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Abstract

The determination of ethylene with a field asymmetric ion mobility spectrometer, which can easily be constructed in-house, is
described. The device makes use of a Krypton lamp for ionization. A rectangular pulse of 500 V,, at 1 MHz was employed as
separation waveform in the drift tube rather than the commonly used less efficient bisinusoidal waveform. The calibration curve
for the range from 670 ppby, to 67 ppmy ) was found to be highly linear with a correlation coefficient of r=0.9999. The limit
of detection was determined as 200 ppby,v,. The reproducibility was 4% (relative standard deviation). The device was found to
be suitable for the determination of ethylene given off by fruit; 6 types of climacteric fruit were tested, namely apples, bananas,

kiwi fruit, nectarines, pears and plums.
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Introduction

Ethylene is an important hormone in plant life (also known as
phytohormone) with particular relevance in the ripening of
climacteric fruit [1-5]. Therefore in the storage and
transportion of many fruits (e.g. kiwi fruit) ambient ethylene
levels need to be kept low, and some fruits (e.g. bananas) are
artificially ripened by exposure to ethylene before sale. In the
management of the postharvest physiology of fruit thus the
monitoring of ethylene is important. As for some fruit levels
as low as 10 ppbyv,y (uL/m>) are relevant in ripening [1], its
analytical determination can be challenging.

The approaches reported for the determination of ethylene
in horticulture have been reviewed in recent years by
Cristescu et al. [6], Caprioli and Quercia [1], and Hu et al.
[2]. The most commonly used method is gas-
chromatography (GC) with mass-spectrometric detection,
which gives high selectivity and sensitivity [7]. On the other
hand, the method is relatively complex and expensive.
Portable GC instruments are available, but these instruments
do not always have the required sensitivity [6]. Optical
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detection by direct or indirect absorbance measurements in
the infrared range (~10.5 um) is another possibility. The most
simple configurations are based on direct absorbance mea-
surements using broadband thermal emittors, but these de-
vices tend to lack the necessary selectivity and sensitivity for
horticultural applications. Photoacoustic instruments based on
laser diodes or quantum cascade lasers (QCLs) can attain good
selectivity and limits of detection in the low ppbyv, range [2,
8]. Such instruments are commercially available, but at a cost
of at least € 20’000 [2]. Electrochemical devices based on
amperometry are much less expensive and can also give good
detection limits in the ppbyy, range [9], especially if used
with a forced gas flow [10—12]. However, electrochemical
methods are inherently less selective and robust than other
means.

In this publication an investigation into the use of FAIMS
(field asymmetric ion mobility spectrometry, sometimes also
termed differential ion mobility spectrometry, DIMS) for the
detection of ethylene is reported. We had a previous interest in
the determination of this species [10—12], and inspired by a
recent report by Chavarria et al. [13] we wanted to investigate
if this task could be addressed with an inexpensive in-house
constructed ion-mobility spectrometer. FAIMS makes use of
the fact that the mobility of ions is not constant at high field
strengths. Ions are separated by application of a asymmetri-
cally pulsed high voltage applied perpendicularly to their trav-
el in a gas stream [14, 15]. To our knowledge, there is no
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previous account of the determination of ethylene by FAIMS,
nor by the more standard drift tube ion mobility spectrometry
(DTIMS). In fact, Cross et al. [16] described the successful
determination of ammonia in presence of ethylene with a
DTIMS instrument employing a ®*Ni ionizer, but did not ob-
serve any peak attributable to ionized ethylene. On the other
hand, ethylene is known to be ionized to C,H4* by irradiation
with UV light of an energy higher than 10.5 eV (see for ex-
ample [17]). The FAIMS instrument employed in the work
detailed here features a Krypton photoionization lamp with a
photon energy of 10.6 eV. It is based on a design recently
reported by Chavarria et al. [13], is simple and inexpensive
in construction, and can easily be duplicated by interested
parties.

