CHAPTER IV
DEVELOPMENT OF POLYDIPHENYLAMINE/ZEOLITE Y COMPOSITE
BY DEALUMINATION PROCESS AS A SENSING MATERIAL FOR
HALOGENATEDSOLVENTS

4.1 Abstract

Polydiphenylamine and zeolite Y composite were fabricated and tested for
the ability to detect the halogenated solvent vapors; dichloromethane. 1.2-
dichloroethane, and chloroform. To enhance the sensing properties of the
composites, zeolite Y was modified by the dealumination process. The sensitivity of
the composites towards the halogenated solvents was examined under the effects of
acid treatment time, zeolite content, temporal response, and cyclic response. The
resultant dealuminated zeolite Y showed a higher sensitivity than the pristine zeolite
when exposed to solvents. An acid treatment time of 12 hr provided the highest
sensitivity. Sensitivity of the composites towards dichloromethane was higher than
those of 1,2-dichloroethane. and chloroform, respectively. The optimal dealuminated
zeolite content in the composite was 30 %v/v.

Keywords: ~ Conducting  polymers;  Polydiphenylamine; ~ Zeolites;  Sensors;
Dealumination process; Halogenated hydrocarbon

4.2 Introduction

Halogenated hydrocarbons are widely used for many industrial purposes.
They are used in the productions of herbicides, plastics, and solvents; solvent
degreasing in the automotive and aerospace industries; dry-solvent cleaning: and
solvent cleaning in the electronic field (US EPA, 1991: Sidebottom and Frankiln,
1996). However, halogenated hydrocarbons impose several environmental problems,
and exhibit high toxicity towards humans (Vallero et al.. 1994). In order to reduce
the risks of these problems, highly responsive chemical gas sensors are required to
identify and detect toxic halogenated hydrocarbon vapors. Sensing materials
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previously investigated have been identified to contain a conductive polymer as a
base material (Bai and Shi. 2007; Shamloo el al., 2012; Das and Prusty. 2012) and a
porous material as a selective material (Sahner el ai. 2008).

Polydiphenylamine. PDPA. is a conductive polymer which is quite robust,
high thermal and environmental stability, stable in a greater pH range than
polyaniline, as well as and an inexpensive monomer (Agbor et ai. 1995). Moreover,
PDPA has been used as a material for many sensory systems such as methanol
sensors (Permpool et ai. 2012). Fe3~ion sensors (Suganandam et ai. 2005). optical
pH sensors (Tsai et ai. 2003). ascorbic acid sensors (Ragupathy et ai. 2000),
ammonia sensors (Gopalan et ai. 2006), and carbon monoxide sensors (Santhosh et
al.. 2007).

Zeolites are well known as micro porous materials and are widely used in
many applications such as a catalyst for water purification (Shobaky et ai. 1979),
catalyst for ethylene oligomerization to liquid fuels (Saidina and Anggoro, 2002), gas
separation membrane for fuel cells (Adjemian et ai. 2002; Antonucci et ai. 1999).
absorbent in refrigerators (Miguel and Manfred. 2003). and sensor applications
(Chuapradit et ai. 2005; Densakulprasert et ai. 2005; Meier et ai. 1995; Payra and
Dutta, 2003; Xie et al.. 2005). Their unique properties are high surface area and
porosity, shape selectivity, controllable acidity, adsorptivity. and presence of mobile
lons (Sahner et ai. 2008; (forma, 1995; Dong et ai. 2002; Maxwell et ai. 2001,
Valkenberg and Holderich. 2002). These zeolite properties can be controlled by
varying the Si/Al ratio. The dealumination method is a method to remove aluminum
from the framework resulting in a higher Si/Al ratio, chemical and thermal stabililtv.
and zeolite hydrophobicity (Saidina and Anggoro, 2002; Holmberg et ai. 2004;
Kumar et ai. 2000; Triantafillidis et ai. 2000).

In this work, doped polydiphenylamine (D-PDPA) was used as a base
material and zeolite Y, Si/Al = 80 (YH[80J) as a selective material to make up the
composites to be used as sensing materials for detecting the halogenated solvents
dichloromethane (DCM), 122-dichloroethane (DCE). and chloroform. In order to
improve the sensitivity of the composites towards these halogenated solvents, zeolite
Y was modified by the acid treatment-ealumination process to increase the SifAl
ratio. The composition and structure characterization of dealuminated zeolite Y
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(DYH) was investigated. The effects of acid treatment time, zeolite content, cyclic
response, and chemical interaction of the composite were also investigated. As for
PDPA. it is doped with a hydrochloric acid solution at the doping mole ratio of 100:1

(N hci/N monomer)e
4.3 Experimental

431 Materials

Diphenylamine, DPA (reagent, Sigma Aldrich), ammonium
persulfate, (NHJ*SIOij, (AR grade, Riedel-de Haén), 36.5-38.0 %wiw of
hydrochloric acid at the mole ratio of 100:1 (NHcfNmonomerh HCL, (ACS reagent, J.T.
Baker) were used for the D-PDPA synthesis. Zeolite Y (Zeolite International) with
H+as a cation, possesses the Si/Al ratio of 80 (YH[80] ) 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.

