
applied  
sciences

Article

Electrical Response of the Spinel ZnAl2O4 and Its Application
in the Detection of Propane Gas

Héctor Guillén-Bonilla 1,* , José Trinidad Guillén-Bonilla 2 , Verónica María Rodríguez-Betancourtt 3,*,
Maricela Jiménez-Rodríguez 4 , Alex Guillén-Bonilla 5, Emilio Huízar-Padilla 6,
María Eugenia Sánchez-Morales 7 , Jorge Alberto Ramírez-Ortega 1 and Oscar Blanco-Alonso 8

����������
�������

Citation: Guillén-Bonilla, H.;

Guillén-Bonilla, J.T.; Rodríguez-

Betancourtt, V.M.; Jiménez-Rodríguez,

M.; Guillén-Bonilla, A.; Huízar-

Padilla, E.; Sánchez-Morales, M.E.;

Ramírez-Ortega, J.A.; Blanco-Alonso,

O. Electrical Response of the Spinel

ZnAl2O4 and Its Application in the

Detection of Propane Gas. Appl. Sci.

2021, 11, 9488. https://doi.org/

10.3390/app11209488

Academic Editor: Andrea Atrei

Received: 22 September 2021

Accepted: 8 October 2021

Published: 13 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Departamento de Ingeniería de Proyectos, Centro Universitario de Ciencias Exactas e Ingenierías (C.U.C.E.I.),
Universidad de Guadalajara (U. de G.), Blvd. M. García Barragán 1421, Guadalajara 44410, Jalisco, Mexico;
jorge.rortega@alumnos.udg.mx

2 Departamento de Electrónica, Centro Universitario de Ciencias Exactas e Ingenierías (C.U.C.E.I.),
Universidad de Guadalajara (U. de G.), Blvd. M. García Barragán 1421, Guadalajara 44410, Jalisco, Mexico;
trinidad.guillen@academicos.udg.mx

3 Departamento de Química, Centro Universitario de Ciencias Exactas e Ingenierías (C.U.C.E.I.),
Universidad de Guadalajara (U. de G.), Blvd. M. García Barragán 1421, Guadalajara 44410, Jalisco, Mexico

4 División de Desarrollos Biotecnologicos, Centro Universitario de la Ciénega (CUCienéga),
Universidad de Guadalajara (U. de G.), Av. Universidad No. 1115, Ocotlán 47810, Jalisco, Mexico;
maricela.jimenez@cuci.udg.mx

5 Departamento de Ciencias Computacionales e Ingenierías, CUVALLES, Universidad de Guadalajara
(U. de G.), Carretera Guadalajara-Ámeca Km 45.5, Ameca 46600, Jalisco, Mexico;
alex.guillen@academicos.udg.mx

6 Facultad de Ciencias Químicas, Universidad de Colima, Colima 28400, Colima, Mexico; ehuizar@ucol.mx
7 Departamento de Ciencias Tecnológicas, Centro Universitario de la Ciénega (CUCienéga),

Universidad de Guadalajara (U. de G.), Av. Universidad No. 1115, Ocotlán 47810, Jalisco, Mexico;
eugenia.sanchez@cuci.udg.mx

8 Departamento de Física, Centro Universitario de Ciencias Exactas e Ingenierías (C.U.C.E.I.),
Universidad de Guadalajara (U. de G.), Blvd. M. García Barragán 1421, Guadalajara 44410, Jalisco, Mexico;
oscar.blanco@cucei.udg.mx

* Correspondence: hector.guillen1775@academicos.udg.mx (H.G.-B.);
veronica.rbetancourtt@academicos.udg.mx (V.M.R.-B.); Tel.: +52-(33)-1378-5900 (ext. 27655) (H.G.-B.)

