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Abstract

Many agricultural sensors, which play a critical role in smart and precision agriculture, are
used to provide real-time sensing information for better control of agricultural production and
saving of freshwater. There are preharvest and postharvest processes in agricultural
production. In preharvest, soil water sensors are heavily used to detect soil water in vast crop
farmland, which requires a wireless sensing feature and large numbers of distributions of the
sensors. In postharvest, a huge amount of fresh produce is disinfected by disinfection and
wash processes to ensure food safety before being sold in the supermarket, which requires an
in-situ real-time monitor of the disinfectant. Based on these two needs, we developed two
passive wireless sensor platforms to detect soil water for the preharvest process and new
dielectric sensing and analyzing methodology to monitor the disinfectant for the postharvest
process.

First, a wireless sensor platform, i.e., a magnetostrictive particle (MSP) sensor coated by a
layer of the water-sensitive polymer was developed. The polymer-MSP sensor was a low-cost
passive wireless freestanding sensor to detect humidity, which had the potential to be used to
in-situ wirelessly monitor soil water in the soil. Moreover, two water-sensitive polymers were
coated on the MSP sensor platform to measure their overall humidity sensing performances.
Cellulose nanofiber (CNF), which was an environmental-friendly material, was used to
develop the polymer-MSP humidity sensor. Another water-sensitive polymer, polyvinyl
alcohol (PVA), which was originally vulnerable to water, by crosslinking, turned out to be
water-resistant without losing its water-sensitive capability. An issue came out that, as the

polymer gained water resistance by crosslinking, the water-sensitive ability was gradually



decreased. To obtain water-resistance capability while retaining its high water sensitivity, a
fundamental study to optimize the crosslinking ratio for the PVVA was conducted.

Second, a high dielectric permittivity ceramic was discovered to make a humidity
capacitance sensor, due to that the sensor had a unique humidity sensing feature and a
potential to be used to develop an inductance-capacitance (LC) resonant sensor to in-situ
wirelessly monitor soil water in the soil.

Third, dielectric sensing and analyzing methodology to in-situ real-time monitor the
disinfectant was developed. This research determined a characteristic frequency, which was
changing with the disinfectant concentration in the water. As this dielectric methodology had
many advantages, such as in-situ real-time detection, low-cost, and simple handling, over
other sensing technologies, it had the potential to be used in the disinfection and wash
processes of fresh produce production. Water quality influence on sensing of the disinfectant
concentration was studied. Moreover, the influence of contamination from sand/soil on

dielectric sensing was also studied.



Acknowledgments

I would like to express my deepest and sincere appreciation to my advisor, Prof. Dr.
Zhongyang Cheng, for his guidance, support, care, and help during my Ph.D. program at
Wilmore Laboratories at Auburn University. | would like to emphasize that his influence on
me is very helpful to my upcoming career regarding scientific knowledge and thought. I want
to thank Dr. Thorsten Knappenberger, Dr. Pengyu Chen, and Dr. Siyuan Dai for being on my
Ph.D. committee and giving me ideas and suggestions. | would like to thank Dr. Zhihua Jiang
for serving as my university reader to help me improve the quality of my dissertation writing.
Thanks to Steven Moore and Cheryl Rhodes for their help at Wilmore Laboratories.

| want to thank Dr. Dongye Zhao for his help in my life and study at Auburn University.

I would like to express my love and gratitude to my wife, my parents, and many of my
relatives for their mental support and encouragement which inspire me to move forward.

| want to thank my group members: Dr. Xu Lu, Dr. Patrick Bass, Dr. Yang Tong, Dr.
Hossein Talebinezhad, Dr. Liangxi Li, Dr. Yuzhe Liu, Dr. Farrukh Najmi, Yancen Cai, Wei Yi,
Weiye Wang, Jialiang Shen, Jindong Wei, Haoran Wang, Yaqub Babatunde Adediji, for
offering me support and help. 1 am delighted to study, discuss, and make progress together
with them.

Thanks also go to all my friends at Wilmore Laboratories and other departments at Auburn
University: Dr. Lang Zhou, Dr. Angin Zhang, Dr. Yan Chen, Dr. Eunji Lee, Dr. Songtao Du,
Dr. Jianguo Xi, Dr. Pu Deng, Dr. Yixuan Wu, Dr. Mahesh Parit, Dr. Jaesik Yoon, Dr. Yuzhe
Sun, Dr. Jiacheng He, Wen Yang, Doohee Lee, Jingfan Yang, Houshang Yin, Chuanyu Wang.

Thank you to everyone that has helped me during my life at Auburn University!



Table of Contents

Y o 1 - T B CRCETELELELEEEEE 2
ACKNOWIEAGMENTS ===mmmmm e m e e e e e o e o o e e e oo 4
LiSt OF FIQUIES ==nmmmmmmmm e o o o e o e e e e e e 10
List Of Tables =-=nmnmmmmmme e e e 24
List OFf ADDIeVIAtioNS ======m=mmmmmmm e oo e e e e e 27
Chapter 1 Introduction and research objectives =---=-=-=ssmmmmmmmmmmmme oo 29
1.1 Agriculture and WaLer =-===s=s==mmmmmm e e o oo oo oo o oo 29
1.2 S0il Water SENSOIS ========smsmmmmm e e e e 29
1.2.1 Soil water CONteNt SENSOIS ==========n=nmsmmmmmmm oo 29
1.2.2 Soil water potential SENSOrS ===========mmmmmmmmmmm oo 31

1.3 DiSinfectant SENSOIS =========n=nmmmmmmm e e e e oo o e e e 34
1.3.1 Application of the disinfectant SENSOrS =-=========mmmmmmmmmmmmm oo 34
1.3.2 Reagent based methods for disinfectant Sensing -----=-=-=======nssmsmsmmmmmmnnnnnans 36
1.3.3 Electrochemical sensors for disinfectant Sensing -=-=-=-=-=======mssesmmememmmnnnn=s 38

1.4 Research ODJECtiVES ===n=nm=mmmmmmmmm oo o e e e e 39
1.4.1 Research ODjJective 1 =-=-=-mmemmmemee e e e 39
1.4.2 Research ODJECtIVE 2 =-=n=nmmmmmmmme e oo e 40

1.5 Background of passive wireless sensor platforms =---=-=-=-=-sesesmmmmemememeeeeeae 41

1.5.1 Passive wireless sensor platform based on the magnetostrictive particle

ST 2 T OOR 41
1.5.1.1 Principle and characteristics Of MSP ====-===smnmmmmmmm oo 41

1.5.1.2 Passive wireless MSP SENSOrS ==-=========nnmnmmmmmm o mm o oo 43

1.5.2 Wireless sensor based on passive LC resonator =-=--=-=========sssssmsmmmmmmmennnnn- 46
1.5.2.1 Principle of passive LC resonant SeNSOr =--=-=-==-=======sssmsmsmmmmmmnnmnnnans 46

1.5.2.2 Dielectric capacitor SENSOIS ===========mmsmmmmmmme oo e e 47
Chapter 2 Polymer-MSP-based wireless humidity SENSOrs =-=-=-=====ssssmmemmmmcnnnnnans 49
2.1 Sensing principle and characterization method ==-====-======sesmmmmmm e 50
2.1.1 Polymer-MSP humidity SENSOr ===-=======n=nmnmmmmmmm e oo 50