4.3.2 Synthesis of Polvdiphenviamine

The Chemical oxidative polymerization was used to synthesize PDPA
(Zhao et al., 2005). The DPA monomers in toluene were mixed with a 1 VI HCL
solution. The solution was stirred for 15 min. After that, the (NHfhS:!* solution was
added and stirred continuously at 0 °c for 4 hr. The resultant green slurry of PDPA
was washed with isopropanol and filtered. Then. PDPA was neutralized by
immersing in NH2OH at the ratio of 1.3 to get rid of an excess hydrochloric acid.
After that, PDPA was doped with IICl at the ratio of 1:100 (Ndpa:Niici).

4.3.3 Dealumination of Zeolite Y
The pristine YH[80] (supplied from Zeolyst International, with
hydrogen cation) went through an acid treatment process (Holmberg et al., 2004).
The pristine YH[80] was treated with IM HCL solution at 90 °c by varying the acid
treatment times (2. 4. s. 10. 12. 18, and 24 hr) to obtain various SI/Al ratios. In the
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dealumination process, all samples were filtered and washed with distilled water at
least 3 times.

4.3.4 Preparation of D-PDPA/DYH1801 Composites
The composites of D-PDPA and DYH([80] were prepared as a circular
pellet (1 cm in diameter) by a hydraulic press (GRASEBY SPECAC) at a pressure
between 4 tons - 5 tons. The D-PDPA was mixed with DYH[80] at various zeolite Y
contents (0. 5. 10. 15. 20. 25. 30. 35. and 40 %v/v). A digital thickness gauge
(PEAACOCK, model PDN-20) was used to measure the thickness of each
composite.

435 Composition & Structure Characterization

The Fourier transform infrared (FT-1R) spectra of the samples were
recorded with a Thermo Nicolet FT-IR spectrometer; model Nexus 670 in a wave
number range of 1600-400 cm'%, a resolution of 4 cm'Z, and a scan number of 64. The
silicon and aluminum content were measured by an AXIOS. PW440. X-ray
fluorescence (XRE). The morphology and crystal size of the samples were
investigated by a FIITACFIL -4800 scanning electron microscope (SEM) with a
magnification of 10000k operated at 10 KV. The Brunauer-Emmett-Teller (BET)
surface area of the samples was measured by a Thermo Finnigan. Sorptomatic 1990
surface area analyzer (SAA). The samples were weighed and out gassed at 300 °c
for 12 hr before determination of the adsorption and desorption isotherms with the
Fie and Ne gases. The temperature program of the sample was measured by a Perkin
Elmer. TGAT. thermo gravimetric analyzer (TGA). The experiment was carried out
by weighing a powder sample of 5 mg to 10 mg with a heating rate 10 °c/min from
30 °c - 900 °c. The charges distribution along the composite backbone was
measured by an electrostatic force microscopy (EFM) (Park System. XE-100)
operating in the standard EFM mode with an NSC 14/Cr-Au tip. a scan size of lpm X
1pm. and a scan rate of 0.1 Fiz. The voltage was applied to the sample at 5V. The
EFM phase image exhibited brighter regions as the positively charges within the
composite respond to the applied voltage. The EFM phase image exhibited darker



regions as the negatively charges within the composite respond to the applied
voltage.

4.3.6 Conductivity and Sensitivity Measurements
The conductivity and sensitivity of all samples towards the
halogenated solvents were measured by the two point probe method. The probes
were connected to a KEITHLEY 6517A conductivity meter and the current Wes
measured in response to the applied voltage. The electrical conductivity of the
samples was calculated by Eq. (4.1)

a = (IIKVY) (4.1)

where Lis the measured current (A), V is the applied voltage (V). t is the thickness of
samples, and K is the geometric correction factor that was calibrated by using
standard silicon wafer sheets with known specific resistivity values. The change in
conductivity of all samples (AofoN, initid) when exposed to a halogenated solvent
divided by the conductivity in pure nitrogen is defined as the sensitivity. The
difference in the specific electrical conductivity (S/cm) is \a and it was calculated by
Eq. (4.2):

A ct — CThalogenated solvents 1 tIN2. initial (4.2)

where gn.. it IS the specific electrical conductivity in Na before the exposure
(Sfcm). and chaiogenated sohvent 1S the specific electrical conductivity (S/cm) under the
halogenated solvent exposure at various concentrations. All measurements were
taken at 27 £ 1°c. at the atmospheric pressure using a 5 L/min air and Na flow rate,