Abstract: Nanoparticles of the semiconductor ZnAl2O4 were prepared using a microwave-assisted
wet chemistry method in the presence of ethylenediamine and calcination at 250 ◦C. The material’s
crystallinity and purity were verified by X-ray diffraction. The pure phase of the ZnAl2O4 presented
a cubic crystalline structure with cell parameters a = 8.087 Å and space group Fd-3m (227). Dynamic
tests in propane atmospheres were carried out on pellets (~500 µm in diameter) manufactured with
ZnAl2O4 powders. In the tests, the oxide showed variations with time in electrical resistance when
injecting air-propane at an operating temperature of 250 ◦C. The pellets showed good stability, high
sensitivity, and an optimal dynamic response as a function of time. On the other hand, a mathematical
model was proposed to describe the chemical sensor’s dynamic behavior based on the electrical
response and linear systems theory. The sensor’s transient response was obtained with the model by
exposing the oxide to air and propane gas; its stability was checked, and the stabilization time was
calculated. Subsequently, an operating point was selected, and, with it, a propane gas detector was
designed. The sensor operated flawlessly at 250 ◦C at a concentration of 1000 ppm, with a response
time of three seconds. The developed device is inexpensive and easy to implement.

Keywords: gas sensors; oxide ZnAl2O4; nanoparticles; mathematical model of a sensor; dynamic
behavior of a chemical sensor; propane gas detector

1. Introduction

For some years now, the literature has reported that spinel-type transition metal oxides
conform to the general formula XM2O4 [1,2], where X can be the divalent cations Fe2+,
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Mg2+, Mn2+, Co2+, and Ni2+. M can be substituted for the trivalent cations Cr3+, Ga3+, and
Fe3+ [2]. These compounds show interesting physical (such as magnetic and refractory) and
chemical properties that make them suitable for several technological applications [3–5].
Moreover, they possess high resistance to acids, high melting points, relatively high surface
areas, and good catalytic properties [1]. The good properties of these materials are due
mainly to the nanometric size of their particles [6]. Wet chemistry methods are employed
for obtaining particle sizes of less than 100 nm from spinel-type materials [3], since it
allows the control of the physical and chemical parameters involved during the synthesis
process [2,3,7].

The ZnAl2O4 is a spinel-type ternary compound [1,2,8], a ceramic semiconductor
material with a bandgap of 3.5–3.9 eV [9,10]. According to the literature, ZnAl2O4 can be
adjusted to the aluminates’ formula XAl2O4 [5,11], where X is replaced by the divalent
cation Zn2+ [3,5]. However, it can also be substituted for the divalent ions Co2+, Ni2+,
and Cu2+ [6]. The material typically has a crystalline phase with a cubic-type crystallo-
graphic system with space group Fd-3m [3,10,12]. It has been intensively studied due to
its attractive properties, such as high thermal stability, low-temperature sinterability, low
surface acidity, good diffusion, and high quantum yields [13], which have promoted its
technological application in different fields. These applications include optical coatings,
photo-electronic devices, display technologies, ceramics, and sensors [1,9,14]. Some reports
have stated that the ZnAl2O4 possesses high sensitivity, good linearity, small hysteresis,
and short response and recovery times in humid [9] and propane [1] atmospheres, which is
attributed to the porosity and the nanostructures (such as nanorods) obtained during the
compound’s synthesis [9]. The goal now is to apply new materials (such as the semicon-
ductors) to toxic gas detection systems [15–17]. These devices are intended to provide safe
zones for humans in C3H8, CO, or CO2 atmospheres, among others [18–20].

Our proposed detector consists of two essential parts: the sensor and the electronic
circuit. The sensor detects the chemical “signals” (reactions) of the gases. Analog or digital,
the electronic circuit transforms the chemical signal into an electrical signal and records it.
When the sensor signal is processed with analog circuits, the electronic circuit design is
specific because it depends on the signal’s features. For other characteristics, it would not
be functional. However, its advantages are easy construction, fast response, low cost, and
high sensitivity.

For its application as a detector of toxic gases, our group synthesized powders of the
semiconductor oxide ZnAl2O4 at a relatively low temperature applying a wet chemistry
process assisted with microwave radiation. Pellets were manufactured from the powders
to study the oxide’s ability to detect propane (C3H8) atmospheres in direct current (DC).
The oxide showed good thermal stability, high sensitivity, and excellent dynamic response
at an operating temperature of 250 ◦C. We found that the ZnAl2O4 is suitable for being
applied as a propane gas sensor. Furthermore, we modeled its electrical response based
on the time-invariant linear systems theory. Through the model, the transient response
of the sensor was verified by exposing it to air and propane gas, checking its stability
(and stabilization time). With that, an operating point was found for the detector’s design,
whose features were, in summary, an operating temperature of 250 ◦C, a concentration of
1000 ppm, size of 10 cm × 10 cm, low cost, applicable to high-temperature processes, and
short response times.

