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Novel, Low Cost and Fast Detection Sensor for Biogenic H2S Gas Based on
Polyaniline/ZnO, CdO and CeO2 nanocomposites at Room Temperature
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Abstract

Screen printed electrode (SPE) is considering one of the most prospective techniques for sensing purposes due to its low cost,
easy fabrication and reusability. It is worthwhile to use SPE as a sensor for fast detection of the biogenic H2S gas which is a
sign for sulfate-reducing bacteria (SRB) existence. SRB presence is the first indicator in the industrial sector that causes a
catastrophic environmental issue which give time for the decision makers to avoid their consequences. Polyaniline (PANI),
PANI/MOx nanocomposites were prepared as sensing materials. The prepared materials have been characterized by FT-IR,
Raman spectroscopy and GPC techniques. The morphological properties have been determined using SEM and HR-TEM. The
particle size distributions have been determined using dynamic light scattering (DLS). Moreover, the fabricated sensors also
have been applied as biogenic H2S gas detector using the electrical resistance changes. The data confirmed that the PANI doped
with ZnO NPs has the best sensing performance compared to the other fabricated sensors.

Keywords: Sensors; Conducting polymers; Metal oxides; Nano-composites; H2S gas; and SRB.

1. Introduction

Sulphate-reducing bacteria (SRB) is anaerobic
bacteria which can be exist in wastewater, soil and
petroleum wells. The main problem of SRB is their
metabolic process which reduce sulfate ions into
sulfide ions. These sulfide ions can be present in a gas
form as H2S gas or a dissolved form or a precipitated
form (ferrous sulfide) [1-4]. Therefore, they have great
economic and environmental impacts on the
petroleum industry, due to corrosion severity and their
toxic gases emission [4]. The corrosion problem of the
pipelines and the production equipment’s due to SRB
metabolism, called biocorrosion or microbiologically
influenced corrosion (MIC), which causes more than
20 % of the total corrosion cost [5-9]. Furthermore,
SRB have the ability to make a biofilm, this
phenomenon happens when the SRB contact with the
iron surface especially at low stream flow and acting
to mimic the surrounded conditions to protect themself
and hence causing more aggressive corrosion media in
comparison to their planktonic counterparts. Biofilms
can resist the biocide more than 1000 times comparing

to their planktonic forms [10]. The development of
rapid and effective techniques for the SRB monitoring
in natural and industrial environments have great
efforts in last decades. The approaches employed to
detect the presence of SRB are divided into two main
categories: (i) culture-based and (ii) molecular-based
methods [11,12]. Typically, the investigation of SRB
using culture-based approach involves the isolation,
cultivation and characterization of the bacteria using
different growth media, such most probable number
(MPN). For several decades the MPN has been widely
used. The results take around 21 days for confirmation
depending on the formation of ferrous sulfide black
precipitate (FeS) [13]. Monitoring the H2S levels is
very important for the oil and gas sector especially at
lower concentrations. Nowadays, the industrial sector
really in need of cheap, fast and highly sensitive
detection techniques for H2S gas [14,15]. The
electrochemical sensors are a low-cost solution for the
monitoring the objective gas offering a valuable
method with expanded scope, also high performance
compared to the other traditional approaches [16-21].
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The semiconductor-based electrodes and the metal
oxide nanoparticles have been described for H2S gas
sensing [22-26]. These metals are also assumed to
have expanded catalytic activity on the
electrochemical oxidation of sulfide gas. [27,28].
However, till now there are very restricted studies of
utilize metallic based sensors such as nickel, gold and
platinum electrodes for the sulfide detection in the
aqueous media. Debora and his co-workers have been
examined the response of a pre-oxidized nickel
electrode electrochemically with increasing additions
of sulfide to produce a voltametric signal [27]. Bitziou
et. al. have been innovated a novel electrochemical
approach to detect H2S in aqueous media within a
broad pH range (acid to alkali) using a hydrodynamic
flow cell with a dual band electrode device [28].
Giovanelli and co-workers have been modified a
nickel hydroxide electrode at micro-disc and
macroelectrodes in the existence and absence of
sulfide with a detection limit of 10 pm [29]. Due to
their commendable  properties,  screen-printed
electrodes (SPEs) have introduced a new dimension to
the electro analysis sector. The SPE technology has
been developed as an interesting alternative cheap,
highly sensitive and reusable sensors manufacturing
[30,31]. The SPEs also surpass the additional
mechanical polishing step that is routinely used to
eliminate the adsorbed species in the case of solid
electrodes, preventing any electrode fouling. In
addition, the added value of using SPEs for direct
sulfide oxidation is that sensing can be accomplished
without the mediator or alteration of redox active
polymers or metal composites being used [32-38].

