CHAPTER Il
POLYDIPHENYLAMINE/ZEOLITE Y COMPOSITES AND ELECTRICAL
CONDUCTIVITY REPONSES TOWARD HALOGENATED
HYDROCARBONS

3.1 Abstract

Composites of polydiphenylamine (PDPA) and zeolite Y with FT as the
cation (YH) was fabricated to be used as a sensing material towards non-halogenated
and halogenated solvents (hexane, dichloromethane. 1. 2-dichloroethane.
chloroform). These chemical are toxic towards human and environment and are
widely used as solvents in various industries. PDPA. YH. and their composites were
characterized by Fourier transform infrared spectroscopy, scanning electron
microscopy, particle size analysis, surface area, and pore size analysis. The effects of
the Si/Al ratio, zeolite content, and vapor concentrations were investigated. The
electrical conductivity sensitivity of the composites towards the solvents was higher
than the pristine doped polydiphenylamine (D-PDPA) by -1 order of magnitude. The
composites could discriminate a non-halogenated solvent from halogenated solvents.
They possessed maximum electrical conductivity sensitivity values towards
dichloromethane. but the composites did not respond to hexane. Generally, the
sensitivity of the composites increased with increasing zeolite content and vapor
concentration. The interactions between the composites and the vapors were
investigated by FT-1R spectroscopy and UV-Vis spectroscopy. A mechanism for the
interaction between the composites and the solvents was proposed.

Keywords: Conductive polymer; Electrical conductivity; Polydiphenylamine;
Zeolite Y; Halogenated hydrocarbon
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3.2 Introduction

Volatile organic compounds (VOCs) are organic compounds that easily
evaporate at normal pressure and room temperature. The VOCs are widely used in
daily products and used as solvents in various industries (Sidebottom and Franklin,
1996). Nevertheless, the toxicity of these chemical vapors causes serious
environmental and human health concerns. The VOCs are divided into two groups;
non-halogenated hydrocarbons, and halogenated hydrocarbons. Non-halogenated
hydrocarbons are volatile hydrocarbons that do not contain a chlorine atom within
the molecule. Normally, this group is found in daily life products such as plastics,
cleaning solvents, and paints, and it can affect human health through the respiratory
system. Examples of non-halogenated hydrocarbons are aliphatic hydrocarbons,
aromatic hydrocarbons, alcohol, aldehyde, and ketones. The other type of VOCs s
halogenated hydrocarbons which consist of a chlorine atom within the molecule.
They are used in dry cleaning, metal cleaning, furniture making, thermoplastics
production, degreasing, printing, paper and textile production, and paint removal
(Sidebottom and Franklin, 1996). They are clear liquids, and vaporize at room
temperature (Penza and Cassano. 2003; Kukla et al., 2009; Feng and MacDiarmid.
1999). Examples of halogenated solvents are trichloroethylene, perchloroethylene,
methylene chloride, ethylene chloride, carbon tetrachloride, chloroform, and methyl
chloroform. The toxicity of these chemical vapors is more severe to human health
than non-halogenated hydrocarbons. The solvents pose a major source of
environmental problems such as stratospheric ozone depletion, smog formation, acid
rain production, and global warming. Health problems caused by exposing humans to
these solvents are systemic, immunological, neurological, reproductive,
developmental, and genotoxic and carcinogenic in nature; which can lead to death
(Whitaker and Jones. 1965). The severity of the chemicals on human health depends
on the concentration and exposure levels. The National Institute of Occupational
Safety and Health (NIOSH) defined the limit for personal exposure to the chemical
that cause to death or immediate or delayed permanent adverse health effects as the
immediately dangerous to life or health concentrations (IDTHs) (NOOA, 2013). For
instance, the exposure level of chloroform that leads to death in humans is '40.000