2.1.2 Influencing factors of humidity Sensitivity =----====-=====msmmcmmmmmmmmmemmeneean 51

2.1.3 CharaCterization ==-=======smsm e e oo e e e e e e 52
2.1.4 Sensing data analyzing method =-=-===========mmmmm s m e eeeee 53
2.2 EXperiment ProCcedures ==-=======s=sssmmmmmmm e e e e e e e 55
2.2.1 MISP preparation ====s=s===sssssssmsme e oo e e e e 55
2.2.2 CNF coating on the MSP platform =--=-====sssmmm e e eeeen 55

2.2.3 Preparation of the crosslinked PVA films with different crosslinking ratios ----56

2.2.4 Measurement of remaining mass and weight gain of the crosslinked PVA

FIlMS mmm e e e e e e e s 57
2.2.5 FTIR measurement of the crosslinked PVA films -----=--sessmemmmemcmemecncceaee 57
2.2.6 DSC test of the crosslinked PVA films -=-==ssmsmmmmmmmme oo 57
2.2.7 Crosslinked PVA and pure PVA coatings on the MSP platform -------=-=--=-=--- 57
2.2.8 SEM surface morphology observation ---=====-=sssssmmmmmmmmmm oo 58
2.2.9 Temperature-dependent Sensor response Measurement =-=-=-=-=-=-=-=s=szszszs--x 58

2.3 CNF-MSP humidity SENSOr =========nmmmmmmmmmm e oo e 59
2.3.1 Sensor responses at different humidity levels =-=-=-====smsmememmmmmmmme oo 60
2.3.2 Sensor responses in different thicknesses of CNF layer ---=-=-=-=-===nssusmsmumu-- 65
2.3.3 Long-time stability of the CNF-MSP humidity Sensor ---=-=-=-=-===ssszszsznenou-x 68

2.4 Crosslinked PVA-MSP humidity SEnSOr ============nssmmmmmmmmmmmm oo 69
2.4.1 Crosslinking characterized by determination of PVA/GA ratio -----=-=-==-=-==-=-- 70

2.4.1.1 Remaining mass and weight gain of the crosslinked PVA films ------=------ 71
2.4.1.2 FTIR @NalySiS ===n=nn=nmnmmmmm oo o o e oo o oo 75
2.4.1.3 DSC analysis ==-===n=n=nnsmmmmmmm oo e 77

2.4.2 SEM surface morphology of the crosslinked PVA layer coated on the MSP ----79
2.4.3 Responses of the crosslinked PVA-MSP and the PVA-MSP humidity sensors
at different humidity 1@VelS =-=smmmmmmmmmm e e e e e 80

2.4.4 Sensor Responses at different thicknesses of the crosslinked PVA and pure

YN B 87
2.4.5 Long-time stability of the crosslinked PVA-MSP humidity sensor -------------- 93
2.4.6 Water resistance of the crosslinked PVA-MSP humidity sensor ----=-====-==-=--- 96



2.4.7 Temperature dependence of the crosslinked PVA-MSP humidity sensor ------- 97
2.4.8 Comparison of sensitivity between theoretical calculation and experimental

FESUIS  =mmmmmm e e o o e e e e e e e 100

--------------------------------------------------------------------------------------------------------- 106
3.1 Sensor PrinCiple ========msmmmmmmm e e e e e 106
3.1.1 Principle of wireless LC resonant humidity sensor --------=-==-=-=zzsseueemeuu--- 106
3.1.2 Dielectric humidity sensor with paralleled plate electrodes -------=-=-==-=-==---- 108

3.1.3 Dielectric humidity sensor with flat surface electrodes and its effective
PErMIttiVity @QUALION ===n=snsnmmmme e e e e 109

3.1.4 Theoretical analysis of the soil influence on humidity sensing of the dielectric
o= o o 118

3.1.5 Dielectric humidity sensor based on high permittivity BTO-SiO, ceramics ---120

3.2 EXperiment proCedures ====-===n=s=smsmmmmmmmmm o oo e e e 121
3.2.1 Preparation of the BTO-SiO> ceramics humidity Sensor -=-=--=-=-======szuzuzuu-- 121
3.2.2 Characterization of the ceramics humidity Sensor =----=-=========smzmznmemamueun-- 123

3.2.3 Experiment procedures of soil influence on the ceramics humidity sensor ----123
3.2.4 Characterization of the dielectric properties of different soils --------=-==-=----- 124

3.3 Humidity testing results of the high dielectric permittivity ceramics sensor with
flat surface eleCtrodes -=-=-======nmmmmmmmm e e e 126

3.3.1 Effective permittivity and loss responses of the ceramics sensor at different
NUMIAitY [@VEIS ===mmmmmmm e e e oo e e e e e 126
3.3.2 Long-time stability of the ceramics humidity Sensor =----=-=-=-==ssssuneeusmeaau- 139

3.4 Influences of soils on humidity sensing of the high dielectric permittivity
ceramics humidity sensor with flat surface electrodes -----=-=======nmnmmmmmmmmmmmmmcemmeeeas 143

3.4.1 Dielectric properties of the ceramics sensor with flat surface electrodes in

3.4.2 Dielectric spectrums of the soils and the discussions of soil influences on

humidity sensing of the high dielectric permittivity ceramics Sensor ==-====-========zzzzux-= 147



3.5 CONCIUSIONS ====mmmmmmm e e e e e e e 150

Chapter 4 Dielectric methodology for real-time in-situ disinfectant sensing in water ---

--------------------------------------------------------------------------------------------------------- 152
4.1 EXPeriment ProCEAUIE ==-====nmmmmmmmm oo o oo o o e oo e oo 152
4.2 Description of the dielectric sensing and analyzing methodology -------=-==-=-==---- 156

4.3 Dielectric spectrums of the disinfectants prepared by different qualities of water
and the relation between the characteristic frequency and disinfectant concentration ----161

4.3.1 Dielectric spectrums of the disinfectants prepared by different qualities of

4.3.2 The relation between the characteristic frequency and disinfectant
CONCENLIALION == == mmmmmm e e e e o o oo o e e o e e oo e oo oo 168
4.4 Calculation to eliminate the influence of water quality iSSUES -=-==-======n==nmzunuu-- 179

4.5 Comparison between the measured and the calculated dielectric permittivity
spectrums of the disinfectants and diSCUSSIONS =============nmmmmmmmmmem oo oo 182
4.5.1 Measured dielectric spectrums at different electrode distances --------=-=------- 183

4.5.2 Discussions on the calculated dielectric permittivity spectrums of the

o1 [ =T v R 190
4.5.2.1 ThEOrY =sssesemmemme e e e e 190
4.5.2.2 Results and diSCUSSIONS ===========nmmmmmmmmm oo e 191

4.6 Sensing stability of the characteristic frequencies at different disinfectant
CONCENEIALIONS ======mmmmmmmm e e e e e e e e m e e e 203
4.6.1 Repeatability measurements on dielectric spectrums at different disinfectant
CONCENEIALIONS ======mmmmmmmm e e e e e e e e e 203

4.6.2 Calculations of the standard deviations of the characteristic frequencies at

different disinfectant concentrations ==-=-=========msmmeme e e 205
4.7 Influence of the soil and sand on dielectric spectrums of the disinfectant ---------- 208
4.7.1 Permittivity equation of the disinfectant mixing with the soil -----=-=-=-szszu--- 208
4.7.2 Results and diSCUSSION =========msmmmmmmmmm e e 209