2. Materials and Methods
2.1. Synthesis of ZnAl2O4 Powders

For the synthesis of ZnAl2O4 nanoparticles, 3.75 g of Al (NO3)3·9H2O (Sigma-Aldrich,
Guadalajara, Mexico), 1.48 g of Zn (NO3)2·6H2O (Jalmek, Guadalajara, Mexico), and 2 mL
of ethylenediamine (Sigma-Aldrich, Guadalajara, Mexico) were used. Five milliliters
of ethyl alcohol (CTR) were added to each reagent and stirred for 20 min. Later, the
solutions were mixed, still stirring, obtaining a suspension (colloidal dispersion) of very
fine particles. The solution was left stirring at 375 rpm for 24 h at room temperature.
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Subsequently, the solvent was evaporated using microwave radiation using a domestic
oven (LG, model MS1147 X). The solution was radiated 40 times at 140 W during 70 s/cycle.
After evaporation, the precursor material was dried at 200 ◦C for 8 h and calcined at 250 ◦C
for 5 h, applying a heating ramp of 100 ◦C/h in air. The material’s calcination process was
completed using a programmable control muffle (Novatech, Tlaquepaque, Mexico).

2.2. Gas Sensing Tests

Before the electrical sensing tests, a crystallographic characterization of the ZnAl2O4
powders calcined at 250 ◦C was carried out by X-ray powder diffraction using a Panalytical
Empyren device with CuKα radiation (λ = 1.546 Å). The 2θ continuous scan range was
from 10 to 90◦ with steps of 0.026◦ at a rate of 30 s/step.

The gas sensing tests were performed on the surface of pellets manufactured with
the ZnAl2O4 powders. For this, 0.3 g of the powders were compressed at a pressure of
11 tons for 5 min using a Simplex Ital Equip-25 tons hydraulic equipment. The dimensions
of the pellets were 12 mm in diameter and 0.5 mm in thickness. Two ohmic contacts
made from colloidal silver paint (Alfa Aesar, 99%, Mexico City, Mexico) were placed on
the pellets’ surface so that there was good contact between the surface and the electrons
present during the experiments. The pellets were introduced into a small metal box
(with a volume of 19 cm3) located inside the measuring chamber (with a capacity of
10−3 torr). For the dynamic tests, the small box had two holes for the inlet and outlet of
the test gas. One hole also allowed the introduction of the pellets’ electrodes. The gas
discharged from the metal box was evacuated by a system installed in the vacuum chamber.
A Leybold TM20 electronic detector monitored the test gas partial pressure. The variations
in electrical resistance were recorded with a Keithley 2001 multimeter coupled to a control
and data acquisition system using the LabView software (National Instruments, Mexico
City, Mexico). Mass flow regulators (Brooks Instruments) with a capacity of 2600 cm3/min
(model GF100CXXC-SH452.6L, Mexico City, Mexico) and 10 cm3/min (model GF100CXXC-
SH40010C, Mexico City, Mexico) were used to control the propane flows.

3. Results
3.1. XRD Analysis

Figure 1 shows XRD results from the precursor material treated at 250 ◦C. As expected,
at that temperature, the ZnAl2O4 showed high-intensity peaks that suggested its high
purity and crystallinity. The peaks’ height and width were an indication that the material
was made up of nanometric-sized particles [21]. The compound’s pure phase was identified
through PDF # 65-3104, indicating that the ZnAl2O4 belongs to the family of spinel-type
materials, with a cubic crystalline structure (a = 8.087 Å) and a spatial group Fd-3m
(227) [2,3,5]. Our results were consistent with those reported by other research groups,
which synthesized the same compound by different processes [5,6,8–10].

Considering Figure 1, the crystal size t was calculated with Scherrer’s equation [22]:

t =
0.9λ

βcosθ
(1)

where λ is the wavelength of the radiation (λ = 1518 nm), θ is the Bragg angle, and β
is the full width at half maximum (FWHM) of the diffraction peak. In our case, all the
diffractograms’ reflections were considered, obtaining an average crystal size of ~14.63 nm.
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Figure 1. X-ray diffraction pattern showing the pure phase of the ZnAl2O4 at 250 ◦C.