ppm (Featherstone, 1947). The level of chloroform that leads to human loss of
responsiveness, loss of skeleton muscle reflex, and decreased stress response is less
than 22.500 ppm (Whitaker and Jones. 1965; Anesthesia. 2013). The deadly
inhalation concentration for methylene chloride, or dichloromethane (DCM). in a
study of animals, was -3,000 ppm (Williams et al., 2000). Hence, effective sensory
systems are required to identify the presence of these solvents. One development of
sensing materials has focused on conductive polymers due to their unique properties.
They are: light weight, easy to synthesize, possess high sensitivity and short response
time, and have good mechanical properties over metal oxides (Bailey et al., 2008;
Bai and Shi, 2007; Albert et al., 2000). Polydiphenylamine (PDPA) is an N-aryl
substituted derivative of polyaniline and it shows better mechanical strength,
electrochemical, conductivity, and electro chromic properties than polyaniline (Li et
al., 2007; Hua and Ruckenstein. 2003. 2005: Chung et al., 2001):. Additionally,
PDPA has heen used as a sensing material for many sensory systems: pH sensors,
CO sensors, and glucose biosensors (Santhosh et al.. 2007. 2009: Rodriguez et al..
2007). Another group of materials that can also be used as sensing materials are
zeolites. Zeolites are aluminosilicate minerals that have micro porous cages within
their crystal structures. Due to their unique structures, zeolites can act as molecular
sieves to separate different types of molecules. Thus, zeolites can be used as a
catalyst support, an absorbent for moisture and toxic gases, and for ion exchange.
Recently, there have been several studies on conductive polvmer/zeolite composites
as gas or vapor sensing materials (Hugon et al., 2000; et al., 2009; Xu et al..
2006).

This work is aimed at fabricating the composites between D-PDPA and
zeolite Y with H+as a cation (YH) to discriminate between the non-halogenated and
halogenated hydrocarbon solvents, based on the electrical conductivity response
when exposed to halogenated vapors. The influences of the Si/Al ratio. YH content,
and vapor concentration of the halogenated solvents— dichloromethane (DCM). 1.2-
dichloroethane (DCE), and chloroform—on the electrical conductivity response of
D-PDPA/zeolite 'Y composites (D-PDPA/YH) are investigated. The physical
adsorption of the halogenated solvents on the composites is examined by FT-IR and
UV-Vis spectroscopy.
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3.3 Experimental

3.3.1 Materials

Diphenylamine, DPA (reagent. Sigma Aldrich), ammonium
persulfate. (NtLthSiOg, (AR grade, Riedel-deHaén), and 37 %v/v of hydrochloric
acid, HCL (ACS reagent. J T Baker), were used at a mole ratio of 100:1
(N nonenen. Ze0lite Y (Zeolite International) with FT as a cation (YH). having
Si/Al ratios of 5.1 (YH[5.1]). 30 (YH[30]). 60 (YH[60]). and 80 (YH[80]) were used
in powder form. Ammonium hydroxide. NH4OH (AR grade, Panreac), toluene (AR
grade. Panreac). isopropyl alcohol (AR grade, Burdick & Jackson), and ethanol (AR
grade, Lab Scan) were used without further purification.

3.3.2 Chemical Vapor Detection
Dichloromethane. DCM (AR grade, Lab Scan). 1.2-dichloroethane.
DCE (AR grade. Lab Scan), chloroform (AR grade. Lab Scan), and hexane (AR
grade. Lab Scan) were used as the chemical vapors in this work.

3.3.3 Synthesis of PDPA and Doping Process

Polydiphenylamine (PDPA) was synthesized via chemical oxidative
polymerization (Orlov et al.,, 2006; Sathiyanarayanan et al., 2006). A DPA solution
in toluene was mixed with (NLLLSiOs solution in distilled water. The solution
mixture was stirred by using an overhead stirrer, cooled to 0 °c for 15 minutes, and
then @ HCL solution in distilled water was added to the mixture. The reaction mixture
was continuously stirred at 0 °c tor 4 IlI's. next the green slurry of PDPA was
precipitated. The precipitate was washed with isopropyl alcohol at least 3 times.
Then the HCI-doped PDPA was de-doped in a mixture of ethanol and ammonium
hydroxide solution (L:4 v/v) for 24 Ill's. The neutralized PDPA was doped with 5M
11CI solution at a mole ratio of 100:1 (xjicimnoroner and stirred at room temperature
for 24 hrs. The resultant doped PDPA. D-PDPA. was filtered and dried in a vacuum
oven at room temperature for 24 hrs to remove excess HCL.