4.8 CONCIUSIONS =====nmmmmmmmmm e e e e e e e e e e e e e e 213
Chapter 5 CONCIUSIONS ========nmmmmmeme e e e 215



Chapter 6 Future work

References -----=-=-==-----



List of Figures

Figure 1.1 TDR cable tester, which shows the waveform, with a three-rod probe
embedded vertically in the surface layer of soil to detect volumetric soil water
content. S.B. Jones, et. al. [8]. =====n==m=mmmmmmm e 31

Figure 1.2 Electrical resistance matric potential sensor containing water absorption
material with known relation between resistance and matric potential (a), and
some relations between the resistance of different materials and matric potentials
tested by some researchers (b). B.R. Scanlon, et. al. [14]. --=-=-=======n=mmmmmmnmmnnnas 33

Figure 1.3 Schematic illustration of the disinfection process and wash process of the
fresh produce along with sensing of the NaClO disinfectant concentration and
precise adjustment system of the NaClO disinfectant concentration to meet the
safety requirement of the fresh produce. =--=-=-=======m=mmmmm e 35

Figure 1.4 Schematic illustration of the colorimetric assay for chlorine-based anti-
dissolution of MnO: nanosheets (a) and the chlorine influence on absorption
spectra (b). H. Yu, et. al. [28]. ===-==n=nmmmmmm e o e e e 37

Figure 1.5 Emission spectra of AUNCs in the presence of varying HCIO concentrations
from 1 to 9 shown in the figure - 0, 0.34, 0.69, 1.72, 3.44, 6.89, 10.33, 13.77 and
17.21. The photo shows the fluorescence of the AuNCs in the absence (i), and
presence (ii) of HCIO under a hand-held UV lamp with 365 nm light. C.L. Gopu,
et. al. [31]. =m=-mmmmm s e 38

Figure 1.6 Schemes of ampere vs sweeping voltage divided by Ag/AgCl measured
voltage at hypochlorite concentrations of 0.68, 1, 1.32, and 1.58 uM/L,
respectively at constant pH of 7. O. Ordeig, et. al. [38]. =-=-==-====nmnmmmmmmmmmmmnmnana 39

Figure 1.7 Dimension of the MSP SENSOr. --=-=======smmmmmm e 42

Figure 1.8 Schematic image of the wireless sensing of an MSP sensor and the sensing
resonant frequency peak obtained by the pick-up coils. --==-==-==n=smmmmmmmmammemaeaas 43

Figure 1.9 Scheme of solenoid coils on a glass core to wirelessly pick up the resonant
frequency of the MSP sensor (a) and resonant peak shifts with respect to the

condition change of the analyte (b). Y Chal, et. al. [53]. ---=-======nmnmmmmmmmmmmmnann 44

10



Figure 1.10 Scheme of the planar detection coil to wirelessly pick up the resonant
frequency of the MSP sensor. Y Chali, et. al. [55]. ==-======nmmnmmmmmmmmmmee e 45
Figure 1.11 Scheme of the resonant frequency vs relative humidity of the TiO2 porous
ceramics-MSP humidity sensor. C.A. Grimes, et. al. [59]. =--=-=-==mmmmmmmmmmmmnenaan 45
Figure 1.12 Principle and equations for the wireless interrogating system containing a
wireless passive LC resonant sensor and readout coil. Phase peak frequency,
which determines the resonant frequency of the LC resonant sensor, shifts with a
change of capacitance (Cs). Q.A. Huang, et. al. [62]. =-=-=======s=nmnmmmmmmmmmmmmeaeaan 46
Figure 2.1 A schematic vision of the sensors covered by plastic packaging distributed in
the farmlands and placed at different depths of the soil. ----=-==-=-=mmmmmmmmmmmenmnaaas 49
Figure 2.2 Polymer-MSP sensor platform and the humidity sensing principle. ------------- 51
Figure 2.3 Schematic illustration of the humidity sensor placed in the humidity
environments controlled by the glove box with low humidity and the glass box
containing the saturated salt solution for a generation of the high humidity. --------- 52
Figure 2.4 Resonant frequency (RF) of the polymer-MSP humidity sensor obtained
from the phase peak changes corresponding to one humidity cycle (increase and
decrease the humidity) and illustration to calculate the delta resonant frequency
(ARF) from the RF versus time plot during the humidity decreasing process. ------- 54
Figure 2.5 Cellulose nanofiber (CNF)-MSP sensor and the humidity sensing principle. ---60
Figure 2.6 Resonant frequency responses of the CNF-MSP sensor with 5.9 um CNF
layer under different humidity levels. (a) Resonant frequency (RF) vs time plots;
and (b) corresponding relative humidity (RH) vs time plots in one humidity cycle;
(c) delta resonant frequency (ARF) vs time plots when humidity is decreased to
54%0 RH. ===mmmmm e e e e e e e e e e e e 61
Figure 2.7 Schematics of the fittings of the data points of the CNF-MSP sensor when
humidity is decreased. (a) Ln(1-ARF/ARFsa) vs time and linear fittings of the
linear part (first 28 data points) by three different ARFsat values; (b) linear fitting
of the data points of logarithm delta resonant frequency (InARF) vs time™ (min™);
(c) different fitting methods to fit the data points of delta resonant frequency

(ARF) VS tiMe. ===n=nnmmmmmmemm e e e e e e e e e e e e e e e 63



Figure 2.8 Calculated data points of saturated delta resonant frequency (ARFsa) vs RH
and their linear fitting. ==-=-====smmm s e e o e e e e e e 64
Figure 2.9 Resonant frequency responses of the sensors with different thicknesses
(1.9~9 pm) of CNF layers tested in the same humidity range between 54% and
85% RH. (a) Resonant frequency vs time plots in one humidity cycle; (b) delta
resonant frequency (ARF) vs time plots when decreasing humidity; (c) saturated
delta resonant frequency (ARFsa) of the MSP sensor and the response time (toox)
vs the thickness of the CNF layer, respectively. ----=-=-sssmmmmmmmmmm e 65
Figure 2.10 Long-time stability of the CNF-MSP sensor with 3 um CNF layer in 7 days
with 54%-85%-54% RH cycle. (a) The resonant frequency (RF) of the sensor for
7-cycle humidity tests in 7 days; (b) comparison of the saturated delta resonant
frequencies (ARFsat) of the sensor for both increasing and decreasing humidity. -----69
Figure 2.11 Crosslinked PVA-MSP humidity sensor and the humidity sensing principle. 70
Figure 2.12 Crosslinking reaction formula between PVA and glutaraldehyde (GA) to
form a crosslinked PVA NEIWOIK. ======s=nmmmmmm e oo e e e 70
Figure 2.13 Percentage of average remaining mass of the crosslinked PVA films
prepared by the different molar ratio of GA: PVA after water immersion for 24 h
(12 h + 12 h) and percentage of weight gain of the films under humidity of 95%
T T LA 72
Figure 2.14 FTIR transmittance spectrums of PVA films with different GA/PVA wit.
ratios (a); and relative peak intensity of stretch vibration of O-H (hydroxyl group)
to the peak intensity of the stretch vibration of sp® C-H vs. GA/PVA in wt. ratio
(). == e 76
Figure 2.15 DSC plots of the pure PVA film (GA: PVA = 0:1) and the crosslinked PVA
films with different molar ratios of GA/PVA. ==s=msmemmmmmmem oo 79
Figure 2.16 SEM surface morphology of the crosslinked PVA film coated on the MSP
SENSOr PlatfOrm. ==mmmmm e e e o e e e e e e e e 80
Figure 2.17 Resonant frequency responses of the sensors with 3 um and 4 pum
crosslinked PVA layers under different humidity levels, respectively. (a) Resonant

