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Characteristic Dynamic Responses for Pesticide Residue
Detecting on the Surface of the SnO, Gas Sensor
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Abstract: A new rapid detecting method (called dynamic measurements) to detect and distinguish the presence of
two pesticide gases acephate and trichlorphen and their mixture in the ambient atmosphere is reported. The method
only employed a single SnO,-based gas sensor in a sinusoidal temperature mode to perform the qualitative analysis of
pure pesticide gas and mixture of binary gases (acephate and trichlorphon) in air. The dynamic responses under differ-
ent concentrations are also discussed. Experimental results show that high selectivity of the sensor presents in the range
of temperatures 250 ~ 300°C and the modulating frequency 20 MHz. The quantitative analysis between the pure pesti-
cide gases and their mixture was performed by Fast Fourier Transformation (FFT). The higher hammonic terms of the
FFT characterized the nonlinear properties of the response at the sensor surface. The amplitudes of the high harmonic
terms exhibited characteristic changes which depend on the concentration and the kinetic reaction of gas species on the
sensor surface. Nonlinear responses are discussed in relation to the kinetics of the gas species at the sensor surface and
the surface barrier potential .
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Pesticide residue had always been the most impor-

Y In recent years ,

tant problem on food security'”
therefore, considerable effort had been directed towards
the detecting techniques of pesticide residue’'™® . Al-
though there had been enough precision of analysis, it is
well-known that the disadvantages of the conventional de-
tecting method, such as chromatographic detection, is
too slow to detect gas sample in situ and affect the timeli-
ness of the analysis. More attention has been focused on
the research of rapid test method of pesticide residue. At
present, the rapid analyzing techniques include immu-

3 . 4,5
noassay[ ) , biosensor' **! ,

chromatographic and mass
spectrometrym, polarographic method”’ and so on. A
simplified indirect method was developed by using adapt-
ed versions of molecular emission cavity analysis based
on measurements of the intensity of the emission band of
indium monochloride at 359.9nm'® , but in the case of
the above mentioned methods there exist some different

=71 Meanwhile, there are very few reports

limitation
about detecting pesticide residue by using SnQ, sensor.
Sn0,-based gas sensors had been extensively ap-

©) " Well known advantages in-

plied to gases detection
cluded their low cost and high sensitivitiy, and disadvan-
tages concemed their lack of stability and selectivity
N ' practical applications, several attempts were
made to overcome their disadvantages, for example, by
using chromatographic columns to separate the compo-
nents, by operating at different temperatures, by choosing
different burning-in procedures, different dopants, and
surface chemical modification, measuring frequencies,

9 -
c[ 14]

et . For common applications of pattern recognition

and multi-component analysis of gas mixtures, sensor-

(15,16]
arrays

which operate at constant temperature were
usually chosen. In these cases beause of lack of selectiv-
ity overlapping sensitivities of different sensors are of ad-

vantage[ 17.18]

. Some authors'®"?' had indicated that tem-
perature modulation to metal-oxide sensors provides more
information from a single sensor than isothermal opera-
tion, allows improving research works in gas detection
such as CH,, CO, NO, . Several investigations had been
focused on dynamic sensor measurements obtaining ade-
quate results, nevertheless they used non-commercial
sensors and often required sophisticated heater control

waveforms! 2% |

We reported previously that the method employed
only a single SnO,-based gas sensor in a sinusoidal tem-
perature mode to perform the qualitative analysis of bina-
ry gas mixture ( acephate and trichlorphon) in air, and
experimental results show that high selectivity of the sen-
sor present in the temperature range of 250 - 300°C and
modulating frequency 20 MHz'*

On the basis of our previous work, we will continu-
ously report the effect of concentration of trichlorphon,
acephate and their mixture gases on the response of the
single sensor. The resulting output resistance is analysed
by Fast Fourier Transformation (FFT). The amplitudes
of the higher harmonics of the FFT signal exhibit charac-
teristic changes that depend not only on the species of
test gases but also on the concentration of test gases.
Nonlinear responses are discussed in relation to the ki-
netics of the gas species at the sensor surface and the

surface barrier potential .