3.3.4 Preparation of D-PDPA Pellets and D-PDPA/YH Composites

The D-PDPA powder was ground with the YH powder at various YH
concentrations (0. 5. 10, 20. and 30 %vlv). The D-PDPA powder and D-PDPA/YH
composites were compressed into pellets for the electrical conductivity and
sensitivity measurements with a hydraulic press machine (GRASEBY SPECAC)
under a 4-5 ton load. Pellets were produced in disc form using a 1cm stainless steel
die. The thickness of each pellet was between 0.03-0.04 ¢cm as measured by a digital
thickness gauge (PEAACOCK. dial stand type model PDN-20).

3.3.5 Characterization

Fourier transform infrared (FT-IR) spectra of D-PDPA were recorded
with a Thermo Nicolet. Nexus 670 FT-IR spectrometer using a resolution of 2 ¢cm-1,
a scan number of 32. and a wavenumber range of 400-4000 cm-1. Scamring electron
micrographs of D-PDPA. YH. and D-PDPA/YH were taken using a HITACHI. -
4800 scanning electron microscope (SEM) with a magnification of 10.000x.
operating at 10 kv. The particle sizes of D-PDPA and YH were measured by using a
Mastersizer X particle size analyzer. The surface area and pore size of YH were
measured with a Physisorption, Quantachrome, Autosorb- IMP surface area
analyzer. Zeolite powder was weighed and out gassed at 300 ¢ over night before
adsorption and desorption with He and N: gases. During the operation, the zeolite
powder was cooled by liquid N;. The specific density of the D-PDPA and YH were
measured with a pycnometer. The optical properties of the D-PDPA and YH when
exposed to DCM were taken by a UV-Vis spectrophotometer (SHIMADZU. UV
1800) in the wavelength number of 200 nm to 500 nm at room temperature.

3.3.6 Conductivity and Sensitivity Measurements
The conductivity and the sensitivity of D-PDPA. YH. and D-
PDPA/YH towards halogenated solvents were measured by a custom built two-point
probe connected with a conductivity meter (KEITHLEY 6517A) which applied
voltage: the resultant current was measured. The electrical conductivity was
calculated by the equation a = (I/KV1). where | is the measured current (A). V is the
applied voltage (V). tis the thickness (cm), and K is the geometric correction factor



of the two-point probe as calibrated by standard silicon wafer sheets with known
specific resistivity values. All measurements were taken at 27 + 1 °C and at
atmospheric pressure. The electrical conductivity responses and sensitivities under
exposure to air. Nv. and halogenated solvents were determined by the equation Ac -
onsiogensies sonens = Ox 2 INItial and Ao initial, respectively, where Ao is the
difference in the specific electrical conductivity ( /'cm). 0X2- initial is the specific
electrical conductivity in N2 before exposure (S/cm). and creiogersios sonvent 1S the
specific electrical conductivity (S/cm) under halogenated solvent exposure. The
effect of the halogenated solvent concentration was determined at concentrations of
5, 10. 15. 20. 25. 30. 35, and 50 %v/v in Nv.

3.4 Results anti Discussion

3.4.1 Characterization of D-PDPA and YH

The FT-IR spectra of D-PDPA showed absorption peaks at 3388,
3053, 1594, 1505, 1318, 1173. 821, 748. and 748-694 cm-1. These peaks can be
assigned to: N-H stretching. C-H in the aromatic ring, quinoid ring stretching, phenyl
hydrogen, benzenoid ring stretching, vibration band of Nv in quinone. C-H out of
plane aromatic. 1, 4 substituted on aromatic rings, and C-H out of plane bending
vibration, respectively (Hua and Ruckenstein. 2003: Sathiyanarayanan et al.. 2006;
Athawale et al.. 1999: Santana and Dias, 2003). The FT-IR spectra of YH show
major absorption peaks at 1213. 1080, 836. and 459 cm-1. These peaks can he
assigned to the asymmetric stretch of the internal tetrahedral, the asymmetric stretch
of the external linkage, the symmetric stretch of the external linkage, and the T-0
bend of the internal tetrahedral, respectively (George and Christidis. 2008: Kondru et
al.. 2008). The average particle size of D-PDPA and YH was 125.96 + 5.51 pm and
20.66 £ 0.58 pm. respectively. The surface area, pore size, and pore volume of YH
are comparable at various Si/Al ratios (Table 3.1). The specific density of D-PDPA
and YH is 0.85 £ 0.01 g/'enr and 1.61 + 0.35 g/'enr. respectively. The micrographs
shown in Figure 3.1 reveal that the shapes of YH are square shaped (Figure 3.1a) and