3.2. Analysis of the Dynamic Response of the ZnAl2O4

To prove the spinel ZnAl2O4
′s ability to detect gas concentrations, dynamic direct

current (DC) tests were performed with the prepared pellets (~0.5 mm thick), which were
subjected to extra-dry air (500 mL/min) and propane (1000 ppm) flows for measuring
the variations in electrical resistance. The experiments were performed in four steps:
(1) the pellets were put inside the measurement system placing two electrodes (two-point
method) on the ohmic contacts; (2) then, the measuring chamber was heated at a constant
temperature of 250 ◦C, and 500 mL/min of extra-dry air (20% O2 and 80% N2) were injected
for five minutes to stabilize the surface of the pellets; (3) after stabilization, 1000 ppm of
propane were injected for five minutes, recording variations in the material’s electrical
resistance immediately; (4) after that, the propane was removed and extra-dry air was
injected into the measuring chamber, which caused the electrical resistance to return
to its initial values (when the pellets were stabilized in air, step 1). This process was
repeated for several cycles until obtaining the results shown in Figure 2, where electrical
resistance (Figure 2a) and sensitivity (Figure 2b) were plotted as a function of time. Using
the results of Figure 2a, we calculated the sensitivity of the pellets with the formula
S = (RO − RG)/RG, where RO is the electrical resistance in extra dry air and RG is the
electrical resistance in propane. By considering the reciprocal of the electrical resistance
(1/electrical resistance), we calculate [1,23]: S = (GG − GO)/GO, where GG and GO are the
propane and air conductances, respectively.

From Figure 2a, when the propane molecules interacted with the surface of the pellets,
a decrease in electrical resistance was recorded as the exposure time was extended. That
was repeated on several occasions (cycles), which indicated that the pellets maintained a
stable process of reversibility and stability in air-propane atmospheres [1]. The excellent
response of the ZnAl2O4 was attributed mainly to the reaction that took place on the
pellets’ surface between the oxygen and the test gas because of the operating tempera-
ture (250 ◦C) [15,23,24]. The temperature provoked the activation of the charge carriers
(electrons) [1], making them move faster on the sensor’s surface [23,25], causing an almost
immediate change in electrical resistance and an increase in the sensitivity of the pellets [1].
In addition, the temperature favored the diffusion of the test gas [26], which contributed to
an increase in the oxide’s sensitivity (Figure 2b). The variation in electrical resistance (∆R)
was calculated in the range of 1520.04–647.17 kΩ, with an average of 816.85 kΩ (Figure 2a).
The sensitivity variations (∆S) were estimated in the range of 0.11–1.33, with maximum
peaks recorded at ~1353 (Figure 2b). The response time (200 s) was estimated considering
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90% of the response in propane; the recovery time (189 s) was calculated by considering 10%
of the value when the material was exposed to air [1]. The results depicted in Figure 2a,b
were consistent with similar semiconductors studied as gas sensors [1,9,26–28].

The excellent dynamic response and good sensitivity shown in Figure 2a,b indicate
that the oxide is an n-type semiconductor [1]. The oxide’s behavior was due to the reaction
between the ionsorbed oxygen [29] on the material’s surface and the propane gas since there
was an imbalance between them, leading to the variations in conductivity and, therefore, to
the increase in sensitivity. The oxygen species that mostly appeared at 250 ◦C were the O−

and O2− [30] ionic forms, more reactive than species that predominate below 150 ◦C [23,30].
That led to the propane’s oxidation on the material’s surface [1], favoring the release of
charge carriers that caused the increase in conductivity and sensitivity [1,25,31,32].
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The excellent results were attributed to the obtained crystallite size. It has been reported
that semiconductors with very fine particles or crystallite sizes smaller than 100 nm showed
high electrical variations with short response and recovery times [1,23,25,26,29,31,32].
In agreement with references [1,26], the excellent electrical response and sensitivity of
our ZnAl2O4 were due to the rapid and effective propane diffusion over the entire ma-
terial’s surface, composed of nanometric crystallites (~14.63 nm) that created a favorable
porous structure [29]. Therefore, we consider that the ZnAl2O4 is a strong candidate to
be applied as a sensor of toxic gases, mainly propane. Comparing the results in Figure 2
with those reported in the references [9,15,23], we found that our sensor ZnAl2O4 had
better sensitivity, excellent dynamic response, good reproducibility, shorter response and
recovery times at 250 ◦C. In addition, the curves obtained from the experiments performed
at 1000-ppm propane concentrations (see Figure 2), were consistent with those reported in
reference [1].