1 Experimental

The thick film sensor consists of a layer of tinoxide

(26}

film deposited on a ceramics substrate ' . The devices

were used according to the reference[27]. The prepara-
tion of the sensitive material was described elsewhere!™ .
The grain sizes of the materials were around 20 and
50nm. A headspace sample ( HP-7694) was used to in-
ject the measured gases into a 2500 mL sensor test cham-
ber, where a single SnO, gas sensor was kept.
Acephate, trichlorphon gases ( Analytical standard, pro-
vided by Sigma-Aldrich Laborchemikalien GmbH ). and
binarys mixture of acephate and trichlorphon were mea-
sured. A square voltage signal (20 MHz, 25 MHz, 30
MHz, 50 MHz, frequency generator: HP 3325B, power
supply: HP 6035A) was applied to the sensor for heating
resistor, which allowed to modulate the working tempera-
ture of the device in the range 50 — 300°C . The signal
frequency and operating temperature were adjusted to ob-
tain good sensitivities and selectivity for the pesticide
gase measuring. The sensor resistance was monitored,
and the resistance data were picked up and stored in a
PC for further analysis. Fig.1 shows the experimental
set-up. The measurement process was as follows: In

measure dry air as carrier gas flows into the chamber at a
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constant rate of 10 mmol/sec . Data acquisition had started
for 80s before the test gase sample injected into the air-

g/ |

synthetic dry air

flow. The sampling rate was set to two data per second

and to complete a measure took for minutes.

/ computer

O

~NN
o OO

——— d.c. power supply

Fig.1
2 Results and Discussion

2.1 Comparative experiments between static and
dynamic response

The static responses of 0.1 x 10™° trichlorphon,
acephate gas and 0.2 x 10”* mixture at 300°C for SnO,
sensor are reported in Fig.2 (left). The response time
defines the time taken for the sensor to reach 90% of the
saturation value after contacting the surface of the sensor
by the test gas. In Fig.2, one can clearly observe that

4500 Yo 0.1x10-6

resistance/{}
g &

test chamber

m*v

signal
ma £7

data acquistition monitoring
and storage

waste

Experimental set-up

the sensor exhibit the rapid response upon exposure to
the trichlorphon and acephate gas, it is noticed that the
response time to both acephate and trichlorphon gas or to
0.2 x 107° mixture was only several seconds. It also
shows that, however, in addition to the changes of resis-
tance and response time there was no other information
about reaction process. In particular, there was no reac-
tion phenomenon but declining of element resistance by
comparing to a single pesticide gas, this case can be ex-
plained by the fact that the static testing condition:

200000

air
250000 0.1x10-6 acephate and
1.0 x 10~ trichiorphon
o 200000
g 150000-
.9
£
100000
D.1x10-6
50000- g 1.0x10-6
trichlorphon
0
0 200 “’)D 800 800
time/sec

Fig.2 Time-dependent changes of the resistance of a SnQ, sensor in synthetic air and during exposure to acephate,

trichlorphon and their mixture gases. The left is static response and right is dynamic response.

temperature 250 ~ 300°C; the dynamic testing condi-
tions : temperature modulating frequency was 20 MHz,
temperature controlled in the range 250 ~ 300°C, con-
centration of mixture was larger than that of a single gas.
That is to say, during static measurements, we only ob-
serve the resistance changes of sensing element of initial
and final state, of other changes during reaction process
we do not obtain any information. Herein, it is worth to
note that there also existed a drift effect due to the self-

instability of SnO, sensor and resulted in bad-reproduc-
ibility.

Fig.2 (right) also shows the typical time depen-
dencies of the resistance of the sensor realised with a
single SnO, sensor, during their exposure to different
pesticide gases and mixture under the dynamic measure-
ments. One can easily observe the qualitative difference
between the response to pure pesticide gases and that to
the mixture. These facts can be also ohserved by exam-
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ining the temperature dependence of resistances, pre-
sented in Fig.5 (section 3.3).