the shape of the D-PDPA particles (Figure 3.1b) is irregular. Nevertheless, the YU
particles are dispersed uniformly within the D-PDPA matrix (Figure 3.1c).

3.4.2 Sensitivity of D-PDPA and YH towards Halouenated Solvents

The electrical conductivity sensitivity of D-PDPA. YH towards the
four solvents is shown in Figure 3.2. The D-PDPA and YH exhibit negative
responses towards all four solvents. Table 3.2 shows the initial electrical conductivity
values of D-PDPA. YH. D-PDPA/YH[80] when exposed to halogenated solvents.
The sensitivity values of D-PDPA. YII towards the four solvents, shown in Table
3.3. show that D-PDPA and YH possess maximum sensitivity responses towards
DCM followed by DCE and chloroform, but they hardly respond to hexane. This is
presumably due to the differences in the molecular structure, the strength of the
electrostatic interaction, the dipole moment, and the dielectric constant (Archer et al.
2005) (Table 3.4). The interaction between D-PDPA and the vapors occurs at the N-
H site and the CI" atom. Since, the dipole moment of DCM (L.80) s higher than that
of DCE (1.60) and chloroform (1.10). the dipole-dipole interaction between the cr
atom of the DCM molecule and the N-H+ site of D-PDPA is stronger than those of
DCE and chloroform (Smallwood. 1996). Therefore, the sensitivity of D-PDPA
toward DCM is higher than those of ather vapors. Because the hexane structure is an
aliphatic hydrocarbon chain and it has no dipole moment, the interaction between D-
PDPA and hexane vapor is suspected to be physical adsorption on the matrix surface
without the dipole-dipole interaction, unlike the other chlorinated hydrocarbon
molecules (Lu et al.. 2009: Xu et al. 2002; Jose et al.. 2004). Therefore, the
sensitivity of D-PDPA towards hexane is low. For zeolite, the interaction between
YH and the vapors is the hydrogen bonding at the Si-0* or AI-CT site and the -II
atom of the vapor molecules. The sensitivity of YH towards DCM is also higher than
those of DCE ("50%) and chloroform (*60%). For DCM. there are two hydrogen
atoms that form the hydrogen bond with D-PDPA and YH. For DCE, a lower
sensitivity than DCM occurs due to the larger chemical structure of DCE over DCM,
known as the steric effect. For chloroform, since there is only one hydrogen atom in
the chemical structure, and the dipole moment and dielectric constant are also very
low. the strength of the hydrogen bonding between YH and chloroform is lower than



the strength of the hydrogen bonding between YH and DCM and YH and DCE
(Smallwood. 1996). Moreover, the sensitivity of YH increases with increasing Si/Al
ratio. This occurs because the hydrophobicity of zeolite increases with the Si/Al ratio
(Auerbach et al., 2003). Hence, the halogenated solvents, which are non-polar
solvents, produce more favorable responses towards the zeolites YH with higher
SilAl ratios. Therefore, the YH|"80] was chosen to form composites with D-PDPA. in
order to further improve the sensitivity of D-PDPA towards the halogenated solvents,