44 Results and Discussion

44.1 Composition and Structure of Dealuminated Zeolite Y

The FT-IR spectra of the YH[80] are shown in Figure 4.1a. The
absorption band at 3385 and 1207. 1081 cmrx and can be assigned to the SiCH. and
AlQa4, vibrations, respectively (Titova et al.. 1993). The absorption bands at 832, 611.
526. and 459 cm-1 can be assigned to the vibrations of Si-O-Al bonds (Titova et al.
1993). For the dealuminated zeolite Y (DYH([80]) through varying an acid treatment
time, the intensity of the absorption band at 1081 cm-1 decreases with increasing acid
treatment time (Triantafillidis et al.. 2000). This is due to the lower aluminum
content within the zeolite framework (Shirazi et al.. 2008). Figure 4.1b shows an
example of FT-IR spectra of DYFf[80] at 2 hr and 4 hr acid treatment times, and the
areas under the bands were calculated by using a curve fitting technigue (Saidina and
Anggoro. 2002). The calculated band areas of the AlO4 (1081 cm')) of the
dealuminated samples were compared with the integrated band area of the vibrations
of the Si-O-Al honds (832 ¢cm'l) which do not change with the acid treatment time
(internal standard). The resultant integrated band area decreases in the following
order: 0>2>4>8>10>12 hr, as shown in Table 4.1. The actual Si/Al contents of
DYH[80] are also given in Table 4.1 The Si/Al ratio increases with increasing acid
treatment time (Shirazi et al.. 2008); it increases from 61.58 to 263.34 when acid
treatment time increases from 2 hr to 12 hr. For the increase in the acid treatment
time from 18 hr to 24 hr. the SI/Al ratio decreases to 142.73. This is a result of the
long dealumination process. The zeolite framework is destroyed, a result which is in
agreement with Triantafillidis and co-workers (Triantafillidis et al.. 2000). They
modified zeolite Y using different dealumination processes to stud}' the influence of
the degree and type of dealumination on the structure and acidicity of zeolite Y. They
found that after hydrothermal dealumination. agglomeration of the particles occurred.
This was because the hydroxyl groups at the surface bonded with neighboring
crystallites. The surface areas of the present samples are tabulated in Table 4.1. The
surface area increases with increasing acid treatment time (Shirazi et al.. 2008) from
683.78 20 t0 930.58 ITf/g. when acid treatment time increases from 2 hr to 12 .
and decreases to 542.10 2 when the acid treatment time is between 18 hrs and 24
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hrs. The moiphology of DYH[80] is the same as Y11[80] (Figure 4.2). but the crystal
size decreases with increasing acid treatment time in the range from 1138 pm to
0.670 gin (Shirazi et al., 2008). The TGA thermograms are shown in Figure 4.3. The
weight loss, in the temperature range of 50-100 ¢ can be attributed to the water loss
and it decreases with increasing acid treatment time. This is due to the fact that a
higher acid treatment time provides more hydrophobicity to DYH[80]. Therefore, the
|lower aluminum content in the zeolite structure, the lower water present in the zeolite
structure. The weight loss between 500-700 c is due to the thermal dehydroxylation
of hydroxyl nests site (Si-OH) ofDYH[80] (Beyer, 2002; Shough, 2008). Hence, the
water content in the structure of DYH[80] at a high Si/Al ratio has a lower value than
that at a low SifAl ratio (Shirazi. 2008; Xia et al.. 2008).

4.4.2 Effect of Acid Treatment Times on the Sensitivity towards

Halogenated Solvents

Figure 4.4 shows the sensitivity values of YH[80] and DYH[80] in
relation to the acid treatment time under exposure to DCM. DCE. and chloroform.
The sensitivity of Y H 80 is (-1.20  0.44) X101 (-6.27 £ 0.71) X102 and (-7.13 &
0.34) X 10 for DCM. DCE, and chloroform, respectively. When the acid treatment
time increases from 2 hrs to 12 s, the sensitivity of DYH[80] increases from (-L21
£0.90) X101t (-5.63 £ 3.45) X 10'1 from (-3.30 £ 0.75) X 102t0 (-1.07 £ 0.03) X
10 and from (-1.37 £ 0.19) X 102to (-7.29 £ 0.44) X 10~ for DCM, DCE. and
chloraform, respectively. When the acid treatment time increases from 18 hr to 24 hr,
the sensitivity decreases to (-3.62 £ 0.48) X 10°1 (-6.41 £ 4.59) X 102 and (-5.79 +
145) X 102 for DCM. DCE. and chloroform, respectively (Table 4.2). The
sensitivity of DYH[80] is higher than the sensitivity of YH[80] and increases with
increasing acid treatment time from 2 w*to 12 hr. The dealumination process
removes aluminum from the zeolite framework causing more hydrogen atoms in the
framework structure; the mechanism is shown in Figure 4.5 (Gonzalez et al.. 2011).
Hence, DYH[80] has more hydrogen atoms available to induce hydrogen bonding
with the solvent molecules than YH[80] (Ayad et al.. 2008; Shukla et al., 2011,
Vijayakumar et al.. 2012). Among the solvents. DCM has the highest sensitivity
followed by DCE. then chloroform. The reason for this phenomenon is same as in
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the above discussion: the higher the hydrogen bonding with solvent molecules, the
higher the sensitivity of the zeolite (Cangelosi and Shaw, 1983). DCM has two
hydrogen atoms in its molecule; it can form two hydrogen bonds per molecule with
DYH[80], DCE has two hydrogen atoms in its molecule, the same as DCM, but DCE
has a large molecule than DCM. So. the sensitivity of DYH[80] toward DCE is lower
than DCM due to the steric effect. The chloroform molecule has one hydrogen atom;
it can form only one hydrogen bond with the zeolite structure. Therefore, the
sensitivity of DYH|[80] toward chloroform is relatively low. Furthermore, the
decrease in sensitivity of D'Y H 80 with an increase of the acid treatment time from
18 hrs to 24 lus could be related to the excessive dealumination time. The zeolite
structure was destroyed (Triantafillidis et al.. 2000). The acid treatment time of 12 hr
thus provided the highest sensitivity towards all of the solvents. This condition was
then used for fabrication of the composites hetween D-PDPA and DYH[80] (D-
PDPA/DYH[80](12h)).