frequency (RF) vs time plots; and (b) corresponding relative humidity (RH) vs

12



time plots of the sensor with 3 um crosslinked PVA layer in one humidity cycle;
(c) delta resonant frequency (ARF) vs time plots of the sensor with 3 pum
crosslinked PVA layer when the humidity is decreased to 54% RH; (d) RH vs time
plots; and (e) corresponding RH vs time plots of the sensor with 4 um crosslinked
PVA layer in one humidity cycle; (f) ARF vs time plots of the sensor with 4 um
crosslinked PVA layer when the humidity is decreased to 54% RH. --=-=--=-ssunnunun
Figure 2.18 Schematics of the fittings of the data points of the crosslinked PVA-MSP
sensor when humidity is decreased. (a) Ln(1-ARF/ARFsa) vs time and linear
fittings of the linear part (first 28 data points) by three different ARFsa values; (b)
linear fitting of the data points of logarithm delta resonant frequency (InARF) vs
time? (min); (c) different fitting methods to fit the data points of delta resonant
frequency (ARF) VS tIMe. =-=n=mmmmmm e oo oo oo oo e
Figure 2.19 Calculated data points of saturated delta resonant frequency (ARFsat i, i=1,2)
of the sensor with 3 um and 4 pm crosslinked PVA layers vs relative humidity
(RH) and their linear fittings. ===-=========nmmmm e e oo e
Figure 2.20 Resonant frequency responses of the sensor with a 4.7 um PVA layer
without crosslinking under different humidity levels. (a) Resonant frequency (RF)
vs time plots; and (b) corresponding relative humidity (RH) vs time plots in one
humidity cycle; (c) delta resonant frequency (ARF) vs time plots when humidity is

decreased; (d) Saturated delta resonant frequency (ARFsa) vs relative humidity

Figure 2.21 Resonant frequency responses of the sensors with different thicknesses
(2.2~10 pm) of the crosslinked PVA layer tested in the same humidity range
between 54% and 85% RH. (a) Resonant frequency (RF) vs time plots in one
humidity cycle; (b) delta resonant frequency (ARF) vs time plots when decreasing
humidity; (c) saturated delta resonant frequency (ARFss) of the MSP sensor and

the response time (too) VS the thickness of the crosslinked PVA layer,

FESPECLIVEIY. ==mmmmmmmmm e e oo e e e e 88

Figure 2.22 Resonant frequency responses of the sensors with different thicknesses from

1 um to13.8 um of the (pure) PVA layers. (a) Resonant frequency (RF) vs time

13



plots in one cycle humidity test; and (b) delta resonant frequency (ARF) vs time
plots when decreasing humidity. ====-======smmmmmm s e e e 90
Figure 2.23 Comparisons of the sensors with different polymer layers (CNF/pure
PVA/crosslinked PVA layers) in different thicknesses. (a) Relation between the
saturated delta resonant frequency (ARFsi) of the sensors (with
CNF/PVA/crosslinked PVA layer) and the thickness of the polymer layers,
respectively; (b) Relation between the response time (tgos-i, i=1,2,3) of the sensors
(with CNF/PVA/crosslinked PVA layer) and the thickness of the polymer layers,
FESPECHIVENY. =mmmmmmm e e oo o e e e e 93
Figure 2.24 Long-time stability of the PVA-MSP sensor with 4 pum crosslinked PVA
layer in a 20-day test under the same humidity cycle of 54%-85%-54% RH every
day. (a) The resonant frequency (RF) of the sensor for 20-cycle humidity tests in
20 days; (b) comparison of the saturated delta resonant frequency (ARFsa) of the
sensor tested in 20 days for both increasing and decreasing humidity. -----=--=-=----- 94
Figure 2.25 Long-time stability of the PVA-MSP sensor with 4.4 pm non-crosslinked
PVA layer in a 12-day test under the same humidity cycle of 54%-85%-54% RH
every day. (a) The resonant frequency (RF) of the sensor for 12-cycle humidity
tests in 12 days; (b) comparison of the saturated delta resonant frequency (ARFsat)
of the sensor for both increasing and decreasing humidity. =--=-=-=========smzmmsunuasun 95
Figure 2.26 Resonant frequency (RF) vs time plots of one humidity cycle (54%-85%-
54% RH) for the (original) crosslinked PVA sensor and the sensor immersed in
water for 1 h and 6 h, respectively. ==--=-=-mmmmmm e e 96
Figure 2.27 Fitting plots of the data after the humidity correction for various
temperatures (i.e., correct the humidity to that generated at 20°C) to determine the
temperature coefficients. (a) The temperature (T) dependence of the crosslinked
PVA-MSP sensor with a 3 um PVA layer on the saturated resonant frequency
(RFsat) tested at two humidity levels of 54% RH (low RH) and 85% RH (high
RH), respectively. A bare MSP sensor is also tested at different temperatures for a
comparison; (b) temperature (T) dependence of the crosslinked PVA-MSP sensor

on the saturated delta resonant frequency (ARFsa) tested between humidity levels

14



0f 54% and 85% RH. =-==nmmmmmmmm oo e 99
Figure 2.28 Comparison of the saturated delta resonant frequencies (ARFsat) between the
humidity testing results of the sensors with different thicknesses of the PVA layer
at the humidity of 85% and 95% RH, respectively, and the calculated results at
95% RH. =m=mmmm oo oo oo 103
Figure 3.1 Principle of the wirelessly interrogating system of an LC resonator/resonant
sensor containing a wireless passive LC resonant sensor and readout coils. The
peak frequency of the phase, which determines the detected resonant frequency
(fo), which varies with the change of the capacitance (Cs) of the capacitor sensor.
In the figure, Lo, io, Ls, and is, are the inductance and the current of the readout
coils, and the inductance and the current of the LC resonant sensor, respectively; f;
is the resonant frequency of the LC resonant Sensor. ==-=--=-====-====smsmsmmmmmnmannnn 107
Figure 3.2 A capacitor with parallel plate electrodes and the electric field. ---------------- 108
Figure 3.3 (a) Rectangular surface electrodes/conductors located apart at a distance, d,
on the top of a dielectric material with a thickness, h, and relative dielectric
permittivity, &r; and (b) its cross-section view and electric field lines generated
from the electrodes/conductors, equipotential surfaces, and flux tubes implying
that the same contribution of the capacitance for unit flux tube [108]. -----=-=--=---- 110
Figure 3.4 Schematic diagram of the potential difference between two points, P1, and P,
at radial distances, Rz, and Ry, from the infinite line of positive charge. =--=-=-=----- 112
Figure 3.5 Cross-sectional view of two lines of charge separated by the distance of 2S. -114
Figure 3.6 Field and equipotential surfaces around two infinite paralleled lines of
charge/two infinite conductor liNes. =-=-=====s=smmmmmmmmm e e 115
Figure 3.7 Comparison of flux plots of the one-quadrant approximate field distribution
for both two circular conductors/wires and two elliptical conductors which are
very similar to the case of the two flat electrodes/conductors. -----=-=-=======s=z=n--- 117
Figure 3.8 Schematics of the experiment procedures to measure the dielectric spectrums
of the ceramics capacitor sensor at various humidity levels. The low humidity is
maintained with inlet dry air in the glove box and the high humidity levels are

generated in the humidity boxes with different saturated salt solutions. ------------- 122