3.4.3 Sensitivity of D-PDPA/YH1801 Composites toward Halogenated

Solvents: Effect of Zeolite Y Contents

The effect of YH[80] content on the sensitivity of D-PDPA/YH[80]
towards the halogenated solvents was investigated. The composites show negative
sensitivity towards the solvents (Table 3.3). According to the doping theory (Freund
and Deore. 2007). D-PDPA is doped via the p type doping process. When it is
exposed to the vapors, which are electron-donating groups, the vapors will give up an
electron to fill the hole on the D-PDPA backbone. Thus, the electron mobility along
the D-PDPA backbone is more difficult, resulting in a decrease in conductivity,
which is why the composites show negative sensitivity towards the solvents. It
appears that the sensitivities of the composites are higher than those of pure D-PDPA
by about 1 order of magnitude towards DCM and DCE: the sensitivity increases with
increasing YH[80] content (Figure 3.3). With a higher zeolite content, a greater
interaction results between the micro-porous structure and the target vapor. With a
YH[80] content of ~30 %v/v. the composite shows the highest sensitivity. The
sensitivity of chloroform is quite constant with respect to the YH[80] content
because it has no dipole moment and very low dielectric constants (Ayad et al.,
2008). The composite does not respond to hexane, even when the zeolite content
increases to 30 %vlv. because the interaction betw'een the composite and hexane is
only physical absorption. The sensitivity of the composite towards the three
halogenated solvents is in this order: DCM>DCE>chloroform. Therefore, it can be
concluded that the addition of zeolites can improve the sensitivity of D-PDPA and it
can discriminate a nonhalogenated solvent from halogenated solvents.



3.4.4 Sensitivity of D-PDPA/YH1801 Composites toward Halogenated
Solvents: Effect of Vapor Concentration

The composite consisting o: 30 %vlv of YH[80] with D-PDPA (D-

PDPA/30% YHI80]) was next investigated with respect to DC'M and DCE at various
vapor concentrations. The sensitivity of the composite, which is exposed to DCM,
increases from (-1.23 + 0.004) 1072 to (-3.47 = 1.64) ' 10”1 as the vapor
concentration increases from 7.696 ppm to 153.914 ppm. respectively (Figure 3.4).
When the composite is exposed to DCE. the sensitivity increases from (-1.09 £ 0.96)
ICE1to (-1.77 £ 0.04) X 10" 1as the vapor concentration increases from 1,015 ppm
to 20.299 ppm. respectively. When the composites are exposed to both of DCM and
DCE. they exhibit linear relationships between the sensitivity and vapor
concentration. As the vapor concentration increases, the sensitivity of D-PDPA/30%
YH[80] increases. A similar result has been also found by Jiang et al. (2003). They
prepared a polypyrrole and polyvinylalcohol composite via in situ vapor state
polymerization to detect methanol vapors. The composite showed a lineal-
relationship between sensitivity. The limit of detectin of DCM and DCE that the
composite can detect are 1,930 ppm and 449 ppm, respectively; these values are
equivalent to the IDLHs value (Smallwood, 1996; Tukker and Simons. 1999;
Satcher. 1994). The chemical interactions between DCM and the composites were
investigated by FT-IR spectroscopy and LTV-VIS spectroscopy. Figure 3.5 shows the
FT-IR spectra of the vapors. Before exposure to DCM. the absorption peaks at 1594,
1505, 1318. 1213. 1080. 836. and 748 cm~1can be assigned to the quinoid ring
stretching of D-PDPA (Athawale et CIL. 1999), the phenyl hydrogen of D-PDPA
(Hua and Ruckenstein, 2003), the benzenoid ring stretching of D-PDPA. the
asymmetric stretch of the internal tetrahedral in YH[80]. the asymmetric stretch of
the external linkage, the symmetric stretch of external linkage (George and
Christidis. 2008; Kondru et al. 2009). and the . 4 substituted on aromatic rings
(Sathivanarayanan et al.. 2006). respectively. During exposure to DCM. new peaks
occur at 3097, 1285. and 752 ¢cm”1which can be assigned to the hydrogen bonding
between the oxygen atom of YH and the hydrogen atom of DCM molecule
(Silverstein et al.. 2005). CEE in CEE-CE (Lambert et al.. 2010), and the interaction