The central theme of this work was directed to use
a novel and innovate approaches for the early sensing
of sulfate-reducing bacteria (SRB) in their planktonic
form via estimation of their metabolites in the form of
H2S gas with correlation to their numbers (ml). This
can be achieved by develop an innovative electronic
sensor via nano metal oxides-conductive polymer
nanocomposites. The prepared materials were
characterized using FT-IR, Raman spectroscopy,
XRD, TEM, DLS and SEM. Furthermore, the
prepared sensing materials were applied on the
fabricated sensor with a customized design using a
drop casting technique and tested towards biogenic
H2S gas emitted from environmental SRB after
cultivation and enumeration. The sensor response will
be collected by a data acquisition system (digital
multimeter) as an electrical change.
2. Experimental:
2.1. Chemicals

Cadmium nitrate  (Cd(NO3)2.4H20), Zinc
Sulphate (ZnSO4), cerium (I1I) nitrate hexahydrate
(Ce(N0O3)2.6H20), Polyethylene glycol-400 (PEG-
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400), Sodium hydroxide (NaOH), Aniline monomer,
Ammonia (NH40H), Ammonium per sulphate (APS),
Potassium per sulphate (KPS), Dodecyl benzene
sulfonic acid (DBSA), All reagents were supplied
from Sigma Aldrich. Hydrochloric acid (HCI),
Butanol, Hexane, Acetone (AR grade) were supplied
from Merk. Conducting Carbon Cement (Leit-C) was
supplied from TAAB, UK.

2.2. Synthesis of polyaniline (PANI)
The first step was the oxidation in an aqueous

medium. Aniline hydrochloride 0.2 M (2.59 g) was
dissolved in a distilled water (DW) (50 ml) and 0.25
M (5.71 g) of APS was dissolved in a DW (50 ml).
Both solutions were stored for 1 h at room temperature
then mixed together, stirred and left to polymerize.
After 24 h, the precipitate was filtered, washed with
300 ml of HCI (0.2 M) and acetone, then dried in a
vacuum oven at 60 °C to obtain polyaniline
(emeraldine) hydrochloride powder [39].

2.3. Synthesis of metal oxide nanopatrticles

CdO NPs was prepared by dissolving 0.5 M (15.42
gm) of Cd(NO3)2. 4H20 and 5 ml of ammonia
solution in DW (100 ml) under stirring, then the gel
suspension was filtrated and washed many times by
DW, then dried at 50°C for 4 h. Finally, the dried
powder was calcined at 600°C [40]. Also, ZnO NPs
was prepared via mixing 0.5 M (2.17gm) of ZnSO4
solution with 0.1 M (0.03gm) sodium hydroxide
solution drop-wise and stirred for 1 h. Afterwards, the
grain growth was prevented by adding few drops of
PEG-400 as a capping agent. The solution was
sonicated for 30 min, to obtain zinc hydroxide, then
dried at 100°C for 8 h. then calcinated at 400°C for 2
h[41]. Finally, CeO2 NPs was prepared via mixing 0.1
M (0.04 gm) of NaOH solution with 0.5 M (2.17 gm)
of Ce(NO3)2.6H20 solution drop wise with
continuous stirring at room temperature for 20 min, the
mixture solution was centrifuged many times with DW
and ethanol. The obtained precipitate was calcinated at
600° C for 20 min [42].

2.4. Synthesis of polymer nanocomposites
(PANI/ZnO, PANI/CdO & PANI/CeQ2)

2.5 g of KPS was dissolved in 60 ml of DW and
added to a mixture of (40 ml of hexane, 6 ml of
butanol, and 14 g of DBSA), the mixture sonicated for
5 min. Then a drop-wise addition of 2 ml of aniline
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monomer to the prepared mini-emulsion was operated
into a sono-chemical reactor followed by adding the
metal oxide nanoparticles (5 wt% based on aniline
monomer). The mixture was then ultrasonicated for
100 min until the polymerization completed. The
reaction mixture was filtered, washed by acetone and
water many times then dried by a vacuum at 40 °C for
24 h. [43].