443 Effect of Zeolite Content in the Composites on the Sensitivity towards
Halogenated Solvents
The effect of DYH[80](12h) content on the sensitivity of the
composites towards the solvents is examined next. Figure 4.6 shows the sensitivity of
D-PDPA/DYHI80]( 12h) composites towards DCM. DCE, and chloroform in relation
to the D Y A 80( 12h) content. The sensitivity of D-PDPA is (-550 « 3.30) x 102 (-
6.26 + 3.70) X 102 and (-1.22 + 0.16) X 10-s towards DCM, DCE, and chloroform,
respectively. For the composites, as the zeolite content varies from 5 %viv to 30
%ulv. the sensitivity of the composites increases from (-1.51 + 0.12) Xu 11 to (-4.44
10.10) X 10'1 from (-4.87 £ 0.65) X 102to (-2.01 £ 0.25) X 10'L and from (-1.04 !
0.03) X 102to (-9.07 £ 3.95) X]O2 for DCM, DCE, and chloroform, respectively.
When DYH[80J( 12h) content increases to 40 %vlv, the sensitivity decreases to (-2.04
£ 0.18) X 107 (-8.64 £ 3.88) X ler2 (-7.58 + 2.98) 1 10 for DCM, DCE. and
chloroform, respectively (Table 4.3). The initial increase in sensitivity of the
composite with increasing zeolite content is because the zeolite has a micro-porous
structure which can trap solvent molecules. Thereby, the higher the zeolite content in
the composite, the more the solvent molecules can be trapped (Zheng et ai. 2012),
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However, when the zeolite content is between 30 %viv and 40 %vlv, the sensitivity
of the composites decreases hecause the active site of the conductive polymer
decreases (Phumman et al, 2009). The differences in the sensitivity of the
composites can be traced back to the interaction between the composites and the
vapors. The interaction between D-PDPA and the vapors is the dipole-dipole
interaction of hydrogen atoms in the vapor molecule and the positive charges on the
imine Nz in the quinine ring, similar to the interaction between D-PDPA and N, but
the vapor interaction is stronger (Thuwachaowsoan et al., 2007). Due to the strong
dipole-dipole interaction between D-PDPA and the vapors, electrons on the polymer
chain tend to move slower. This results in a negative sensitivity response in the
composites relative to those of Ni. The interaction between DYH[80] and the vapors
is the physical adsorption of the vapor molecules in the zeolite framework. The
hydrogen atom can interact with -OH in the DYHI[80], With more -OH in the
zeolite, the interaction between the vapors and the zeolite increases. This results inan
increase in the sensitivity of the composites. It appears that the differences in the
sensitivity values of the composites towards the solvents can be attributed to the
change in the Si/Al ratio of the zeolite via the dealumination process.

Figure 4.7 shows the sensitivity values of the composites D-PDPA
with zeolite Y with and without dealumination process in relation to the zeolite
content towards DCM. DCE. and chloroform. For the composite with YH[80J. the
sensitivity varies from (-1.16  0.08) X101to (-3.48 £ 1.64) X KF for DCM. from (-
2.90 t 0.03) X 102to (-1.77 £ 0.04) X KFx for DCE, and from (-9.27 £ 0.77) £ 10"to
(-3.95 £ 1.86) X10° for chloroform, as the zeolite content increases from 5 %v/v to
30 Y%viv. For the composite with DYH[80]( 12h). the sensitivity varies from (-151 +
0.12) X10-1to (-4.44 £ 0.10) X 10-1 for DCM, from (-4.87 £ 0.65) X 102to (-2.01 £
0.25) X1er: for DCE. and from (-1.04 £ 0.03) X 1 2to (-9.07 £ 3.95) X 102 for
chloroform as zeolite content increases from 5 %viv to 30 %viv. Thus the higher
sensitivity values of the composites with DYH[80] towards all of the solvents can be
observed as more vapor molecules can be absorbed into the dealuminated zeolite.