During the static measurement process, the ad-
sotbed oxygen results in oxidation of pesticide gases on
the surface and in a decrease of chemisorbed oxygen
concentration, inducing an increase of the conductance.
As seen from Fig.2, it is found that gas identification in
a sinusoidal temperature modulated mode is related to
the different reaction kinetics of the interacting gases on
the tin oxide surface. Although the detailed reaction
mechanism of pesticide gases is not clear, it is obvious
that, by temperature modulation, it becomes possible to

provide the surface oxygen species at constant tempera-

tures, which, in equilibrium conditions, there would not
exist. In this way the reacton was dramatically influ-
enced on the response to the pesticide gases at both low-
er and higher temperature, that is, acephate and tri-
chlorphon gases exhibited in time their characteristic
wave shape and to the different oxygen reations at the
Sn0, surface one can not observe the characteristic wave
shape of the pesticide gases measuring under to condition
of constant temperature.
2.2 The dynamic response to pesticides under dif-
ferent concentration

Plots of dynamic response to acephate and trichlor-

phon gas as a function of different concentration operated

0 50

100 150 200 250 0 50 100 150 200
time/ sec

time/Bec

Fig.3 Response of the sensor to different concentration of pesticide gases in the sinusoidal temperature mode of oper-

ation in synthetic air. (1) trichlorphon; (2) acephate ; (3) air Experimental conditions: temperature 250 ~ 300°C ,

modulating frequency 20MHz
in sinusoidal temperature mode of 250 ~ 300°C and
modulating frequency 20 MHz are shown in Fig.3. In
order to distinguish the dynamic response features of the
trichlorphon and acephate gas clearly, the dynamic re-
sponse of air under the identical experimental conditions
is also plotted at the bottom of Fig.3. As seen in Fig.3,
the dynamic responses to pesticide gases are different
with that to air, it suggests that the good sensitivity to
trichlorphon and acephate gases and sufficient qualitative
analysis are achieved. Meanwhile, it is also found that
the resistance of the sensor changes regularly with the
increase of the pesticide concentration. Besides resis-
tance, at a certain point on the time scale, many other
features in the graphs are seen to correlate with the
acephate and trichlorphon gas concentration. Such fea-
tures are the resistance ratios R,/R,, R./R, and R,/
R, . Also, the time periods from a to b and ¢ to d corre-

lates with the acephate and trichlorphon gas, respective-

ly. The dependence of the resistance ratio of R,/R,,
R./R, and Ry/R, are depicted in Fig.4 (right) as a
function of the pesticides concentration.

In Fig.4 (left), it is found that the resistance of
point as shown in Fig.3, decreases with the increase of
acephate and trichlorphon concentration with the tenden-
cy to a platform. This fact may be explained by taking
account of response concentration range. There exists
upper and low concentration limit. In connection with
the right in the figure, it is found that the response
range to acephate is larger than that to trichlorphon un-
der the experimental conditions in this study. Also, in
the case of higher concentration, the signal shape does
not change (according to changes of the resistance ratios
R.,/R,, R./R, and R,/R,) besides the absolute val-
ues of resistance. It suggests that the dynamical equilib-
rium between the surface adsorption and reaction on