2.5. Sensor fabrication

3.5.1. Electrical circuit and sensor design

The layout of the fabricated sensor and the circuit
design were drawn by a computer numerical control
machine (CNC) is a 4-axis control with built-in motion
control CPU using Mach3 software. The designed
electrode, separated by 1 mm. from its all sides, was
fabricated on a printed circuit board (PCB) using
CNC. The deposited films were prepared by mixing
the carbon paste with the prepared materials by 10%
(w/w) then spread over onto the fabricated electrode
using drop casting technique uniformly. Afterwards,
they allowed to dry under vacuum at room temperature
for 24 h followed by Ag/AgCl ink print. Finally,
insulating ink was applied.

3.5.2. Setup of the gas sensing unit

The lab tests were operated using a conical sealed
glass chamber of 50 ml with gas inlet and outlet ports;
the fabricated sensor was fitted inside the chamber
firmly with its prober electrical connections. The H2S
gas was injected through the chamber using gas flow
meter at room temperature. The sensor electrical
resistance changes were recorded using the attached
computer supported 6-digit (Keithley 6514) System
Electrometer which connected to the computer via
GBIP interface). The reaction was a result of the
sensing materials with H2S gas, at a constant voltage
0.1 V DC provided from an external electrical power
supply. The H2S gas concentrations which were used
in lab tests were obtained in 1-liter tedlar bag capacity
then it was connected to the chamber. The sensor was
placed in the chamber then H2S gas flow started to fill
the chamber until complete occupation. During the test
time the electrometer recorded, the resistance changed
until reach the constant change then the chamber was
allowed to air exposure before the second cycle of H2S
exposure [44]. The experimental setup was illustrated
in (Fig. 1) The gas response or gas sensitivity (S) was
calculated as follows:
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8

where, Ra is the initial resistance, Rg is the resistance
in the presence of the H2S gas.

To study the gas effect on the sensor response, the
resistance was measured in the air and in the flow of
H2S gas at the ambient temperature. The semi-protype
test chamber was designed and fabricated using the 3d
printer (CREALITY 3D CR-10s 300MM).

2.6. Reactor setup and Sampling enrichment

A water sample with a salinity content (NaCl) of
1.9 % was gathered from the storage tank of North
Bahria, Qarun Petroleum Company, western desert,
Egypt. On site inoculation of the gathered water
samples was achieved in an anaerobic culture media
(modified Postgate”s-B medium) referring to Postgate
[45]. During preparation process the Postgate’s
medium was Modified using the original water salinity
(NaCl) and pH (see Table 1). The prepared medium
was sparged with nitrogen gas, and a redox potential
indicator resazurin (0.0002 % w/v) for anaerobic
cultivation has been used. The inoculated medium
with 10 % (v/v) water samples was incubated at 37 °C
for 14 days. The medium preparation and cultivation
were accomplished referring to the modified
Hungate's approach for anaerobes [46]. The presence
of black precipitate (FeS) was used as a sulfate
reduction sign and as a marker of SRB activity. For
further cultivation, the inoculated sample was enriched
using modified Postgate’s-B medium for three times
under anaerobic conditions to be used as inocula. In
order to evaluate the sulfide production using the SPE,
the SRB environmental sample was further inoculated
with the enriched inocula and cultivated at 37 °C for
30 days using modified Postgate’s-C  medium
according to Postgate [45]. The SRB count was
estimated during the cultivation time using most
probable number (MPN) [47].

2.7. Characterization techniques

The crystallography of nanoparticles was
confirmed using X-ray Diffraction (XRD) using
model (X’Pert Pro) 2 range from 5°-90° conditions 40
mA,40 kV, and wave length of Copper Kal at 1.54 A,
with a Cu-Ka radiation (A = 1.5406 A) Diffractometer.
The particle size and the morphology of the prepared
nanoparticles were characterized using the High-
Resolution Transmission Electron Microscopy (HR-
TEM, JEOL JEM-2100F, Japan, 200 KV). The
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particle size distribution was obtained using the
Dynamic Light Scattering (DLS) with a laser angle of
90° at 25°C, (Zetasizer Nano-ZS90 instrument,
Malvern Co., UK). The chemical structure and
function groups of the prepared Polypyrrole were
characterized by a Nicolet iS10 FT-IR
spectrophotometer (Thermo Fisher Scientific, USA) in
a wavenumber range of 500-4000 cm-1. The PANI
molecular weight was recorded using Gel Permeation
Chromatography (GPC), a GPC-water 2410 with a
reflective index detector using 4 columns styragle HR
THF 7.8 x 300 mm, calibrated by PS standard,
supported a water 515 HPLC pump. Computer
numerical control machine (CNC) SIM-KIT 40*60 C-
S, Simplex, Egypt. 3D Printer (CREALITY 3D CR-
10s 300MM), China. The electrical measurements and
the responses of the gas sensors were monitored using
(Keithley instrument, Inc. USA) a Keithley source
measurement unit (6514). The electrometer was
interfaced to the computer via GPIB interface.
3. Characterization of prepared compounds