of the chlorine atom of DCM and the nitrogen atom of D-PDPA backbone (Martin et
al., 1997). respectively. After exposure to DCM. the peaks at 3097, 1285. and 752
cm-1 disappear. This indicates that no interaction occurs between the composite and
DCM molecules. The proposed mechanism is shown in Figure 3.6. From the
proposed mechanism, the FT-IR absorption band of D-PDPA cannot be clearly
discerned when exposed to DCM, thus the second derivative of the spectrum is used
instead. During exposure to DCM. the absorption bands at 1596 and 1318 c¢m-1
corresponding to the quinoid ring stretching and the benzenoid ring stretching,
respectively shift from the original positions before exposed to DCM by 4 ¢cm-1 for
the quinoid ring stretching and by 7 cm-1 for the benzenoid ring stretching as shown
in Figure 3.7. Anitha and Subramanian (2004) have also observed that the FT-IR
absorption band of polyaniline when exposed to DCM shifted by 3 ¢cm-1 due to the
electron displacement from chlorine atom of DCM to the polyaniline backbone.

The UV-Vis spectra are used to confirm the interaction between DCM
and the composite. The spectrum of the D-PDPA s shown in Figure 3.8a. There are
two absorption bands, one at 282 nm which corresponds to the characteristic
absorption bands of DCM. and the other at 342 mil which corresponds to the n-71*
transition at -N~= of the D-PDPA backbone (Vivekanandan et al.. 2011 ). It is clear
from Figure 3.8a that the absorption band is blue shifted from 342 nm to 334 nm and
the absorbance intensity decreases with increasing DCM concentration from 5%v/v
to 25 %vlv. This indicates that the shift in the absorption band is due to DCM giving
up an electron to fill hole o1t D-PDPA backbone. Thus, the electron mobility along
the D-PDPA backbone becomes more difficult, and the band gap of D-PDPA
increases. It needs more energy to accelerate the electron to a higher conduction
band, resulting in the shift of the electronic band of D-PDPA to a higher energy or a
lower wavelength (Chung et al., 2001; Santana and Temperini. 1996). The
absorption band observed at 271 nm corresponds to the Sit); site on the YH
framework (Bennur et al.. 2004) (Figure 3.8b). The absorption band is red shifted
from 271 mil to 277 mil and the absorbance intensity decreases with increasing DCM
concentration from 5 %vlv to 25 %vlv because the electron donor and acceptor
interact between the -Si-042- site of the YH framework and the -H atom of the DCM



molecule. For D-PDPA/30% YH[80] composite (Figure 3.8c), they are also two
absorption bands at -340 mil and -265 mil which correspond to the n-7T* transition at
-N+= of the D-PDPA backbone and the si ().r site on the YH framework,
respectively. The absorption band at 342 nm is blue shifted from 340 mil to 336 mil.
The absorption band at 262 nm is red shifted to 275 nm. This occurs similarly to D-
PDPA and YPi[80]. It can be concluded that the interaction between the composite of
D-PDPA/30% YH[80] and DCM occurs as shown in the proposed mechanism
(Figure 3.6). Choi et al. (1996) studied iodine absorption on various zeolites. The
absorption band was gradually red shifted when the iodine molecules increasingly
absorbed on the zeolite Y framework. They attributed the phenomenon to -Si-04:~
donating an electron to the adsorbed iodine molecules.

3.4.5 The Temporal Response D-PDPA™YHISOI Composites

The induction time of the D-PDPA when exposed to DCM. DCE, and
chloroform was around 13.50 £ 2.12, 856 £ 1.25. 15.00 + 141 min. respectively.
For the D-PDPA/30% YFI[80] composite, the induction time was about 18.50 £ 0.71
min for DCM, 17.65 £ 0.43 min for DCE. 15.95 + 1.34 min for chloroform. The
results showed that the induction time of the composite was higher than D-PDPA.
This suggests that the presence of zeolite, a micro porous structure, introduces more
active sites for the vapors to absorb. D-PDPA showed a reduction time when
exposed to DCM, DCE, and chloroform of 9.50 ! 4.86, 6.35 £ 1.57. and 13.75 £ 7.84
min, respectively. The reduction times of the composite when exposed to DCM,
DCE. and chloroform were 6.00 + 3.04. 6.10 + 0.49. and 7.05 + 2.87 min,
respectively. The reduction time of the D-PDPA/30% YHI[80] composite was also
higher than the D-PDPA due to the micro porous structure of the zeolite. A similar
result was also found by Thuwachaowsoan et al. (2007). They fabricated a
composites of polv(3-thiopheneacetic acid) (Pth) with zeolites T. mordenite (MOR).
and beta (BETA) as Ell gas sensors. They found that the induction time of the Pth
200:1/BETA was longer than that of the polymer and other composites. They
concluded that the presence of zeolite introduces more reactive sites to interact with
the Htmolecules.
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3.5 Conclusions