4.4.4 The Temporal Response of D-PDPA/DYI1180K 12h) Composites

The induction time is the time interval when electrical conductivity of
the samples reaches equilibrium after being exposed to the vapors (Thuwachaowsoan
et al.. 2007). Table 4.4 shows the induction time of YH[80] is 1542 + 0.11. 945 !
0.14, and 645 + 057 min for DCM. DCE, and chloroform, respectively. For
DYH[80], the induction time increases from 14.62 £0.23 min to 17.61 + 0.09 min,
from 9.35 t0.42 min to 1251 £ 0.23 min. and from 7.40 min £ 021 to 10.33 £ 0.46
min for DCM. DCE. and chloroform, respectively as acid treatment time increases
from 2 hrs to 12 llfs. As the acid treatment time increases from 18 Ills to 24 Il it
decreases to 1556 ! 0.01. 11.25 £ 0.29. and 948 + 0.25 min for DCM. DCE, and
chloroform, respectively. The induction time of DYH[80](12h) is higher than the
induction time of YH[80] and it increases with increasing acid treatment times
because as the acid treatment time increases, this leads to the increase in -OH
bonding within the zeolite structure (Figure 4.5). So. DYH[80] has more active sites
available for the solvent molecules to absorb. It takes a longer time to reach
equilibrium. The higher the Si/Al ratio, the longer the time required to reach
equilibrium.

The induction time of D-PDPA is 11.35 £ 0.21 mill, 801 + 0.63 mill,
and 7.74 £ 0.34 min for DCM, DCE. and chloroform, respectively (Table 4.4). For
the composites, the induction time increases from 12.48 £ 0.04 mill to 1550 £ 0.07
min. from 10.48 £ 0.25 mill to 1281 £ 0.23 mill, and from 10.17 £ 0.07 minto 1366
1 0.30 min for DCM, DCE. and chloroform, respectively as zeolite content increases
from 5 %v/v to 30 %vi/v. When the zeolite content increases to 40 %vlv, it decreases
to 1445 +0.16 min, 1167 £ 0.16 min. and 12.77 £ 0.17 min for DCM. DCE. and
chloroform, respectively. When adding zeolite into D-PDPA, the induction times of
the composites are higher than those of pure D-PDPA. At a higher DYH[80](12h)
content, more vapor molecules can be absorbed into the composites. The optimal
zeolite content is 30 %ov/v and it has the longest induction time towards the solvents.
Beyond this zeolite content, the induction time decreases because the active Sites
available on the zeolite structure to interact are lower (Phumman et al.. 2009).

The recovery times of all samples show the same trend as the
induction time (Table 4.4). The recovery time of DYH[80] increases with increasing
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zeolite content. For the composites, the recovery times of the composites are longer
than that of D-PDPA and they also increase with increasing zeolite content.
Furthermore, the recovery times of D-PDPA. the zeolite, and the composites towards
DCM are higher than those of DCE and chloroform. This is because DCM has more
hydrogen molecules to form hydrogen bonds with the active sites.

445 Effect of Vapor Concentration on the Electrical Sensitivity of the

Composites towards Flalogenated Solvents

Figure 4.8 shows the sensitivity of D-PDPA/30%DYEI[80](12h)
composite  versus  vapor concentration.  When a  composite  [D-
PDPA/30%DYH[80](12h)] is exposed to DCM. the sensitivity of the composite
increases from (-361 t 3.34) x 102 to (-442 + 0.01) X 101 as the DCM
concentration increases from 7,696 ppm to 153914 ppm, respectively. When the
composite is exposed to DCE. the sensitivity of the composite increases from (-1.57
£ 0.02) <102to (201 0.02) X 10-1 as vapor concentration increases from 1,015
ppm to 20.299 ppm, respectively. The data shows that the responses of the composite
are nearly linear with respect to concentrations of the vapors. The slope of DCM
vapor is greater than that of DCE vapor. This suggests that the selectivity of the
composite toward DCM is higher than the selectivity toward DCE. A similar result
was found in Ma et al. (2011). They studied the sensing properties of a triangular
nano-sensor based on localized surface plasmon resonance towards ethanol, acetone,
benzene, propanol, and hexane. They made the comparison of the peak wavelengths
in response to the tested vapors. A good linear response was obtained. Ethanol
showed the greatest slope among the tested vapors. It was concluded that the sensor
has higher selectivity towards ethanol relative to other vapors. Luo et al. (2012)
developed the sensing properties of the composite film of polyurethane and multiwall
carbon nanotubes towards benzene, cyclohexane, carbontetrachloride. The response
of the composites film, with the benzene and cyclohexane concentrations varied from
1,500 ppm to 7,500 ppm, increased linearly with increasing vapor concentration.
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4.4.6 The Cyclic Response and Chemical Reaction of D-