15



Figure 3.9 Three different types of soils prepared for dielectric measurements. ----------- 124

Figure 3.10 Different view directions of the paralleled copper capacitor to measure
permittivity/dielectric loss vs frequency spectrums of the three different types of
soils. (a) oblique view and (b) front view to measure permittivity of air for
calibration; (c) front view to measure the sand; (d) front view to measure the

topsoil; (e) front view to measure the lake soil; (f) side view to measure the lake

Figure 3.11 Effective permittivity/dielectric loss vs frequency spectrums of the sample
with surface electrodes when increasing humidity from dry condition to 85% RH
(a)/(b); and decreasing humidity from 85% RH to dry condition (c)/(d). ------------ 127

Figure 3.12 Effective permittivity/dielectric loss vs frequency spectrums of the sample
with surface electrodes when increasing humidity from dry condition to 69% RH
(a)/(b); and decreasing humidity from 69% RH to dry condition (c)/(d). ------------ 129

Figure 3.13 Effective permittivity/dielectric loss vs frequency spectrums of the sample
with surface electrodes when increasing humidity from dry condition to 43% RH
(a)/(b); and decreasing humidity from 43% RH to dry condition (c)/(d). ------------ 131

Figure 3.14 Effective permittivity vs time plots of the sample with surface electrodes at
selected frequencies of 100, 500, 1k, 3k, and 100k Hz at different humidity testing
levels. (a) at 100 - 3k Hz and 85% RH; (b) at 100 - 3 k Hz and 85% RH; (c) at 100
- 3k Hz and 75% RH; (d) at 100 - 3 k Hz and 75% RH; (e) at 100 - 3k Hz and
85% RH; (f) at 100 - 3 k Hz and 85% RH; (g) at 100 - 3k Hz and 85% RH; (h) at
100 - 3 k Hz and 85% RH; (i) at 100 - 3k Hz and 85% RH; (j) at 100 - 3 k Hz and
85% RH. =smmeemee e e e eee 133

Figure 3.15 Effective permittivity/dielectric loss vs time plots of the sample with
surface electrodes at different humidity testing levels from 85% RH to 33% RH at
selected frequencies. (a) permittivity at 100 Hz; and (b) loss at 100 Hz; (c)
permittivity at 500 Hz and (d) loss at 500 Hz; (e) permittivity at 1 kHz and (f) loss
at 1 kHz; (g) permittivity at 3 kHz and (h) loss at 3 kHz; (i) permittivity at 100
kHz and (j) loss at 100 KHZ. -==-=====n=mmmmmmm oo e 135

Figure 3.16 Delta effective permittivity vs relative humidity of the sample with surface

16



electrodes and linear fittings at selected frequencies. (a) 100 Hz; (b) 500 Hz; (c) 1
kHz; (d) 3 kHz; (€) 100 KHZ. ======mmmmm s e e 138
Figure 3.17 Effective permittivity/dielectric loss responses of the sensor of long-time
stability tests in humidity range between dry condition and 85% RH at selected
frequencies. One humidity cycle is tested in two days. (a) permittivity at 100 Hz;
(b) loss at 100 Hz; (c) permittivity at 500 Hz; (d) loss at 500 Hz; (e) permittivity at
1 kHz; (f) loss at 1 kHz; (g) permittivity at 3 kHz; (h) loss at 3 kHz; (i)
permittivity at 100 kHz; (j) loss at 100 KHz. ========nmnmmmmmmmmm oo 141
Figure 3.18 Comparison of the delta effective permittivity of the sensor and delta
dielectric loss when increasing/decreasing humidity during long-time stability
tests at selected frequencies. (a) delta permittivity at 100 Hz, 500 Hz, 1 kHz, 3
kHz; (b) delta loss at 100 Hz; (c) delta loss at 500 Hz, 1 kHz, 3 kHz; (c) delta
permittivity at 100 kHz; (d) delta loss at 100 KHz. =-=-=========nmsmmmmmmmmmmmmmeeae 142
Figure 3.19 Effective permittivity (a) / dielectric loss (b) vs frequency spectrums of the
sensor free-standing in the air, covered by the sand, and covered by the top soil at
both dry condition and 85% RH. ==-=-====nmnmmm e s 144
Figure 3.20 Effective permittivity (a) / dielectric loss (b) comparisons among the sensor
placed in the air, covered by the sand, and covered by the top soil at different
frequencies in both dry condition and 85% RH, respectively. (a) permittivity at
100 - 3k Hz in 85% RH; (b) loss at 100 - 3k Hz in 85% RH; (c) permittivity at 100
kHz in 85% RH; (d) loss at 100 kHz in 85% RH; (e) permittivity at 100 - 3k Hz in
dry condition; (f) loss at 100 - 3k Hz in dry condition; (g) permittivity at 100 kHz
in dry condition; (h) loss at 100 kHz in dry condition. ----=-====-====smmmmmmmanmnnnnan 145
Figure 3.21 Real permittivity (a) / dielectric loss (b) vs frequency spectrums of air, the
sand, the topsoil, and the lake SOil. ========mmmmmmm e s 148
Figure 3.22 Real permittivity (a) / dielectric loss (b) vs frequency spectrums of the sand,
the topsoil, and the lake soil before and after compression on the soils. ------=------ 149
Figure 3.23 Percentage increase (0.1=10%) vs frequency spectrums of real permittivity
(@) / dielectric loss (b) of the sand, the topsoil, and the lake soil during