D-PDPA was fabricated into a composite with YH to detect the toxic
halogenated solvent vapors DCM. DCE. chloroform, and hexane. The composites
show improved sensitivity responses towards DCM. DCE. and chloroform than
hexane, because of the differences in the chemical structures of the dipole moment,
and the dielectric constants of the target vapors. The sensitivities of the composites
increase with increasing Si/Al ratio, zeolite content, and vapor concentration due to
greater interactions between the zeolite and target vapors. For the temporal response,
the induction and recovery times of the composite were higher than those of the
pristine D-PDPA due to more active sites being available for the vapor molecules.
The UV-Vis spectra show that the interaction between the composite and DCM does
exist: the UV absorption band of D-PDPA and YH is shifted by the delocalization of
the cr atom. The electron donor, acceptor interaction occurs between YH and the -
H atom when exposed to DCM. It may be concluded that the fabricated composites
possess a potential use as a sensing material for discriminating non-halogenated
solvents from halogenated hydrocarbon solvents.
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Figure 3.1 SEM micrographs at I0000x of: (a) YH: (b) D-PDPA: and (c) D-
PDPA/YH.
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Figure 3.2 The sensitivity of D-PDPA, YH at various Si/Al ratios when exposed to
haiogenated solvents at 27+ 1 ¢ and Latm,
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Figure 3.3 The sensitivity of D-PDPA/YH[80] at various zeolite concentrations
when exposed to halogenated solvents at 27+ 1 ¢ and Latm.
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Figure 3.6 Proposed mechanism of adsorbed DC'M. and DCE on D-PDPA/30%
YH[80].
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Table 3.1 Physical characteristics of YH

Si/Al
ratio

51
30
60
&0

Surface area
( g)
617.3+2.27
71310 £2.42
688.8 11.62

766.1 +3.25

Porq Size
(A
36651 0.01
3670 +0.02
3675 10.04
3691 +0.01

Pore volume
(cm4lg)

0.403 £ 0.01
0.569 £0.01
0.608 £ 0.03
0.955 +0.08

sl



Tabic 3.2 The initial electrical conductivity of D-PDPA, YU, D-PDPA/YHI80;j in ]\2 before exposed to halogenated solvents at
2711 ¢ and Latm

Solvent Initial conductivity in N, before exposed to the solvents, G (S/cm)
Vapor D-PDPA YH[5.1] YH[30] Y1 [60] YH[80]
DCM 2200090 )xloa  (649.1246)xI(  (7.87£3.45)xI ( 1,31£0.26)x10"4  (2.6420.39)xI(f4

(
Chloroform  (1.3410.01 )xltra  (9.69£1.15)x 10 (8.92+0.39)xI05  (9.2610.05)x10"5 11,14 0.68 )X10 1

14500601 & (686:0003)0(  (B66-108LIXI(  (LO4£0.06)I02  (L7540.02)x104

Initial conductivity in - 2before exposed to the solvents. G\ (Scm)
Solvent

DRSS DADPAIDG  DEDPATI  DADPAIK
vapor - PNHETT YHERO V] Vol

( ( (

DCE (183104500~  (64120.76) 05 (6.08:0601x10°  (7.49: 163)XI0"  (9.34+L05)xI (
( ( (
( (

1lexane

DCM 160£0.35)10° (139007 Y (L97:0.22) X104 (2.24=t()O4)XI()4

( ( ( (
DCE (215£0.30)xloa  (226:024)x 1 (1952£0.25)xI04  (1.90:10.10)xI0°4
Chloroform  (1.702.0.01 )xio«  (1.75:0.N.ixlo; (3. 08+188)X104 (2.1 111.03)X 10
1 ( 1 (