PDPA/30%DYHI801( 12h) Composites and the Vapors

Figure 49 shows the electrical conductivity of D-
PDPA/30%DYH][80](12h) composite versus time toward DCM. The measurement
spans 3 cycles, to determine the reversibility of the electrical conductivity. The
composite shows the negative cyclic response when exposed to DCM. The
conductivity values of the composite of the 15 2rd and 3rd cycles are 6.71 < 10%.
6.59 X 101 and 6.54 X 1(Jes/cm. respectively. The conductivity values of the 2rd
and 3rdcycle do not recover the conductivity value of the 14 cycle. This suggests that
the interaction between the composites and the vapors is not reversible. Moreover,
the chemical interaction between the composites and the vapors can be confirmed by
using a FT-IR spectrometer. The FT-IR spectra of the composite before, during, and
after the exposure to DCM are shown in Figure 4.10. Before DCM exposure, the
spectrum shows only the characteristic peaks of D-PDPA and DYH[80](12h)
(Santana and Dias. 2003; Hua and Ruckenstein. 2003; Sathiyanarayanan et al.
2006). During DCM exposure, the new peaks occur at 3009. 1275. and 750 cm-s
which can be assigned to the interaction between DCM and D-PDPA; CiT in DCM
(Lambert et ah, 2010): and the interaction between DCM and DYH[80], respectively
(Robert et al., 2005). When DCM is removed and replaced with Ni, the absorption
bands at 3009 cm-1 disappear, but the absorption bands at 1275 and 750 cm’], which
are assigned to the interaction between DCM and DYH[80], still remain. This
indicates that the interaction between the composite and the vapor is irreversible.
Figure 4.11 show's the proposed mechanism of the composite and DCM vapor. The
chlorine atom of DCM is electron donating. It will stabilize the cation of the imines
nitrogen in the composite. The electron can move along the D-PDPA backbone. This
results in an increase in the conductivity of D-PDPA. On the other hand, the
hydrogen atom in the DCM molecule is electron withdrawing. It removes the
electron from the active site in DYH[80] (-OH) and creates a hole on the DYH[8(]
structure as a p type doping. The electron can move through TT-bonds of the -OH.
increasing the conductivity of the composite. This phenomenon is called the
resonance effect (Xu et al.. 2002). During the dealumination process, as more active
sites (-OH) of the DYH[80] are available, the greater resonance effect. Thus
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conductivity increases by adding DYH[80]. In addition, the charge distribution on
the surface of the composite can be observed by EFM with external electric
excitation of 5 volts. The EFM images (Figure. 4.11a and b) show the charges
distributions on the surfaces of the composites before and after the exposure to DCM
vapor. The image would appear as a bright contrast indicating the presence of
positive charges; it would appear as a dark contrast when negatively charges are
present (Barisci et al.. 2000). Before the exposure to DCM (Figure 4.12a). the image
shows mainly brighter regions since the D-PDPA backbone has many holes or
positively charges along the backbone due to p type doping process of D-PDPA.
During the exposure to DCM (Figure 4.12b), the image shows darker regions as the
vapors donate electrons to the polymer backbone. This result suggests that as the
polymer is exposed to DCM. it attains more electrons along the backbone. After
flushing out the DCM vapor by Ni, the EFM image (Figure 4.12c) also shows darker
regions which implies that the polymer still retains some electrons. This clearly
indicates that the interaction between the polymer and the vapor is irreversible.
Therefore, the EFM results show that the interaction between the composite and the
vapor is irreversible.

45 Conclusions

This work confirms a successful attempt to increase SifAl ratios of zeolite Y
by the dealumination method. The highest SI/Al ratio obtained is 263 at the acid
treatment time of 12 hrs. The composites of D-PDPA and DYH[80] were then used
as a sensing material to investigate the electrical sensitivity towards three
halogenated solvents; DCM. DCF. and chloroform. The composites with the
dealuminated zeolite Y have a potential use as sensing materials for the halogenated
solvents because they have a higher number of reactive sites in DYH[80] to react
with the vapors. The acid treatment of 12 hr and 30 %viv of zeolite provide the
highest sensitivity towards the halogenated solvents. The results of the cyclic
response show the interaction between the composite and the vapor is irreversible, as
confirmed by FT-IR spectra and EFM images.
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Figure 4.2 Scanning electron micrographs of dealuminated zeolite with different

acid treatment times: ) 0 In<b) 2 hr; and ¢) 4 hr.
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Figure 4.12 EFM images of D-PDPA/DYH[80](12h) composite: a) before; b)
during: and c) after exposed to DCM vapor.
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Zeolite

YHEL
DYHI80](2h)
DYHI80](4h)
DYHI80](8h)
DYHI80](L0h
DYHI80](L2h
DYH]80]( 18h

(24h

)
)
)
DYH[80](24h)