The FT-IR spectrum (Fig. 2) of the prepared
polyaniline showed the main characteristic peaks of
the base form of PANI ranged1600-500 cm-1. The
main bands located at 1559 cm-1 for C-H bond
vibration, 1481 cm-1 for C=C bond vibration, and
1370 cm-1 assigned to C-N bond vibration. The
Raman spectrum of the prepared PANI (Fig. S1)
displayed a peak of the C=C stretching vibration at
1602 cm—1 with a shoulder at 1636 cm—1. The C—C
vibration contribute to the band at 1571 cm—1. The
band at 1476 cm—1 was corresponded to the C=N
stretching vibrations. A sharp band at 1378 cm—1 and
1414 cm—1 were assigned to the C~N+ ring stretching
vibrations. A shoulder observed at 1352 cm—1 was
related to the C~N+. The molecular wight of the
prepared PANI Mw= 15080 g¢/mol and the
polydispersity PDI= 3.6. The SEM image of the
prepared PANI (Fig. 3) exhibited the bulky structure
of PANI with micro-porous structures which
improved the performance of the polymer
conductivity properties and rising up the sensing rate
as a result of the large surface area consistence [44].

Along the same line, the morphological properties
and the particle size distributions of the prepared
materials were determined by HR-TEM Fig. 4 (a-c)
and DLS Fig. S2 (a-c). The data from Fig. 4a
determined the nanocrystalline particles with a weak
agglomeration of hexagonal ZnO NPs and particle size
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20 nm. While Fig. 4b observed a uniform cubic
structure of CdO NPs and particle size 23 nm.
Furthermore, Fig. 4c confirmed the spherical shape of
CeO2 NPs and particle size 37 nm, according to Fig.
S2 (a-c) the zeta potential and PDI values confirms the
homogeneity of the prepared metal oxides with high
crystallinity. Also, The XRD patterns of the prepared
materials were shown in Fig. 5 (a-c) and the particles

D

- Bcosg T 0
average size were calculated by Debye-Scherrer’s
equation as follows.

Where D is the crystal size, A is the x-ray
wavelength, B is the full width at half maximum of the
diffraction peak, 0 is the Bragg diffraction angel.

The data observed from Fig. 5a, all the peaks of (1
00),(002),(101),(102),(110),(103),(200), (1
12),(201),(004)and (20 2) values can be referred
to the hexagonal structure of ZnO NPs. These peaks
match with those in the JCPDS card (Card No. 89-
1397). The high intensity and narrow width of ZnO
diffraction peaks confirmed that the resulting product
has a high crystallinity with calculated average size
about 20.95 nm.

The crystalline centered cubic symmetry structure
of CdO, (see Fig. 5b) with the plane of (111), (200),
(220) was matched with the JCPDS card (Card No. 65-
2908). and the calculate particle size is about 22.87
nm. It can be concluded from Fig. 5c that all the
diffraction peaks of the CeO2 can be assigned to
JCPDS card (Card No. 89-8436). The characteristic
two peaks of 2851, 4751 and 56.58 were
corresponded to the reflection planes of (111), (220)
and (311), respectively. The sharp and intense
diffraction peak indicated the crystallinity. The
calculated average size of CeO2 is about 36.35 nm.