COMIPIESSION. ==m=mmmmm e e e e e e e o e e e e e e e e e e e e e e 150



Figure 4.1 Picture of the sputtered Au/Cr/glass electrodes as the probe for dielectric
sensing on the NaClO disinfectant concentration in the water (a), and schematics
of the precision impedance analyzer and the computer to measure, transform, and
record the capacitance (Cp) and dielectric loss (D) spectrums (b). -=--=-====-====z=--- 153
Figure 4.2 Schematic of the dielectric sensing system for real-time in-situ measurement
of the dielectric spectrums of the NaCIO disinfectant solutions prepared by the
WALEIS, =======emssseesmeeenee e e se e e e e e e e e e s e e m e e e e e e e e e e 154
Figure 4.3 The tap water mixed with different masses of sand and topsoil containing
organic matters. (a) The mass of 0.05g, 0.5g, and 5g of the sand (on the top) and
the topsoil (on the bottom) are shown from the left to the right, respectively; (b)
the tap water (200 mL) is mixed with the sand (on the top) and the topsoil (on the
bottom) in mixing ratios (w/v) of 0.025%, 0.25%, and 2.5%, respectively. --------- 155
Figure 4.4 Schematic description of the dielectric sensing and analyzing methodology
based on the frequency dependence of the real part permittivity of the
disinfectants in different concentrations. =-=-=-====s=sssssmemmmmmm e een 157
Figure 4.5 Dielectric real permittivity spectrums of the disinfectants (0-200 PPM)
measured by a paralleled electrode probe at a wide frequency range from 0.1 Hz
to 4 MHz. Based on the vision of the dielectric liquid detection method at a single
frequency illustrated by a US patent [118], at some selected frequencies, real part
permittivity measured at different concentrations is analyzed, where the analyzed
results are shown in the next figure. ==-=-======mmmmmm e e eeees 158
Figure 4.6 Dielectric real permittivity spectrums of the disinfectants (0-200 PPM)
measured by a paralleled electrode probe at a wide frequency range from 0.1 Hz
to 4 MHz. Based on the vision of the dielectric liquid detection method at a single
frequency illustrated by the US patent [118], at some selected frequencies, the
relationship between real part permittivity and disinfectant concentration
measured at different selected frequencies from 0.1 Hz to 400 kHz, which is the
visional method to detect the chemical concentration at a selected frequency
illustrated by the US patent [118]. (a) Permittivity at 0.4 Hz to 37 Hz; (b)
permittivity at 100 Hz to 200 Hz; (c) permittivity at 500 Hz to 1 kHz; (d)

18



permittivity at 2 kHz to 5 kHz; (e) permittivity at 10 kHz to 20 kHz; (f)
permittivity at 50 kHz to 100 kHz; (g) permittivity at 200 kHz to 400 kHz. ------- 158
Figure 4.7 Frequency dependences of the real part dielectric permittivity of the NaClO
disinfectant solutions prepared by different qualities of water. (a) Tap water; (b)
Nestle bottled water; (c) Dasani bottled water; (d) D.I. water. =----=-======z=nnuzun--- 164
Figure 4.8 Frequency dependences of the dielectric loss of the NaClO disinfectant
solutions prepared by different qualities of water. (a) Tap water; (b) Nestle bottled
water; (c) Dasani bottled water; (d) D.l. water. =--=-======mmmmmmmmmm oo 164
Figure 4.9 Frequency dependences of the imaginary part dielectric permittivity of the
NaClO disinfectant solutions prepared by different qualities of water. (a) Tap
water; (b) Nestle bottled water; (c) Dasani bottled water; (d) D.I. water. ------------ 167
Figure 4.10 Comparison of the frequency dependences of the conductivity. (a)
Comparison of different concentrations prepared by the tap water; (b) comparison
of four pure waters (0 PPM). =-==mmmmmmmmm oo oo oo 168
Figure 4.11 The differential of logarithm real part permittivity vs logarithm frequency
spectrums of the disinfectants prepared by the tap water. The black lines show the
average spectrums between the fluctuated spectrums and the constant ranges of
the average values at low frequencies reveal the linear fitting range of the

logarithm permittivity spectrums. (a) 0 PPM; (b) 25 PPM; (c) 80 PPM; (d) 200

Figure 4.12 The differential of logarithm real part permittivity vs logarithm frequency
spectrums of the disinfectants prepared by the Nestle bottled water. The black
lines show the average spectrums between the fluctuated spectrums and the
constant ranges of the average values at low frequencies reveal the linear fitting
range of the logarithm permittivity spectrums. (a) 0 PPM; (b) 25 PPM; (c) 80
PPM; (d) 200 PPM. ------ssserssrseaanmmmmmmmmmeensen s s ee e mmme e s s e e 170

Figure 4.13 The differential of logarithm real part permittivity vs logarithm frequency
spectrums of the disinfectants prepared by the Dasani bottled water. The black
lines show the average spectrums between the fluctuated spectrums and the

constant ranges of the average values at low frequencies reveal the linear fitting

19



range of the logarithm permittivity spectrums. (a) 0 PPM; (b) 25 PPM; (c) 80
PPM; (d) 200 PPM. ------nscexsssszaaanmmmmmmmmmcessenssssaa o mmmee s s e s s e e 171
Figure 4.14 The differential of logarithm real part permittivity vs logarithm frequency
spectrums of the disinfectants prepared by the D.I. water. The black lines show
the average spectrums between the fluctuated spectrums and the constant ranges
of the average values at low frequencies reveal the linear fitting range of the

logarithm permittivity spectrums. (a) 5 PPM; (b) 25 PPM; (c) 80 PPM; (d) 200

Figure 4.15 Linear fittings of the data points of the logarithm real permittivity vs
logarithm frequency of the NaCIlO disinfectant solutions in different
concentrations prepared by four waters. The linear fitting range is from the
permittivity of 3.90 to 4.65. (a) Tap water; (b) Nestle bottled water; (c) Dasani
bottled water; (d) D.l. Water. =-=-=====mmmmmmmm oo ee 174

Figure 4.16 Characteristic frequency vs disinfectant concentration for four waters and
the linear fittings (a); and the delta characteristic frequency (after subtracting the
intercept of each pure water) vs disinfectant concentration for four waters and the
linear fittings (b); and a common linear fitting of the data points of all waters (c). 178

Figure 4.17 Modifications by the fitting slope value of the real permittivity spectrums of
each pure water on the delta characteristic frequency vs the concentration (data
points) to eliminate the influence of the water quality issue and the linear fittings
on the delta characteristic frequency (data points). (a) A linear fitting on all data
points of the delta characteristic frequency times the slope value of each pure
water; (b) a linear fitting of the delta characteristic frequency divided by the slope
value of each pure water; (c) a linear fitting of the delta characteristic frequency
times the square of the slope value of each pure water; and (d) a linear fitting of
the delta characteristic frequency divided by the square of the slope of each pure
water. Linear fittings are all calculated by the least square method. ---------=--=----- 180

Figure 4.18 Average error (PPM/PPM in %) between the delta characteristic frequency
vs the concentration (data points) modified by an index time of the slope value of

each pure water and their linear fitting (a). The smallest average error (4.08 %) of

20



the linear fitting can be found for the delta characteristic frequency data points
modified by the slope value of each pure water with the index of -1. ---=-=--=-=----- 181
Figure 4.19 Dielectric real permittivity and loss spectrums of the disinfectants (0-200
PPM) prepared by the tap water tested by a probe with the changeable/different
electrode distances from 2 mm to 5 mm at a wide frequency range from 0.1 Hz to
4 MHz. (a) permittivity and 2 mm distance; (b) loss and 2 mm distance; (c)
permittivity and 3 mm distance; (d) loss and 3 mm distance; (e) permittivity and 4
mm distance; (f) loss and 4 mm distance; (g) permittivity and 5 mm distance; (h)
loss and 5 Mm diStanCe. =-=-======smmmmmm e e e e e e 184
Figure 4.20 Imaginary permittivity spectrums of the disinfectants (0-200 PPM) prepared
by the tap water tested by a probe with the changeable/different electrode
distances from 2 mm to 5 mm at a wide frequency range from 0.1 Hz to 4 MHz.
(@) 2 mm distance; (b) 3 mm distance; (c) 4 mm distance; (d) 5 mm distance. ----- 185
Figure 4.21 Linear fittings of the data points of the logarithm real permittivity vs
logarithm frequency of the NaCIlO disinfectant solutions in different
concentrations tested by the probe with different electrode distances from 2 mm to
5 mm. The linear fitting range is from the permittivity of 3.90 to 4.65. (a) 2 mm
distance; (b) 3 mm distance; (c) 4 mm distance; (d) 5 mm distance. ----=-=-==-=----- 187
Figure 4.22 Characteristic frequency vs disinfectant concentration tested by the probe
with different electrode distances from 2 mm to 5 mm and the linear fittings (a);
and the delta characteristic frequency (after subtracting the intercept of each pure
water) vs disinfectant concentration tested by the probe with four different
electrode distances (b); and a common linear fitting of the data points tested by
the probe with four different electrode distances (C). =-====-=========nmmmmmmmmnmnnnnnn 188
Figure 4.23 Linear fittings of the data points of one over the measured capacitance, 1/C,
vs the electrode distance of the probe at different frequencies. (a) 0.1 Hz; (b) 0.4
Hz; (¢) 1 Hz; (d) 4 Hz; (e) 9 Hz; (f) 37 Hz; (g) 100 Hz; (h) 200 Hz; (i) 500 Hz; (j)
1 kHz; (k) 2 kHz; (1) 5 kHz; (m) 10 kHz; (n) 20 kHz; (0) 50 kHz; (p) 100 kHz; (q)
200 kHz; (r) 400 kHz; (s) 1 MHz; (t) 2 MHz; (u) 4 MHZ. -=--=-==-==ssmmmmmmmmmeneenen 192