Table 4.1 Properties of dealuminated zeolite Y

Acid treatment
time (hr)

0
2
4
8

10

12

18
24

Integrated hand area

(cm]
164.32 £ 6.07
100.62 £ 0.40
43.1710.20
36.48 £ 0.16
20.68 i 6.22
16.67 £ 0.7
17.26 £5.56
1420 £ 0.17

Si/Al ratio

61.58 £ 1.9
131.98 £ 157
135.62 £ 1.97
137.48 £2.51
197.22 £3.84
263.34 £2.40
17281 +4.12
142,73 £ 1.35

Surface area

(m:/g)
683.78 £ 13.32
709.39 £ 9.65
749.85 + 54.66
754.85 + 54.66
837.20 £0.71
930.58 £ 0.03
580.90 £ 13.87
542.10 £26.73

Crystal size
(pm)
1.138 £0.178
1.029 +0.105
0.899 + 0.088
0.788 + 0.057
0.708 £ 0.068
0.670 £ 0.057
0.665 + 0.036
0.614 + 0.086



Table 4.2 The electrical response (Act), sensitivity (Ao/oi) of YH[80], and DYH[80] when exposed to halogenated solvents
(Measurements were made under chamber temperature of 27 1°c at atmospheric pressure)

: N itivi :

Material DCM Fesponst (Acx—D(élEalmaHaisolvenf |\(l‘l,)hloroform DCM SenSItIVS)ééAdiAcm) Chloroform
YH[80] (-5.06+2.29)xI0% (-5.01 £2.57)x10-7 (-4.174 3.40)x10'7 (-1.20 £ 0.44)x HE: (-6.27 £0.71)xI0"2  (-7.13 £ 0.34)xI O:
DYH(80](2h)  (-5.75+4.96)x107 (-2.12+ 1.92)xI07 (-9.12 £ 5.45)xI0~x (-1.21 £ 0.90)x10'1 (-3.30£0.75)x10.  (-1.37 £ 0.19)x: 0
DYH[80](4h)  (-1.23£0.71)x10s (-2.9940.89)x10'8 (-L47+ 1,23)x 107 (-1.32+0.46)x 10 (-5.65 % 0.44)x:0  (-3.32 % 1.43)x10-,
DYH[80](8h)  (-1.94%0.06)xI0~6 (-5.96 +2.57)xI0-7 (-2.74 £ 145)x 107 (-1.96+ 0.01)xI0] (-6.02 £ 0.09)xl0> (-4.96 + 1.47)x10-,
DYH|80J(10h) (-9.00+2.08)xI07 (-6.15 % 1.26)x 10~/ (-4.03£ 081 )xI0» (-2.20 £ 0.03)x HP. (-9.93 +0.94)x10.  (-6.35 £ 1,09)x:0-
DYH[80](12h) (-7.82 3.20)xI0-s (-6.95%0.17)xHT; (-7.11 £0.55)x107 (-5.63 3.45)x101 (-1.07£0.03)xI0-"  (-7.29 £ 0.44)x 10
DYH[80](18h) (-218£061)xI0 (-4.19%0.73)x10- (-389% 135)x 10 (-391 £0.24)xI01 (-7.30 £ 1.37)xI0-.  (-6.46 + 0.19)x10'2
DYH[80](24h) (-4.09 2.25)x 10 (-7.97+9.04)xI()7 (-3.27£0.83)x107 (-3.62 £ 048)x10: (-6.41 +4.59)x:0- (-5.79% 145)x 10:



Table 4.3 The electrical response (Aa), sensitivity (Ao/gni) of D-PDPA and the composite when exposed to halogenated solvents
(Measurements were made under chamber temperature of 27 £ 1°c at atmospheric pressure)

Materials

D-PDPA
D-PDPA/
5%DYH[801(12h)
D-PDPA/
109D YH{80]( 12h)
D-PDPA/
15%DYH[80|(12h)
D-PDPA/
20%DYH[80|(12h)
D-PDPA/
25%DYH[80](12h)
D-PDPA/
0%DYH[80|(12h)
D-PDPA/
5%DYHf801(12h)
)

D-PDPA/
40%DYH| 80|( 12h

Response A g—0 halogenated solvent-"N2)

DCM
313+ 2.49)x10-

843 0.66)x10-

)
115+ 0.23)x10'
04+ 132) 104
28+ 2.26)x]0~7

§
(
(1
(22
(142 0.94)x10+
(-
(3
(6
(449:% 198)x: (17

DCE
348+ L11N)x10+

E 1.89 £ 0.66)x10-
(218 £ 0.49)x10-
(-329£ 01705
(374 091)XI0-
(-1.02 + 0.82)x10s
(-1.10 £ 0.20)xI 0s
(-331 £ 0.13)I0~7
(216 £ 0.57)x10-