Experimental

The Krypton photoionization lamp (Heraeus PKS106) and its
power supply (Heraecus C200) were purchased from BGB
(Boeckten, Switzerland). The suction pump with adjustable
flow rate (N920 KT.29.18G) is a product of KNF Neuberger
(Balterswil, Switzerland) and the high voltage power supply
(MCP 350-1250) of FuG Elektronik (Schechen, Germany).
The pulse regime was programmed on a function generator
(AFG1022) and monitored on an oscilloscope (TDS 2000),
both from Tektronix (Beaverton, Oregon, USA). The elec-
tronic components for the construction of the circuitries for
the high voltage pulsing, the creation of the compensation
voltage, and the detector, were purchased from different dis-
tributors (Distrelec, Nédnikon, Switzerland; Mouser, Munich,
Germany and Digikey, Thief River Falls, Minnesota, USA).
The Forth programming environment employed on a
MSP430G2553 microcontroller (Texas Instruments, Dallas,
TX), to create the compensation voltage ramp, was the open
source package Mecrisp (http://mecrisp.sourceforge.net). The
microcontroller was connected to a personal computer via a
USB-to-TTL cable from Future Technology Devices
International (Glasgow, UK). The graphical user interface
running on the computer under the Windows operating system
was written in Python (https://www.python.org). The gas flow
rate sensor (Omron, D6F-10A6—-000) was obtained from RS
Components (Wadenswil, Switzerland) and the humidity
sensor (LinPicco A05-G) from Innovative Sensor
Technology (Ebnat-Kappel, Switzerland). All signals (includ-
ing those from the auxiliary sensors) were acquired with an e-
corder (ED821) data acquisition system from eDAQ
(Denistone East, New South Wales, Australia) connected to
a personal computer running the Chart software (eDAQ). The
data was further processed and visualized with the software
package IGOR Pro (Wavemetrics, Portland, OR).

Ethylene in nitrogen at 999.6 ppmy,y,, provided as a com-
pressed gas in a cylinder (PanGas AG, Switzerland), was
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employed for calibration. The dilute ethylene was fed to the
inlet of the FAIMS device to merge with its intake of ambient
air (with a temperature of 25 + 1 °C and a relative humidity of
32+ 1%) at 9.0 L'min'. The resulting ethylene concentra-
tions were set by controlling the flow rate of the feed using
mass flow controllers. Two models from Bronkhorst (Aesch,
Switzerland) with maximum flow rates of 1000 and 10 mL-
min ' (product numbers F-201CV-1 KO-AAD-22-V and FG-
200CV-AAD-22-V-DA-000) were employed to cover the de-
sired calibration range. The mass flow controllers were oper-
ated with software provided by Bronkhorst.

Results and discussion
Construction of the instrument

Sketches of the overall set-up and the cell itself built in-house
are shown in Fig. 1 A and B respectively. As shown in Fig. 1A,
the device was connected to a suction pump to draw either the
sample or calibration gas mixture through the cell and the gas
flow rate was monitored with a flow sensor. The humidity of
the gas stream could also be measured with a flow through
sensor. For testing and calibration a controlled stream of dilute
ethylene in nitrogen from a compressed gas cylinder was
mixed with the ambient air drawn into the cell, while for the
testing of the fruit the atmosphere contained in sampling bags
(see section 3.5) was aspirated. The cell was contained in a
grounded metallic case for electric shielding.

The FAIMS cell, schematically shown in Fig. 1B, was
constructed based on the design reported by Chavarria et al.
and the details can be found in their publication [13].
However, some modifications were made, and these are ex-
plained below. Note also, that the lock-in amplifier extension
described by the authors was not adopted. Chavarria et al.
tested their cell with acetone and xylene standards, but not
for the determination of ethylene. The FAIMS device is made
from two pieces of standard epoxy printed circuit board ma-
terial of 1.6 mm thickness with a copper layer of 35 um and a
spacer of 0.3 mm thickness to form the flow channel. The total
length of the device is approximately 65 mm, and it consists of
three sections: the ionization region, a separation region of
12 mm length, and a detection region. For ionization a
Krypton UV-lamp was employed. The top electrode of the
separation region was connected to the asymmetric high volt-
age pulse generator responsible for the separation, and the
opposite bottom electrode was connected to the compensation
voltage circuitry, which allows the scanning. The ions are
forced to the Faraday plate detector by the deflection voltage.
The low-noise current amplifier connected to the detector
plate (constructed according to Chavarria et al. [13]) was set
to a gain of 210" V/A.


http://mecrisp.sourceforge.net
https://www.python.org

Int. J. lon Mobil. Spec. (2020) 23:161-166

163

(@)
MFC Suction

FAIMS e

Humidity Flow
sensor  sensor

Air

(b)

Deflection

Pulse generator
voltage

f%a\,? lonization 0.3

region mm
_> 9

Detection

Separation C
region

region

Compensation

voltage Detector
PC J

e-corder

Fig. 1 Schematic diagrams of the FAIMS system (A) Overall set-up
showing the arrangements, using a suction pump for drawing gases
through the FAIMS cell, for calibration with a mass-flow controller
(MFC) and optional moisturization of the diluting air using a Dreschel
bottle, as well as for the measurements of the fruit with the sampling bags.
B) FAIMS cell.