Figure 4.24 Comparison between the measured real permittivity and the real

21



permittivity of the solution (after the calculation). At a frequency higher than 37
Hz, the real permittivity of the solution is very close to the measured real
permittivity. However, at a frequency lower than 37 Hz, the calculated
permittivity could not show reasonable results. =--=-=-==s=ssmmmmmmmmmmmme e 197
Figure 4.25 Capacitance spectrums of the ionic double layer per unit electrode area (a);
zoom in figure (b); and b/a spectrums (which are related to Co and A) in different
concentrations of the dielectric solutions/disinfectants (c); zoom in figure (d). ----200
Figure 4.26 Real permittivity, dielectric loss, imaginary permittivity vs frequency
spectrums (100 Hz - 4MHz) of the disinfectants in different concentrations (0, 5,
25, 50, 100, 200 PPM) prepared by the tap water and five-time repeatability
results. (a) The real permittivity of all concentrations; (b) real permittivity of five-
time tests; (c) loss of all concentrations; (d) loss of five-time tests; (e) imaginary
permittivity of all concentrations; (f) imaginary permittivity of five-time tests. ----203
Figure 4.27 Linear fittings of the five-time measurement results of the logarithm real
permittivity vs logarithm frequency of the NaClO disinfectants in different
concentrations prepared by the tap water. The fitting range is from the permittivity
of 3.90 to 4.65. (a) 0, 5, 25 PPM; (b) 50, 100, 200 PPM. ==-=-===nsnssmmmmnmnmnnnnnnnas 205
Figure 4.28 Five-time measurement data points of the characteristic frequency vs
disinfectant concentration (a); five-time measurement data points of the delta
characteristic frequency (after subtracting the intercept of each pure water) vs
disinfectant concentration (b); and the average values of the data points of the
delta characteristic frequency vs disinfectant concentration with error bars and the
linear fitting (C). =-======m=mmmmm e o e e 207
Figure 4.29 Frequency dependence of the real part dielectric permittivity on tap water
mixed with the sand and topsoil in mixing ratios (w/v) of 0%, 0.025%, 0.25%, and
2.5%, reSPECIVElY. ===n=nmmmmmmmm oo e 210
Figure 4.30 Linear fittings of the data points of the logarithm real permittivity vs
logarithm frequency of the tap water mixed with different ratios of the sand and
topsoil. The linear fitting range is from the permittivity of 3.90 to 4.65. ------------ 211

Figure 4.31 The characteristic frequency vs mixing ratio (w/v) of the sand (a), and

22



topsoil (b) in the tap water.

23



List of Tables

Table 1.1 Comparison between the soil water potential and RH. =-==-=-====nmmmnmmmmmmnanneas 33

Table 2.1 Saturated salt solutions used to generate stable RH at room temperature
1R 0 Y 12151 R —— 53

Table 2.2 Molar ratio and weight ratio of GA/PVA to spin coat the crosslinked PVA

Table 2.3 Base resonant frequencies (RFo) of the CNF-MSP sensors with different
thicknesses of the CNF layers at 54% RH and saturated delta resonant frequency
(ARFsa) when humidity decreases from 85% RH to 54% RH and linear fitting
constant (B) fitted by EQ. (2-4). ========mmmmmmm e e e 67

Table 2.4 The remaining mass of the crosslinked PVA films prepared by different
crosslinking ratios of the crosslinker, GA: PVA after water immersion for one time
of 12 h and the second time of another 12 h. ========ssemmmmm e e 72

Table 2.5 Percentage of water weight gain of the crosslinked PVA films from dry
condition prepared by the different molar ratio of the crosslinker, GA: PVA under
humidity of 95% RH. ==-===nmmmm s oo e e 75

Table 2.6 Transmittance peaks of different stretching and bending vibrations. -------------- 76

Table 2.7 Melting temperature (Tm), melting temperature change (ATm), and latent heat
(AH) of the crosslinked PVA films with different weight/molar ratios of GA: PVA
obtained from the analysis of their exothermic peaks (0:1 implies pure PVA). ------- 79

Table 2.8 Base resonant frequencies (RFo) of the crosslinked PVA-MSP sensors with
different thicknesses of the crosslinked PVA layers at 54% RH and saturated delta
resonant frequency (ARFsa) when humidity decreases from 85% RH to 54% RH
and linear fitting constant (B) fitted by EQ. (2-4). -==-=========m=mmmmmmmmmm oo -89

Table 2.9 Base resonant frequencies (RFo) of the (pure) PVA-MSP sensors with different
thicknesses of the (pure) PVA layers at 54% RH and saturated delta resonant
frequency (ARFsa) when humidity decreases from 85% RH to 54% RH and linear
fitting constant (B) fitted by Eq. (2-4). =--========mmmmm e e 91

Table 2.10 Standard relative humidity (RH) generated by two saturated salt solutions at

24



Various tEMPEratUres. ============mmmmmmm oo o oo o oo e e e 7
Table 2.11 RH corrected resonant frequency (RF) and the corresponding saturated delta
resonant frequency (ARFs) of the crosslinked PVA-MSP humidity sensor at
Various teMPEratUres. ===-======smmmmmmmm oo oo o e o o o oo e e e 08
Table 2.12 The parameters of the MSP SENSOr. ==========n==nmmmmmmmmm oo 101
Table 2.13 Calculated sensitivity (Sk) of the PVA-MSP humidity sensor with different
thicknesses of the PVA layers. For the PVA layers, L=13.5 mm, w=4.5mm. For
humidity tests, AH=41, which is obtained from 54% RH to 95% RH (41% RH
difference). The density of PVA, ppva, is 1250 kg/m?3. it Value of 28.3% (at 95%
RH) can be obtained from Table 2.5. The mass sensitivity in Eg. (2-6) can be
calculated (5.54 Hz/ug). ==========n==mmmmmmmmmm oo e e e e 102
Table 3.1 Different humidity levels generated by different saturated salt solutions [85]. 123
Table 3.2 Humidity sensitivity and loss at different frequencies. =----=========n=nmsnmeunu--- 139
Table 4.1 The linear ranges of the logarithm real permittivity vs logarithm frequency
spectrums of the different NaClO concentrations prepared by four waters. Both
linear frequency ranges and linear permittivity ranges are listed. f is frequency,
and e is relative real permittivity. ===========msmmmm oo 172
Table 4.2 Linear fitting parameters for the measured data points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) for the NaClO disinfectant solutions
in different concentrations from 0 PPM to 200 PPM prepared by the tap water. ---175
Table 4.3 Linear fitting parameters for the measured data points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) for the NaClO disinfectant solutions
in different concentrations from 0 PPM to 200 PPM prepared by Nestle bottled