3.3. Theoretical Model

According to the dynamic response of the ZnAl2O4, depicted in Figure 2, the oxide
behaved like a first-order system. Then, based on systems theory [33], its dynamic behavior
could be described by the following differential equation:

τ
dR(t + t0)

dt
+ R(t + t0) = Kv(t), (2)

where R(t + t0) is the resistance produced by the oxide due to its exposure to air and
propane gas, t0 is the shifting time due to the equipment stabilization, τ is the system’s
characteristic time, K is the system’s gain, v(t) is the applied voltage, and t is time. Taking
the Laplace Transform of the differential Equation (2),
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L
{

τ
dR(t + t0)

dt

}
+ L{R(t + t0)} = L{Kv(t)}, (3)

we calculated:
et0sτ[sR(s)− R(0)] + et0sR(s) = KV(s), (4)

where R(s) is the resistance in the complex plane s, et0s is the phase produced by the
shift, R(0) are the initial conditions of the differential, and L{·} =

∫ ∞
0 ·e

stdt is the Laplace
transform operator where s = σ + ωi is a complex number: i is the complex rotation
operator, ω is the angular frequency rad/s, and σ is a real number. From this last expression,
we obtained:

(τs + 1)et0sR(s) = KV(s) + et0sτR(0) (5)

and finally, the signal will be

R(s) =
KV(s)
τs + 1

e−t0s +
τR(0)
τs + 1

. (6)

According to Equation (6), the resistive response consisted of free and forced parts.
The free resistive response RFree(s) depended on the sensor’s initial conditions, and it did
not depend on the input signal:

RFree(s) =
τR(0)
τs + 1

. (7)

The forced resistive response RForce(s) depended on the sensor’s input signal V(s)
but it did not depend on the initial conditions:

RForce(s) =
KV(s)
τs + 1

e−t0s. (8)

That is, the total resistive response of the Pellet is formed by the sum of responses
RFree(s) and RForce(s),

R(s) = RFree(s) + RForce(s). (9)

3.3.1. Transient Response

To obtain the sensor’s transient response, we applied input signals V(s) [34,35]. The
input signal was a step v(t) = 1 V (whose Laplace transform is V(s) = 1

s ). So, we obtained:

Rair(s) =
Kair

s(τairs + 1)
e−tos +

τairRair(0)
τairs + 1

, (10)

where to is the displacement time of the resistive signal when the sensor was exposed
to air, τair is the characteristic time, Kair is the gain, and Rair(0) are the initial conditions.
Rearranging Equation (10):

Rair(s) =
Kair
τair

s
(

s + 1
τair

) e−t0s +
Rair(0)
s + 1

τair

. (11)

The calculation process was as follows: as a first step, we determined the free response
in the time domain through

L−1{RFree(s)} = L−1

{
Rair(0)
s + 1

τair

}
→ RFree(t) = Rair(0)e

− t
τair , (12)
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where L−1{·} is the inverse Laplace transform operator; as a second step, we calculated
the forced response with

L−1{RForce(s)} = L−1


Kair
τair

s
(

s + 1
τair

) e−t0s

 = L−1

{
Kair

(
1
s
− 1

s + 1
τair

)
e−t0s

}
, (13)

which, solving for RForce, took the form:

RForce(t) = Kair

(
1− e−(

t
τair

+t0)
)

u(t− t0), (14)

where the Heaviside function is due to system drift; as a third step, both responses were
added:

L−1{Rair(s)} = L−1{RForce(s)}+ L−1{RFree(s)} → Rair(t) = RForce(t) + RFree(t). (15)

Substituting expressions (12) and (14) in (15), we obtained:

Rair(t) = Kair

(
1− e−(

t
τair

+t0)
)

u(t− t0) + Rair(0)e
− t

τair . (16)

In the limit, when time tends to infinity (and the decay term e−
t

τair tends to zero),
expression (16) can be approximated to:

Rair(t) = Kair

(
e−(

t
τair

+t0)
)

u(t− t0) + Rair(0), (17)

which corresponded to the resistance behavior when the oxide was exposed to air. On the
other hand, to obtain the resistive dynamic response of the ZnAl2O4 due to its exposure to
propane gas, we considered the input signal as an impulse (whose Laplace transform is a
unit constant). Then, the resistive dynamic behavior was given by:

RPG(s) =
KPG
τPG

s + 1
τPG

e−(t0+
T
2 )s +

RPG(0)
s + 1

τPG

, (18)

where t0 +
T
2 is the delay time when the sensor was exposed to propane gas, KPG is the

system gain, τPG is the characteristic time, and RPG(0) is the initial condition. Taking its
inverse Laplace transform,

L−1{RPG(s)} = L−1


KPG
τPG

s + 1
τPG

e−(t0+
T
2 )s

+ L−1

{
RPG(0)
s + 1

τPG

}
, (19)

we calculated

RPG(t) =
KPG
τPG

e−
t

τPG
−(t0+

T
2 )u
(

t−
(

t0 +
T
2

))
+ RPG(0)e

− t
τPG , (20)

where, again, the contribution of the exponential term e−
t

τPG was negligible. Then, Equation (20)
could be approximated to

RPG(t) =
KPG
τPG

e−
t

τPG
−(t0+

T
2 )u
(

t−
(

t0 +
T
2

))
+ RPG(0). (21)

Equation (21) corresponded to the resistance when the oxide was exposed to propane
gas. According to Figure 2, the oxide’s dynamic resistive response was periodic because
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the designed chemical sensor had repeatability. The first half of the period corresponded to
the measured air and the second half of the period corresponded to the measured propane
gas. Therefore, its total transient response could be expressed as:

R(t) =
{

Kair

(
1− e−

t
τair
−(t0+nT)

)
u(t− t0 − nT) + Rair(0) air KPG

τPG
e−

t
τPG
−(t0+

T
2 (2n+1))u

(
t− t0 − T

2 (2n + 1)
)

+RPG(0) propane gas
(22)

From Figure 2a, t0 is the delay time due to the stabilization of the sensor and instru-
ments, T is the exposure period of the sensor and n = 1, 2, . . ., indicates the sensing cycle.
For the first period, the time was between 848.48 and 1410.2 s, n = 1, t0 = 848.48 s, T =

561.72 s, Rair(0) = 659.134 KΩ, RPG(0) = 655.59 KΩ, Kair = 865.92 K, KPG
τPG

= 867.672 K,
τair = 89.21 s, and τPG = 47.8 s:

R(t) =

865.92× 103
(

1− e−(
t

89.21+848.48)
)

u(t− 848.48) + 659.13× 103 848.48 < t < 1129.34

867.672× 103e−(
t

47.8+1129.34)u(t− 1129.34) + 655.59× 103 1129.34 < t < 1410.2
(23)

Figure 3 shows a graph of expression (23) where the experimental data were consid-
ered.
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From Figure 3, the theoretical result was close to the experimental measurements
when the sensor detected air and propane gas. The minor variations can be attributed to
experimental errors, system noise, or contamination in the measurement chamber.
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3.3.2. Establishment Time

The stability of the ZnAl2O4 sensor could be determined by knowing the position of
the poles belonging to the transfer function. The establishment time could be known with
the sensor’s “response speed” or its characteristic time.

Since our interest was to detect propane gas atmospheres, we focused on the propane
gas transfer function G(s):

G(s) =
RPG(s)

V(s)
=

KPG
τPGs + 1

e−(t0+
T
2 (2n+1))s =

KPG
τPG

s + 1
τPG

e−(t0+
T
2 (2n+1))s. (24)

Substituting values from the first cycle, we calculated:

G(s) =
867.672× 103

s + 0.0209
e−1129.34s. (25)

According to the denominator of Equation (25), the sensor’s transfer function had one
pole at position s = − 1

τPG
= −0.0209, located in the negative half-plane of the complex

plane s [36–38] (see Figure 4a). It indicated that the sensor was stable since taking the
inverse Laplace transform of the transfer function, a decaying process was obtained (as
Equation (23) shows). If the establishment time is defined as 4τPG [36], the sensor reached
its stability at 4τPG = 191.2 s, with the exit signal at 1.83%. The stability time is shown in
Figure 4b.
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for our chemical sensor.