The instrument employs a rectangular waveform for the
high voltage pulsing rather than the commonly used wave-
form synthesized from two sine waves. This is more efficient
as the relevant voltages are applied for extended fractions of
time [15]. The circuitries for the pulse generation, based on
high voltage field effect transistors (FETs), and the detector
amplifier were also constructed according to the circuit dia-
grams given by Chavarria et al. [13], but the approaches
employed for implementing the mobility scan and for data
acquisition differ. A simplified schematic of the circuitry
employed by us for the sweep of the compensation voltage
is given in Fig. 2. It is based on a digital-to-analog convertor
integrated circuit (DAC) (MAXS522) creating a voltage be-
tween 0 and 2.5 V. This is conditioned with operational am-
plifiers (amplification and offset to create the negative volt-
age) to give a range from approximately —14.5 V to +14.5 V.
The DAC output value of the MAXS522 is set with a
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Fig. 2 Set-up employed for the implementation of the compensation
voltage scan

microcontroller (MSP430G2553) via a serial peripheral inter-
face (SPI) bus. This is accomplished with a software routine
that runs on the microcontroller which was written in the com-
puter language Forth. The microcontroller was connected to a
PC (personal computer) via a USB-to-TTL cable. A graphical
user interface (GUI) written in Python on the PC completes
the set-up. As Forth is an interpreted computer language the
microcontroller reacts to command strings send to it by the
GUI program running on the PC without having to write spe-
cial communication software for the microcontroller. The use
of a microcontroller tethered in this way to a PC to control
experimental systems is muss less expensive (typically less
than € 50) than using a commercial solution and highly flex-
ible. More detail on this interactive approach to control exper-
imental systems can be found in a previous publication [18].

The mobility scans were acquired with an e-corder data
acquisition system, which we find easier to use than the
LabVIEW set-up employed by Chavarria et al. [13] as the
implemention of the measurement itself then does not require
any programming by the user. The e-corder records voltage
vs. time data. An acquisition rate of 20 measurements per
second and an input span of 5 V was set (the voltage resolution
of the system is at least 16 bits). In order to obtain the graphs
of detector signal vs. compensation voltage the two signals
were recorded in parallel on two channels. Following the ac-
quisition the data was exported and then processed and graph-
ically displayed in the correct way with a scientific data anal-
ysis software.

Operating parameters

In Fig. 3 FAIMS spectra for 11 ppmy,y, of ethylene for dif-
ferent amplitudes of the rectangular pulse voltage up to 500 V
are shown (for a pulse frequency of 1 MHz and a duty cycle of
20%). 1t can be seen that when no pulsing is applied a single
peak is observed, which splits into two bands for increased
pulse voltages. Note, that no peak was observed when only
ambient laboratory air was passed through the device. Both
peaks therefore originate from ethylene and were found to be
linearly dependent on its concentration. According to Chupka
et al. [17] the ion produced from ethylene by exposure to
radiation with an energy of 10.5 eV is C,H,*. One possible
explanation for the presence of two peaks might be the partial
formation of a water cluster (i.e. [CoHy + H,O]") with
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Fig. 3 Mobility spectra obtained for 11 ppmyy,v, ethylene in nitrogen for
different amplitudes of the separation voltage between 0 and 500 V in
steps of 50 V. Pulsation: 20% duty cycle and 1000 kHz. Gas flow rate:
9 L/min