Finally, the HR-TEM images of the prepared
polymer nanocomposites were shown in Fig. 6(a-c).
The ZnO NPs (see Fig. 6a) have been well entrapped
in the PANI matrix with a micro structured
morphology. While Fig. 6b Referring to the
PANI/CdO, observed that a homogeneous distribution
of CdO NP onto the PANI matrix with a spherical
structure. It can be observed that from Fig.6¢ the
porous structure morphology of PANI/CeO2
nanocomposite was different from the individual
spherical CeO2 NP as the first stage of the metal oxide
preparation. Its meaning that, the in-situ
polymerization has been produced nanocomposites
without agglomeration and the prepared metal NPs
were distributed uniformly in the polymer matrix to
enhancement the conductivity of the prepared
materials [43].
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Table 1: Composition of anaerobic* modified Postgate's B (Pg) medium

Composition (g/l) Modified Ps Modified Pc
KH2PO4 0.5 0.5
NH.CI 1.0 1.0
NazSO4 1.0 4.5
CaCl,.6H,0 - 0.06
MgS0,4.7H:0 2.0 0.06
Sodium lactate 35 4.42
Yeast extract 1.0 1.0
Ascorbic acid 0.1 -
Sodium thioglycolate 0.1 -
FeSO4.7H,0 0.5 -
Sodium citrate. 2H,0 - 0.3
Salinity (NaCl) 19 19
pH 6.76 6.76

*0.0002% (w/v) resazurin was used as a redox potential indicator for

anaerobic cultivation.

Egypt. J. Chem. 64, No. 6 (2021)
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4, Results and Discussion

Gas sensing properties of PANI and PANI/MOx
Nanocomposites.

The response of the fabricated sensors was
calculated according to eq.1 The exposure of sensors
to H2S gas, an electron donor, is leading to increase
the resistivity and decrease the conductivity.
Therefore, the response S (%) has always a positive
sign. Thus, the increase in the resistance of the
PANI/MOXx nanocomposites after the exposure to H2S
gas was established with the increase in the resistance
of the PANI that formed by reducing in the electron
hopping.

It is well recognized that nano-metal oxide dopants
will enhance the sensing efficiency of polymer-based
gas sensors [17]. The sensing properties of the PANI
and PANI/MOx nanocomposite thin films towards the
biogenic H2S gas were measured firstly using Dréager
tube test. This test was used to determine the real gas
concentrations [48] with a correlation to the most
probable umber of the cultivated sulfate-reducing
bacteria (SRB) [47]. Afterwards, the PANI and
PANI/MOx nanocomposite was applied as a
fabricated sensor to detect the changes in the electrical
response. Results reported in Table 2 and Fig. 7
confirmed the sensing ability of the prepared materials
towards the released biogenic H2S gas with
concentrations (100, 1000, 2000 and 3000 ppm) after
cultivation periods (5, 10, 20 and 30 days) were named
(D5, D10, D20 and D30) respectively. The cultivated
plank samples have been measured by a widely used
detector tube standard in the petroleum sector Dréger-
Tubes and Dréger-Tube pump accuro, which are tested
referring to NIOSH Method/TCA/A-012 and
approved by the American Industrial Hygiene
Association (AIHA).

Thus, it can be observed that the highly sensitive
sensor with short response time at all H2S gas
concentrations is the sensor layered by PANI/ZnO
NPs, the data displayed that there was an increase in
the sulfide gas concentration accordingly with
increase in the most probable number of the cultivated
samples during the cultivation period (30 days) (see
Fig. S3). This defiantly correlated to the SRB activity
as previously reported [47]. The sensitivity of the
prepared materials PANI, PANI/MOXx
nanocomposites at room temperature and H2S
concentration 1000 ppm (sample D10) have been
illustrated as 3 cycles at Fig. S4. The data showed that
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the polymer nanocomposite films were charge carriers
which known as p-type semiconductors with holes.
The H2S gas is dissociated into H+ and HS— according
to its behavior as a weak acid, leading to the partial
protonation of PANI. A band bending and a space-
charge layer near the surface of each grain boundary
were therefore induced. [43]. The electrical resistance
of the film changes as a result of the interactions
between the surface grains and the introduced H2S gas
moieties, causes electrons elimination of the PANI
aromatic ring. So, the resistance of the sensing
materials affected by these electron transfer. When
this reaction of the p-type conductive polymer occurs,
its electrical conductivity may enhance [44].
Moreover, the observed data going to prove the highly
sensitive sensor is the sensor layered by PANI/ZnO
NPs with the shorter response time. It is clear that from
the real-time of the sensing responses towards the
variable concentrations of H2S gas at room
temperature was increased rapidly by exposing to the
H2S gas and returned to its initial value after air
introduction.