Sn0, sensor has reached.
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Fig.4 Resistance of point a in Fig.3 (left) and resistance ratios (right) of SnO, sensor as a function of the
pesticide gases concentration
2.3 Data evaluation and feature extraction 250 woce] o
Fig.5 shows the characteristic response curves of & o -
. . 3 2sm]
Tesistance versus temperature for air, 0.lpm acephate, g'm - gz
1000004
_ R . _ ; 5,
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sensor in this experimental study. As seen in Fig.5, one
can observe the huge sensitization to both acephate and
trichlorphon gases, it is also worth to note that their sen-
sitizations are obviously distinguished by controlling the
temperature and temperature modulating frequency in
this study. The different characteristic responses to gases
are attributed to the differences in kinetics of a dsorption
or desorption of the test gases and of their oxiding reac-
tion on the sensing element surface. It is widely accepted
that the key process mn the response of the semiconductor
to a reducing gas involved the modulation of the concen-
tration of adsorbed oxygen species such as 0,77, O™~
or O°"~ . Although the sensing mechanism during expo-
sure to pesticide gas is not clear, it is affirmative that
there existed a complicated kinetics of adsorption or des-
orption and oxidative reaction on the sensing surface, as
seen in Fig.5.

In order to quantitatively evaluate the characteristic
changes in the conductance of nonlinear response of gas
sensors, the amplitude of the FFT for acephate and tri-

chlorphon gases under different concentration were exam-

ined (see (1) and (2) in Fig.6). The analyzed data

Fig. 5 Characteristic response curve of resistance versus tem-
perature for air, 0.1 x 10™* acephate, 1.0x 107 trichlorphon
and mixture of 0.1 x 10 acephate and 1.0 x 10™° trichlor-
phon.

correspond to the conductance values in Fig.5. Herein,
R, and I, denote the real part and imaginary part of the
ny, harmonic in the FFT respectively. The frequency of
the fundamental hamonic (R, or I,) is 40 MHz. The
existence of higher harmonic indicates that the expen-
mental system was intrinsically nonlinear. In Fig.6, the
concentration-dependence of the second harmonic varies
well-regulated between the two pesticide gases. R, and
I, for two species of gas decrease with an increasing in
concentration. Meanwhile, R, and I, for the mixtures of
trichlorphon and acephate with different concentration
percentage were also here investigated. As shown from
the data depicted in Fig. 6 (in (3)), we can divide
them into three parts and analyzed them one by one.
Firstly, R, and I, decrease with an increasing in the
percentage of trichlorphon gas (i.e. 1:1, 1:5, 1:10,
1:15, respectively) . Secondly, R, and I, also decrease
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with an increasing in the percentage of acephate gas (i.

e.2:1, 3:1, 10:1, respectively). Third, changes of

R, and I, are obvious with an increasing of concentration

of acephate gas by comparing to the case of 1:5 with that

3500 acephate E}g& B trichlorphon 500 a -~ 4
ola 1 260] < 450] 3) m"
3000 (M) 237 2401 (2) v g2 400
5 2500/ " 20 w3%0) - s .
§ 2000, E i%& - 4 250
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1000 10 % . .
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o s e 20 . ol f 15 110 11521 31 10:1
o0 6z 0z bBe 08 1o 06 02 04 0B 08 10 Y7275 4 56 7 8
concentration/ ppm cancentration/ ppm Percentage of concentration

Fig.6 Concentration-dependence of the amplitude of second harmonics in FFT for (1) acephate and (2) trichlor-

phon gases and (3) mixtures of acephate and trichlorphon

of 2:1 and 3:1. It shows that the effect of acephate gas
on R, and I, was evident comparing with that of trichlor-
phon gas. This fact can also be verified by other experi-
mental results: resistence-dependent on changes of time
during exposure to acephate gas was sharper than that to
trichlorphon under the same concentration. Above exper-
imental results suggested that the concentration of pesti-
cide gas can be obtained based on analyzing of the high-
er harmonics.
2.4 The effect factor of the higher harmeonics for
FFT in theoretical analysis

We consider that the electrons moving from one
particle to another only experience the hindering effect of
the barmier. The conductance of a semiconductor gas
sensor G(T) at a temperature T may be described by the

equatjon[zg'”] :
P14}

G(T) = Gye' ¥ (1)
where G, denotes the preexponential factor which in-
cludes the bulk intragranular conductance and geomet-
rical effects, e is electronic charge, % is Boltzmann’ s
constant, and T is the absolute temperature (K). It is
obvious that G( T) depends on the surface Shottky bar-

gases.

height V, is given by the surface concentration of ion-

sorbed oxygen, as in Eq(2),

_ eNV?
- 2€ o N, d
where N, denotes the surface density of ionosorbed oxy-

v, (2)

gen, €,k is the semiconductor permittivity, and N, is the
volumetric density of an electron donor. Eqgs (1) and
(2) imply that the electron density of the semiconductor
surface will increase and the conductance of the sensor
will increase too when the reducing gas, is oxidized by
ionosorbed oxygen. Similarly, the conductance of the
semiconductor will increase with an increase in tempera-
ture.