humidity from the ambient air. When carrying out the exper-
iment in nitrogen also two peaks with undistinguishable rela-
tive intensities were observed. As dry nitrogen still contains
traces of water (< 5 ppm water according to the specification
of the supplier) the formation of a water cluster is still a pos-
sibility, but a shift in the relative intensities would be expect-
ed. Another reason may be the formation of secondary spe-
cies. Ceyer et al. in experiments designed to promote photo-
ionization and collisions identified a host of secondary spe-
cies, such as C3Hs", C4H;*, (C,Hy),", with mass spectrometry
[19]. It is therefore possible that the larger peak observed by us
can be attributed to C,H4", while the second peak may be due
to one, or several unresolved, secondary species. On the other
hand in tests with some other species (ethanol, benzene, tolu-
ene, acetone) similar secondary peaks were also observed, and
such features are also present in the spectra for acetone and
xylene reported by Chavarria et al. [13], which indicates that
this could also be an instrumental artefact. While the power
supply employed would allow higher voltages, it was found
that 500 V is the maximum at which the pulse circuitry could
be operated for extended periods of time without it breaking
down, and this value was therefore adapted for the further
studies.

The effect of the pulse frequency (at 500 V amplitude and a
duty cycle of 20%) on the height of the larger peak is shown in
Fig. 4. The observed increase with frequency is expected as
presumably the losses on the walls of the channel are dimin-
ished due to the reduced lateral movement. The maximum of
1 MHz was dictated by the function generator employed,
which has an upper limit of 1 MHz for non-symmetrical rect-
angular waves. However, this also corresponds approximately
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Fig. 4 Effect of the pulse frequency on the peak height for ethylene.
Amplitude 500 V. Other conditions as for Fig. 3. Each data point is the
average from 3 scans

to the upper frequency limit of the pulse circuitry due to the
finite transition time of the high voltage FETs (see Chavarria
et al. for details [13]). Also investigated was the effect of the
duty cycle of the applied rectangular wave on the signal (for a
pulse voltage of 500 V and a frequency of 1 MHz). Duty
cycles of 50%, 40%, 30% and 20% showed peak heights of
1.41V ata compensation voltage (CV) of —=1.26 V, 1.27 V ata
CVofl95V,1.16 VataCV of3.77Vand 1.13 VataCV of
4.56 V. While the more symmetrical duty cycles gave higher
sensitivities, this, of course, also imparts a decreased resolu-
tion. The gas flow rate also had an effect in that the best
sensitivity (presumably due to reduced wall losses) and
highest precision was obtained at the maximum flow rate of
9 L'min"" possible with the set-up employed. A pulse rate of
1 MHz, with a duty cycle of 20% at 500 V amplitude, and the
flow rate of 9 L-min~' were therefore adopted for the
experiments.

Selectivity

For ionization, the Krypton lamp with a radiation energy of
10.6 eV was employed. This imparts a high degree of selec-
tivity in that its radiation energy (10.6 eV) is just high enough
for ionization of ethylene (10.5 eV) [17], but other potentially
present species with higher ionization energy will not be de-
tected. These include CO, with an ionization energy of
13.8 eV, acetylene with 11.4 eV and SO, with 12.3 eV [20].
One potential interferent which may be present is ethanol.
Therefore the response of the device to ethanol was examined.
In Fig. 5 a mobility spectrum for a mixture of ethylene and
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Fig. 5 Mobility scan for a mixture of ethylene with ethanol. Amplitude
500 V. A small amount of ethanol was introduced to a stream of
11 ppmey,v ethylene in nitrogen by bleeding in the headspace of
20%(v/v) ethanol in water. Other conditions as for Fig. 3

ethanol is shown. As can be seen, the peaks for the two species
could not be separated fully. This will prevent accurate quan-
tification of ethylene in presence of ethanol, and was therefore
not attempted. However, under normal circumstances ethanol
is not expected in fruit storage, and, on the other hand, the
detection of ethanol in the mobility spectrum could also be
useful as an indicator of spoilage.

The tolerance of the system to humidity was tested as this
was deemed important in view of its potential agricultural
application. In order to humidify the ethylene standard gas
stream beyond the humidity of the laboratory air the gas mix-
ture was passed through a Dreschel bottle filled with water.
The humidity of the stream was measured with a humidity
sensor placed after the FAIMS device as illustrated in Fig. 1.
With and without water inside the bottle, the humidities of the
stream were determined to be 60 £4% and 32 £ 1%, respec-
tively. It was found that the signals for the humidified stream
were not significantly different to the ones obtained for the not
humidified stream.

Quantification

A calibration curve was acquired for the concentration range
from 670 ppbyy, to 67 ppmeyy, (14 points) from the peak
heights of the larger of the two peaks. A linear response was
obtained (y =(0.0888 +0.0044)x + (0.1013 £0.0442)), x =
concentration in ppb) with a correlation coefficient, r, of
0.9999. The relative standard deviation for measurements at
the concentration of 11 ppm was found to be 4% by taking 3
scans within 90 s. The limit of detection was determined as
200 ppbev/vy (3 x standard deviation).