Jexane (161300214 (LAL015K100  (LT320.07I0%  (1.3410.29)x104



Table 3.3 Electrical conductivity sensitivity of D-PDPA, YI'l. D-PDPA/Y 1I[801when exposed to halogenated and non-halogenated

solvents at 27+ 1 ¢ and latm

Material

D-PDPA
YH[.]
YH[20]
YH[60)
YH[80

D-PDPA/5% YH(8()
D-PDPA/10% YH(80]
D-PDPA/20% YH[S0]

D-PDPA/30% Y1 I|s()

DCM
8.77£3.82)x10%

0.604.81 )x10
2108241 )x10:s
5.28+0.03)x10~5
1.78+0.25)x10"4

(-
(-1.86£0.28)x10-5

(-
(-
(-
(-

(-2.3240.10x 105
(-3.6342.35)X105

(-7.78£3.79)x 10s

Response (A0 - onaiogenaicd solvent'®N2)

DCE

1,7940.73)x10'5
4814225106
1,3240.52)x10%
1.7840.09)x10'5
2.39+1 48)x10'5
)

-5,9647.78)x10

—— P e e

(-7.8345.74)x10%
(-0.66£9.04)x10%

(-337£0.26)x 105

chlroform
(-8.074.05)x10"7
<-5,7623.09)x10'6
(-6.80£3.01 )x10+
(-8.2025.77)x10-
(-3.74£2 87)xltrs
(-

)
1,58£0.02)x! 05
(-9.36£2.31 JxI0-7
(8.90+ LB4)XI0"6

(-8.32£0.62)x/06

hexane
-5.11£3.25)\0'8

4.30£0.56)x108
57542, 70)x1()8
661£2.27x10'8
1.3540.35)I07

59445 92)x10°8

—_ AN TN TN N S

(-4.86+0.88)x10's
(-6.0742.91)x108

(-5.10£0.50)\I(r8



Table 3.3 Electrical conductivity sensitivity of D-PDPA, YH, D-PDPA/YH[80] when exposed to halogenated and non-halogenated

solvents at 27 = 1°c and latm (cont.)

Material

D-PDPA
YH[5.1
YH[30]
YH[50]
YU[3]

D-PDPA/S% YH18(]

D-PDPA/10% YH|80]
D-PDPA/20% YH[S0]
D-PDPA/30% YH| 80]

DCM
(-3.83£0.15)x10-2
(-1,4820.19)x10"
(-2.67£2.09)x10™
(-4.03£0.84)xI0 |
(-6.7420.06)x10°I
(-1.16+0.08)xI0"
(-1.67t0. 16)Xl 01
(-1,85£0.99)x10°]
(-

3.48+1,64)¢] O1

Sensitivity (Adlon:)

DCE chlroform
(-2.4240.73)x 102 (-6.01i3.02)x10-3
(-7.50i2.64 102 (-5.94i3.92)x10'2
(-1.89£0.06)x10*  (-7.6313.04)x10=2
(-2.341:0.03)x|0'" (-8.8616.18)x 02
(-2.56U .30x10+  (-2.60i().87)x10
(-2.90£0.03)x102  (-9.27i0.77)x103
(-350i0.03)x 02 (-5.36il.28)xI(r
(-5.00i4.03)x102  (-2.89- L4A3)\IO'
(-1.77£0.04)x10**  (-3.95i1.86)x10-2

hexane
3.60i2.70).\10"4

(-

(6.27i0.79)x10"4
(-6.63i2.50)x104
(-6.3512.54)x10:4
(7,761 E90)xI(r4
(-3.69i3.68)x 10
(-3.44i0.99)x10-4
(-351i().25)x104
(-

3.79i0.44)x10:4



Table 3.4 Values of dielectric constant ( ), dipole moment ( ) of the solvent tested
(Archer et al.. 2004)

Solvents Dipole moment  Dielectric constant
Dichloromethane 1.80 9.10
1,2 dichloroethane 1.60 1045
chloroform 1.10 4.80

hexane 0.00 1.88
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