis, it was
determined that the composite was able to successfully discriminate low polar
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solvents from the non polar solvents group, but the case of high polar solvents was
not successful. The interaction between the composite and DCM vapors was
reversible as confirmed by cyclic response, FT-IR spectra, and EFM images. Based
on the results, the composite of nPDPA-SDS_1-0.5/15%DYH[80] is a promising
sensing material that can discriminate different kinds of chemical solvents.
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Figure 6.4 Discriminant analysis of sensitivity response of nPDPA-SDS_I-0.5T

DYH[80] composite toward different 10 vapors; circle indicates the means of the

groups.
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Table 6.1 Sensitivity, induction time (ti), and recovery time (tr) of nPDPA-SD SI-

0.5/15% DYH[80] composite when exposed to different solvent vapors

Vapors

Hexane
Toluene
Chloroform
DCM

THF
Acetone
DMF
Methanol
Ethanol

Propanaol

Sensitivity (S/em

(- 1.79 £2.39) X 10"
(- 1.54 £ 2.22) > HTI
(- 1.55 £2.10) - 10'1
(-9.76 £0.32) X 10'1
(-4.76 £0.94) ' Hrl
(-4.29 £2.39) + KT1
(- 1,18 £ 1.51) + 101
(-2.63 £2.33) 10™
(-2.10 £2.56) - 10.]
(- 1.76 £0.86) - 10'5-

)

t, (min)

1294 £0.72
7.79 £ 0.32
7.54 £0.16
531 £ 0.07
6.78 + 0.48
7.88 £ 0.49
6.95+0.57
10.84 +0.55
10.94 + 0.69
11.34 = 0.86

Table 6.2 Physical properties of the solvents tested

Solvent

Hexane
Toluene
Chloroform
DCM

THF
Acetone
DMF
Methanol
Ethanol
Propanol

Polarity Dielectric

constant
0.10 1.88
2.40 2.38
4.10 4.81
3.10 9.10
4.00 7.50
5.10 21.00
7.20 38.00
5.10 33.00
5.20 24.55
4.00 20.00

Dipole moment

0.00
0.36
1.04
1.60
1.75
2.88
3.82
1.70
1.69
1.68

tr(min)

12.23 £0.31
8.79 £ 0.63
8.23 £0.16
6.35£0.17
7.44 £0.17
8.39 £ 0.10
7.18 +0.71
10.15 £ 0.71
11.63 £0.56
11.45£0.16

Solubility

parameter
(MPa'
14.9
18.2
187
20.2
19.4
19.7
24.0
29,6
26.5
24.6

*solubility parameter ofnPDPA is 20 8MPal2 (Permpool eral.. 2013)
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