Eq. (3) is obtained from Eqs(1)and (2) assuming
that N, is significantly larger than N, :

V,Cipn-
Where Cg- denotes the surface concentration of ion-

(3)°

G = Goexp(_ 7

sorbed oxygen, OF" (m =1 or 2), on the sensor sur-
face, and V, = €’/2¢,k, N, K. When the temperature is
changed in T = T, + T,cos2nft, Eq.(3) can be ex-

rier height V, and temperature. The surface Schottky panded as Eq. (4)
ViCor- T,  ViCor- Ta) ( Vy ’m)
_ s : P Ta ’)
V.Cp- (1 it an )P\ )T
G(T) = Goexp(— : X 2 2 4 (4)
T, ( ViCo- VyCor- ) P cost
+ | - T + T x T, coAxnft +

Eq.(4) suggests that the real part of the higher harmonic is
related to the surface barrier potential, which depends
on the kinds of semiconductor, the catalyst, and the ad-

sorption state of the gas species on the sensor surface.
On the other hand, Eq.(5) is obtained assuming
for simplification that the reaction on the sensor surface
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progresses as a first-order reaction and the concentration

of the reactant, C,,, corresponds to the resistance value

of gas sensor, R,

dCr-  dC. dR..
dt ~— dt T dt
E
= - ’CRmuar = - Ae—me (5)
dR,,..

E
- ———Rw = Aexp( - R_To) X

Integration of Eq(6) leads to (7):

(1 ET, _) E o
_2RT3+4RT3 +RT3 ' cos2T f1

Where « denotes the rate constant, A the preexponential
factor, E the activation energy, C_, the concentration of
the reactant gas, and R the gas constant. When the
temperature can be changed as T = T + T,eo82nfi, Eq
(5) is expanded as Eq.(6):

BT

) d: (6)
E E

+(_2—I_{ﬁo+m)xﬁcos4nﬂ+...

E'T?

4RTS)t + (2RT1Et:fRTS) x T,sin2nft + -

(1-
E " 2RT;
InR,,., =- Aexp( - R_To) =

( 16n/R* T,

Where R,,,, denotes the resistance of gas sensor, Eq.
(7) suggests that the imaginary part of the higher har-
monics is related to the reaction rate or the activation en-

ergy of the reaction on the sensor surface.

3 Conclusion

Experiment found that a very low concentration pes-
ticide gases (acephate and trichlorphon 0.1 x 107°, re-
spectively) in the ambient atmosphere were rapidly de-
tected and distinguished clearly by using only a single
Sn0Q, sensor. The dynamic responses vary well-regulated
with different concentrations. The quantitative analysis
between the pure pesticide gas and mixture was per-
formed by fast Fourier transformation (FFT) . The higher
harmonics of the FFT characterized the nonlinear proper-
ties of the response at the sensor surface. The ampli-
tudes of the higher harmonics exhibited characteristic
changes which depended on the concentration and the
kinetics of gas species on the sensor surface. The dy-
namic nonlinear responses are related to the surface bar-
rier potential and reaction rate of reducing gases on the
sensor surfaces. Additional studies are now on the way
to extend this approach to identify other pesticide residue
gas mixtures with more components and to understand
the basic physical phenomena. Future work will also be

E
anRT?,) x T2 sindnft + -

devoted to the development of appropriate feature extrac-
tion procedures for this non-linear frequency-time prob-

lem.
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