Based on Figure 4, the sensor was stable, which allowed us to state that the ZnAl2O4
could be safely applied to detect propane gas (for example, to localize explosion-safe
zones).

3.3.3. Frequency Response

In this section, using Bode diagrams, a study is made of the behavior at the sensor
frequency [36]. With this type of diagram, the behavior of magnitude vs. angular frequency
and phase vs. angular frequency and from these graphs it is possible to determine the
frequencies where the sensor operates effectively.

First, we performed a change of variable s = ωi in the transfer function (25) [36,38]
and obtained (after some algebraic manipulations):

G(ωi) =
867.672× 103

ωi + 0.0209
e−iω1129.34. (26)
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Removing the complex term from the denominator

G(ωi) =
867.672× 103

ωi + 0.0209

(
−ωi + 0.0209
−ωi + 0.0209

)
e−iω1129.34, (27)

We have:

G(ωi) =
(

18134.34
436.81× 10−6 + ω2 −

867.672× 103ω

436.81× 10−6 + ω2 i
)

e−iω1129.34. (28)

From expression (28), the magnitude was calculated as:

|G(ωi)| =

√(
18, 134.34

436.81× 10−6 + ω2

)2
+

(
ω867.672× 103

436.81× 10−6 + ω2

)2

, (29)

and the phase with

θ(ωi) = tg−1
(
−867.672× 103ω

18134.34
− 1129.34ω

)
= tg−1(−1177.1869ω), (30)

where −1129.34ω was the offset angle due to the shift time. The shift time only affected
the phase and did not affect the magnitude, as shown in Equations (29) and (30). Figure 5
shows the Bode diagram of the transfer function.
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Figure 5. Frequency behavior of the ZnAl2O4 sensor.

According to Figure 5, there was a cutoff frequency of approximately 1.91 kHz. Con-
sequently, the propane gas sensor would operate adequately within the interval from 1 Hz
to 1.91 KHz, while for higher frequencies its resistance would decay, as Figure 5 shows.
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3.3.4. Application to the Detection of Propane Gas

According to Figures 2a and 3, the sensor’s resistance changed as a function of time.
Therefore, if our goal was to apply it in a new propane gas detector, the sensor had to
operate at a specific point in the dynamic response, which we called the “operating point”.
Now, if the sensor’s response time was selected at three seconds, the operating point
had the coordinates (≈1151.9 [s] ≈ 1,518,215 [KΩ]) (see Figure 6). Then, we designed the
electronic circuit from that operating point.
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Figure 7a shows the electronic diagram of the propane gas detector. The detector was
based on a Wheatstone bridge, an instrumentation amplifier with two operational ampli-
fiers, a comparator circuit, and a voltage source of±12 Volts. Its operating temperature was
250 ◦C, it detected concentrations of 1000 ppm, and its response time was three seconds.

Its working principle consisted of calibration and detection stages [39]. In the calibra-
tion stage, the chemical sensor (the ZnAl2O4) was placed in an air atmosphere, its terminals
were connected to one arm of the Wheatstone bridge, and the variable resistance RC was
changed until the bridge calibration was achieved, such that the voltage difference (output
voltage of the Wheatstone Bridge) was VB −VA = 0. VA and VB were compared with the
instrumentation amplifier, and their difference was multiplied by the gain. The output
voltage was defined through:

Vo = (VB −VA)

(
1 + K +

R2 + R4

Rg

)
, (31)

where Rg is the amplifier gain, R1, R2, R3, R4, are precision resistors, and K = R4
R3

= R2
R1

.
When VB − VA = 0 was satisfied, the voltage Vo was zero. This voltage may be due to
the fact that the comparator circuit had negative saturation and therefore, the diode did
not conduct, eliminating any negative signal. Therefore, the alarm signal had a value of
zero, VAlarm = 0. That is, the device would not detect the presence of propane gas in the
atmosphere. In the detection stage, when the sensor surface came into contact with propane
gas, the sensor had a surface current and suffered a resistance variation. Consequently,
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the Wheatstone test was unbalanced, and the voltage VA was less than the voltage VB.
Subsequently, the instrumentation amplifier compared both voltages and amplified 10
times, the difference:

Vo = 10(VB −VA)→ Vo > 0, (32)

with R1 = R2 = R3 = R4 = 1000 Ω, K = 10, and Rg = 250 Ω (see Equation (31)
and Figure 7). Since the voltage Vo was greater than zero, the comparator had positive
saturation. Therefore, the alarm signal was equal to the positive saturation voltage of
the operational amplifier minus the voltage drop of the rectifier diode (Vd = 0.7 V),
VAlarm = Vsat ≈ 11.3 V. Therefore, the device detected the presence of propane gas in the
monitored atmosphere.
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Figure 7 shows the propane gas detector’s design obtained with proteus® software.
The detector was 10 cm × 10 cm, and its main features were low construction cost, high
working temperatures, short response time, high sensitivity, easy repair, and a chemical
sensor based on the oxide ZnAl2O4.
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In particular, we performed a comparison of our results obtained from the dynamic
response and the designed device of the ZnAl2O4 with other semiconducting oxides
that have been investigated as potential gas sensors. For example, in references [1,9,27]
they report changes in electrical resistance as a function of time, concentration of propane
atmospheres and sensitivity humidity on the ZnAl2O4 and ZnO. According to these authors,
its optimum temperature to detect propane is from 200 to 300 ◦C. On the other hand, in
reference [26] they acquired the detection of CO2 and O2 over the CoSb2O6 applying
an operating temperature of 400 ◦C. In this work, it was found that the ZnAl2O4 shows
excellent dynamic response and sensitivity at 250 ◦C (1000 ppm of propane), which is a
lower temperature than those reported in the previously cited references. In addition, we
found that the electrical response of our material was uniform and stable. This is reflected
in the number of cycles obtained, which show the thermal stability, and reversibility of the
test gas detection process. These parameters and the excellent electrical response, as well
as the dynamic sensitivity obtained in the conditions applied during the measurements
(250 ◦C y 1000 ppm of propane) are positive. Theoretical and experimental models were
developed for the electronic design of the device based on ZnAl2O4 in dynamic propane
atmospheres. Therefore, with the obtained results and the operating conditions of our
sensor, these are the optimal parameters to obtain a sensitive, efficient, reliable, easy to
implement sensor that presents a prompt response in conditions of propane contamination
in the atmosphere.

4. Discussion

Our experimental results for propane detection were consistent with those reported in
references [9,26–28]. The characteristics of the designed propane gas detector were:

1. Operating temperature: 250 ◦C.
2. Working concentration of 1000 ppm.
3. 11.3 V alarm voltage due to the presence of propane gas.
4. Short response times when detecting the presence of propane gas (e.g., three seconds).
5. Applicable to high-temperature processes.
6. Low fabrication cost.
7. Easy repair.
8. High sensitivity.
9. Supply voltage of 120 Volts.
10. The proposed device finds practical application in boiler safety systems where high

temperatures and high concentrations are frequent.
11. If the device is placed in an atmosphere with different conditions, the chemical sensor

based on the oxide ZnAl2O6 will have a different electrical response, causing the
Wheatstone bridge to decalibrate, and therefore, the device will send an erroneous
alarm signal. To solve such a situation, the Wheatstone bridge must be calibrated for
the new operating conditions.

Our proposal has a wide range of application where there is interest in detecting areas
with a high risk of explosion due to fuel leaks, its construction is economical, and it has
excellent functional characteristics. Our future work is to develop gas detectors applying
programmable electronic devices and develop an error analysis.

5. Conclusions

The semiconductor oxide ZnAl2O4 was synthesized by a wet chemistry method and
characterized by X-ray diffraction, identifying its pure phase and crystalline structure.
For electrical characterization, pellets were made to record their electrical resistance as a
function of time, obtaining excellent results.

A mathematical model based on linear systems was proposed, considering the chemi-
cal sensor as a first-order system with shift and initial conditions. We obtained the sensor’s
transient response when exposed to air and propane gas by combining the mathematical
model and the experimental results. With the models, its stabilization time was calculated,
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and its frequency response was verified. We selected an operating point, and a novel device
was proposed for working as a propane gas detector. Our proposal has many applications,
especially detecting areas with a high explosion risk due to fuel leaks. Its construction is
economical and has excellent functional features. Our next aim is to develop gas detectors
applying programmable electronic devices.
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