Determination of ethylene from ripening fruits

Six types of climacteric fruit were bought from a local super-
market: apples, bananas, kiwi fruit, nectarines, pears and
plums. Weighed amounts of whole fruit (383 g apple, 124 g
banana, 500 g kiwi fruit, 729 g nectarine, 522 g pear and 355 g
plum) were placed in separate plastic bags which were then
filled with approximately 10 L of ambient air and sealed.
Measurements were carried out after 24 h storage at room
temperature. Two subsequent measurements were possible
with the available volume before the bags were empty. The
bags were then refilled with ambient air and the measurements
repeated after another 24 h. Bags were employed rather than
containers with fixed walls as the bags shrink on extraction of
air, and thus no dilution by air entering the container occurs.
The resulting mobility spectra are shown in Fig. 6. In all cases
pronounced ethylene peaks were found. The amounts of eth-
ylene given off by the fruit are given in Table 1. The levels on
the second day are higher than on the first day, which can be
expected as the fruit are ripening. On the other hand, not too
much can be read into these values as the levels of ethylene are
vastly dependent on the degree of ripeness, the temperature
and the type of fruit. Gwanpua et al. [21] quote values of
0.022-0.35 uL-kg "“h™' for unripe and 43.3-200 pL-kg "
h™! for ripe apples, 0.42-121 uLkg "h™" for ripe kiwi fruit,
0.1-0.38 pL-kg "*h™' for unripe and 15-120 pL-kg "*h™" for
ripe pears. Chillet et al. [22] state a value of 2-50 pL-kg "*h"
for ripening banana. The values obtained with the FAIMS
detector generally fall within these ranges.

Apple N\
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< | Kiwi

5

n
Nectarine

-~ N———————

AN

T T T T T 1
-15 -10 -5 0 5 10 15
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Plum

Fig. 6 Mobility scans for the gases given off by the fruit. Amplitude
500 V. Other conditions as for Fig. 3

@ Springer



166 Int. J. lon Mobil. Spec. (2020) 23:161-166
Table 1 Ethylene released from fruits on two consecutive days References
T f fruit Day 1 Day 2
ype o frut (:ﬁ/‘kg—l.h—l) (ua]i/'k g—l,h—l) 1. Caprioli F, Quercia L (2014) Ethylene detection methods in post-
harvest technology: A review. Sens Actuator B-Chem 203:187-196
Apples 846 + 044 113+05 2. HuB, Sun DW, PuH, Wei Q F2019) Recent.advances.m detecting apd
regulating ethylene concentrations for shelf-life extension and maturity
Bananas 380+44 56.6+ 1.6 control of fruit: A review. Trends Food Sci Technol 91:66-82
Kiwi fruit 6.92 +£0.26 20.0+0.9 3. lannetta PPM, Laarhoven LJ, Medina-Escobar N, James EK,
Nectarines 0.93 +0.12 1.99 + 0.06 1(;/.Ic1\./[danus 1:14T, .Da\l;iesdHVi ngren FJl\l/)I (2906)}1Ethylene allld.carbon
ioxide production by developing strawberries show a correlative pat-
Pears 8712 9.10+0.62 tern that is indicative of ripening climacteric fiuit. Physiol Plant 127(2):
Plums 128 £0.3 142 + 0.8

The units refer to the volume of ethylene given off per kg of fruit per hour.
Each value represents the average of two measurements. See the text for
more details

Conclusions

It has been demonstrated that ethylene may be quantified with
an easily constructed FAIMS device employing a UV lamp
for ionization and that ethylene given off by climacteric fruit
may be determined. The detection limit of 200 ppbyy, is
better than that reported for an instrument based on a non-
dispersive absorbance measurement (20 ppm [23]), compara-
ble to those reported for electrochemical detection (760 ppb
[9], 40 ppb [10]), but not as good as that reported for gas
chromatography (0.4 ppb [7]) or a photoacoustic instrument
(0.3 ppb [8]). On the other hand, the device is simpler and less
expensive than the latter and more robust than the electro-
chemical devices, and may be an option for applications
where ultimate sensitivity is not required.
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