As a result, it can be seen that the prepared nano
composites have high sensitivity with short response
times comparing to the pure polymer, proving that the
introducing of metal oxides into the polymer matrix
improve its conductivity properties [49]. This result
confirmed that the sensors responded quickly to both
the induction and removal of the H2S gas. Through the
three cycles of testing process using the same sensors,
the sensor response (%) decreased and the response
time increased. In brief, the data showed that the
response time of PANI/ZnO < PANI/CdO <
PANI/CeO2 < PANI, Meanwhile, the sensitivity
showed PANI/ZnO > PANI/CdO> PANI/CeO2
>PANI which confirmed that the PANI/ZnO has the
fastest response time with high sensitivity. Its may be
attributed to the microstructure, high porosity, high
surface area with small average size about 20 nm.
enhancement the properties of ZnO NPs
nanocomposite and increasing the oxygen vacancies
with decreasing the surface potential barriers. As the
same for the PANI/CdO NPs the difference only the
particle size of CdO NPs is a little bigger than ZnO
NPs about 23 nm. leading to a little increase on the its
surface area which will affect on its sensitivity. On the
other hand, PANI/CeO2 has the lowest sensitive
material than the others affected by the changes on its
morphology when introduced to the polymer matrix,
also its average particle size is bigger than the others
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leading to increase its surface area and decreasing its
sensitivity. Although, PANI/CeO2 is the lowest
sensitive material but it has a higher response to the
biogenic H2S gas than the PANI only.

The repeatability of the sensing process had been
studied by repeating the test of the fabricated sensors
towards the biogenic H2S gas (1000 ppm) at room
temperature. It is worthwhile to mention that from Fig.
8, the recorded values for the sensor’s responses with
respect to time. the results of each sensor possess a

variation of £0.01%. The fabricated sensors
demonstrated a good stability toward H2S gas at room
temperature, which confirmed a stable morphology
and good crystallinity of the fabricated sensing
materials. Furthermore, the above data confirmed that
the performance of the PANI/ZnO nanocomposite
possess the highest sensitivity and the fastest response
time affected by its morphological properties and the
highly surface area with the smallest particle size
compared to the other materials.
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Table 2: The response of the fabricated sensors towards H»S gas at room temperature
H,S reading by H-S gas response, %
Sample no. u
Dréager tube, ppm PANI PANI/CdO PANI/CeO2 PANI/ZnO
D5 100 0.019 0.0436 0.0597 0.0783
D10 1000 0.034 0.0681 0.0772 0.0965
D20 2000 0.052 0.0799 0.0932 0.199
D30 3000 0.074 0.0898 0.172 0.276
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Table 3: The 3 cycles response tests of the fabricated sensors towards 1000 ppm of H,S gas at room temperature

Cycle 1 Cycle 2 Cycle 3
Sample R, % T.s R, % T,s R, % T.s
PANI 0.034 60 0.028 75 0.01 140
PANI/CdO 0.047 26 0.027 43 0.022 60
PANI/CeO; 0.039 37 0.021 68 0.013 85
PANI/ZnO 0.077 10 0.056 22 0.038 54
é % w
=8
= "‘TJ , , | i i
500 1000 1500 2000 2500 3000 3500
Wavenumber cm-1
Fig. S1: Raman spectrum of PANI
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5. Conclusions

The sensing materials PANI, PANI/ZnO NPs,
PANI/CdO NPs and PANI/CeO2 NPS were
successfully prepared and characterized using several
techniques, and applied on newly designated PCB
circuit using a drop casting technique to fabricate
novel sensors for the fast detection of the biogenic
H2S gas, which considered as a good marker of the
SRB existence. The microstructure, high surface area,
high porous sites are the main factors affect on the
prepared materials behavior. As well as, affected on
the response of the fabricated sensors towards the
biogenic H2S gas at different concentrations (100,
1000, 2000 and 3000 ppm). It’s clear that the response
time of PANI/ZnO < PANI/CdO < PANI/Ce02 <
PANI and the sensitivity of PANI/ZnO > PANI/CdO
> PANI/CeO2 > PANI. The lower response is PANI
(R= 0.034 %) with highly response time (60 s), the
higher response is PANI/ZnO NPs (R= 0.077%) with
fastest response time (10 s). its may be referred to the
crystallinity, high porosity and high selectivity of ZnO
NPs which increased the oxygen vacancies sites
leading to increase of oxygen species adsorption,
hence decreasing the potential barriers of the prepared
material surface and impove the workability of
conducting polymer. In addition, the smallest particle
size of ZnO (20 nm) play an important role to enlarge
the surface area leading to increasing the exposure area
towards the biogenic H2S gas which reflect on its
highly response comparing to the other hybrid
nanocomposites.
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