(-
(9
(-
(-
(
(3
(
(-
(-

Chloroform
100 10, 06)X|07

13 £ 1.92)x 10
1.44 1 0.36)x 10+
-3.98 + 291 )x107
-2.38+ 1.67)x107

43+ 1,84)x10-
-5.62 £ 1.04)x10'7
-2.83 £ 153)x 10+
-1.84 + 114)X10;

(.
(1
(-
(-
(-
(-
(-4
(2
(L

DCM
30 £ 330)x.0,

51 £ 0.2 )X:0
2.09 £ 0.14)xI(r"
215+ 0.21)x10-,
262 0.19)X10-1
288 0.48)x 10

44 1 0.10)xI(r'

0410.18)x 101

19 0.06)x10™

Sensitivity (Ao/gn?)
DCE
-6.26  3.70)X L2

E487+065)x 102
(746 + 0.95)x10-
(-9.45 + 0.50)x10°2
(-1.10 £ 0.96)x10"
(141 £0.06)x10 |
(201 £0.25)xI(T
(+8.64 £ 3.88)x10-
(554 £ 0.71)% O,

(-
(-
(-
(-
§
(-
(-9
(-7
(5

Chloroform
122 0. 16 X103

1,04 £ 0.03)x102
132 + 0.18)x 10,
467+ 18910,
541+ 2.16)x 10
6.89 ¢ 216 Lo
07 £ 3.95)x 10+
58 + 2.98)x10-
83 + 157)X10,



Materials

Y14[80]
DYH[30]
DYH[80
DYH[80)
DYH[80
DYH[80
DYH[80
DYH[80
D-PDPA 100:1
D-PDPA/
506D Y H[80](12h)

D-PDPA/
10%DYH[80](12h)

D-PDPA/
15%DY H[80](L2h)

D-PDPA!
20%DYH[80](12h)

P —— — — — —

DCM
1542+0.11
1462 £0.23
1493 £0.07
15.67£0.04
15.77£0.17
1761 £0.09
15.54 + 0.05
1556 + 0.01
1135021

1248 +0.04

12.56 +0.16

1351 +0.08

1356 +0.31

f(min)

DCE
9.45 £0.14
9.35 + 042
1017 £0.07
1029 £0.36
11.44£0.45
1251 £0.23
1178 £0.18
11.25 £0.29
801 £0.63

1048 +0.25
10.890.15
11.38£0.04

11£0.23

Chloroform
6.45 % 0.57
7.40£0.21
8 &FOS
8.60 £ 0.53
9.01 £0.32
10.33 +0.46
101720.25
9.48 £0.25
7.74 £0.34

1017+ 0.07
1060+ 0.23
1155 £0.28

1250 £0.22

DCM
9.40+0.07
1.59£ 012
1.63 +0.18
8.44 +0.07
8.75 +0.07
8.88 i 0.04
8.82 +0.23
9.03 £0.18
9.55 £ 0.14

1043 +0.04

1065 £0.14

1150 £0.07

11.70 +0.07

tr(min)

DCE
8.6910.23
15010.37
8.11 i0.18
8.46 £ 0.30
9.82 £ 0.23
9.33£0.48
9.23 £0.16

8.40 +0.23
6.83 +0.41

10.87 +0.16
1115+ 010
1150+ 0.22

1172+ 0.22

Table 4.4 The induction time (tj) and the recovery time (tr) of D-PDPA, YH[80], D-PDPA and DYH[80] composites when exposed to
halogenated solvents (Measurements were made under chamber temperature of 27 £ 1°c at atmospheric pressure)

Chloroform
8.02 £ 0.46
8.46 £ 0.26
9.83 +0.40
10.05 + 0.16
10.17 + 0.23
1124+02
9.72+0.30
9.40 + 0.24
6.65 1 0.28

10.76 £0.16

1150 +0.16

12.34+0.23

12.76 + 0.16



Table 4.4 The induction time (tj) and the recovery time (tr) of D-PDPA, YH[80], D-PDPA and DYH[80] composites when exposed to

halogenated solvents (Measurements were made under chamber temperature of 27 £ 1°c at atmospheric pressure) (cont.)

Materials

D-PDPA/
25%DYH80](12h)
D-PDPA/
30%DYH80](12h)
D-PDPA/
35%DYH80](12h)
D-PDPA/
40%DYHI[80](12h)

DCM
14.80 £0.07

15.50 +0.07
14.75 £0.42
14.45 +0.16

i (min)
DCE
12174021

1281 £0.23
1251 +0.23
1167 +0.16

Chloroform
13.38 +0.23

13.66 +0.30
13.44 +0.30
12.77+0.17

DCM
12,60 £0.71

1281 + 0.08
12.29£0.23
1120+ 0.23

tr(min)
DCE

12.02 +0.05
12.39 £0.07
12,66 £0.17
12.82 £0.09

Chloroform
12.93 £0.52

1353+ 0.07
13.39£0.52
12.38 +0.07
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