Table 4.4 Linear fitting parameters for the measured data points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) for the NaClO disinfectant solutions
in different concentrations from 0 PPM to 200 PPM prepared by Dasani bottled

Table 4.5 Linear fitting parameters for the measured data points of logarithm real part

permittivity vs frequency (100 Hz ~ 1 kHz) for the NaClO disinfectant solutions

25



in different concentrations from 0 PPM to 200 PPM prepared by D.I. water. ------ 176
Table 4.6 The average error (PPM/PPM) between the delta characteristic frequency data
points (after subtracting the intercept of each pure water) modified by index times
of the slope value of each pure water and the common linear fitting. The smallest
average error of the linear fitting is underlined. (Note that the fitting slope value of
D.I. water is picked up at 5 PPM instead of that in pure D.I. water.) ---=-=-==-==-=-=- 182
Table 4.7 Characteristic frequencies of the disinfectants tested by the probe with four
electrode distances and the calculated standard deviations, sensitivity, and
[INEANILY EITOrS, === mmmmm e e oo e e e 189
Table 4.8 Slope (i.e., a) values of the linear fittings of 1/C vs electrode distance. --------- 195
Table 4.9 Intercept (i.e., b) values of the linear fittings of 1/C vs electrode distance. ----- 196
Table 4.10 Calculated real permittivity of the dielectric solutions/disinfectants. ---------- 198
Table 4.11 The capacitance of the ionic double layer per unit electrode area (F/m?) in
different concentrations of the disinfectants. =-=-=-=====s=sssemememmmme oo eeeeeee 200
Table 4.12 Calculated b/a (which is related to Co and A of the ionic double layer) in
different concentrations of the disinfectants. =-=-=-=====s=sssememmmmmmm oo eeeeeee 201
Table 4.13 Calculated characteristic frequencies of the five-time measurements on real
permittivity spectrums at the NaClO disinfectant concentration of 5, 25, 50, 100,
200 PPM prepared by the tap water. Average values and standard deviations are

calculated. =-=-=sssmmmmemem e e 207

26



List of Abbreviations

AA Ascorbic acid

BTO Barium titanate

CNF Cellulose nanofiber

D.l. Deionized

DSC Differential scanning calorimetry
EP Electrode polarization

FDR Frequency domain reflectometry
FE-SEM Field emission scanning electron microscopy
FTIR Fourier Transform Infrared Spectroscopy
GA Glutaraldehyde

GPR Ground-penetrating radar

HCIO hypochlorous acid

LC Inductance-capacitance

MSP Magnetostrictive particle

NaClO Sodium hypochlorite

NCs Nanocarbon tubes

PEO Polyethylene oxide

PPM Parts per million

PVA Polyvinyl alcohol

RF Resonant frequency

RFo Base resonant frequency

ARF Delta resonant frequency

ARFsat Saturated delta resonant frequency

27



RH Relative humidity

SiO2 Silicon dioxide
SPS Spark plasma sintering
TDR Time-domain reflectometry

28



Chapter 1 Introduction and research objectives

1.1 Agriculture and water

According to statistics, agricultural production is the largest consumer of fresh water,
accounting for about 70% of the fresh water supply worldwide [1,2]. Many agricultural
sensors, which play a critical role in smart and precision agriculture, are used to provide real-
time sensing information for better control of agricultural productions [3-5]. Agricultural
productions involve both preharvest and postharvest processes. In preharvest, soil water
sensors are heavily used to detect the soil water content in vast crop farmland [6]. The
sensors are distributed in the soil at different depths of the farmland to obtain detailed soil
water data at all depths, where a wireless detection capability of the sensors is required. The
aim is to help manage the crop growth with saving of irrigation water and beneficial to an
improved harvest. In postharvest, a huge amount of fresh produce, such as spinach, lettuce,
tomatoes, et.al., is disinfected by disinfection and wash processes before being sold in the
supermarket each day. During the disinfection and wash processes, the sensors to detect the
disinfectant concentration are required to increase the disinfection efficiency and enhance the
food safety of the disinfected fresh produce (i.e., avoid/minimize foodborne illness outbreaks
related to fresh produce) [7]. In summary, the sensors for smart and precision agriculture are
heavily in need for both preharvest agriculture and postharvest agriculture to promote food
production efficiency, food safety, and saving of fresh water.
1.2 Soil water sensors

1.2.1 Soil water content sensors

Soil water content sensor is to measure/detect soil water content, such as time-domain

29



reflectometry (TDR), frequency domain reflectometry (FDR), ground-penetrating radar
(GPR), neutron scattering, gamma attenuation, etc. TDR can be used to detect soil water
content based on the time delay on reflected waveforms due to the interaction between
transmitted electromagnetic waves and the water content in the soil. A schematic image of the
measurement of volumetric soil water content by TDR is shown in Figure 1.1. When the
water content increases, the time delay on the reflected waveform increases. TDR has a fast
detection speed which can achieve real-time sensing and it is more accurate than the FDR
method that the influence of soil texture and salt content is smaller than that of the FDR
method [5,8-10]. However, TDR is costly as a high-frequency pulse signal is required to
improve the accuracy, which usually requires expensive devices. Whereas, FDR, which is
based on frequency domain analysis, is less costly than TDR so that more data points can be
recorded for a given area of the field. Both TDR and FDR measurements need to either use
long wires to connect the probe to an outside interrogator or datalogger. Nowadays, a wireless
detection requirement of the sensor has been raised. There are three reasons: 1. A battery,
which is considered a pollution source, needs to be embedded in the sensor as a power
module and placed in the soil. 2. Many TDR/FDT probes need time to be placed in the soil
carefully and properly, which is time-consuming. 3. For the currently used TDR/FDR, the
gaps between the probes and soil may generate large errors affecting the sensing accuracy of
the soil water content. Recently, interestingly, a radar-based method, i.e., the GPR method,
can detect soil water content of large geographical areas [11]. It measures dielectric
permittivity from either reflected wave velocity, ground wave velocity, or surface reflection

coefficient. It is a non-invasive measurement that can be used to detect soil water content for
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a large area of subsurface ground. The disadvantage of GPR is that it is inconvenient to
obtain valid interpretations due to the surface morphology of the ground and the signal
attenuation influence of saline soils on the detection result. Neutron scattering and gamma
attenuation always have safety concerns that greatly limit their agricultural applications
[12,13]. Gamma attenuation is a relatively accurate measurement method for soil water
content. However, it cannot be used in real applications due to its risk of radiation. In
summary, each soil water content sensor has its advantages and disadvantages concerning the
cost, the sensing accuracy, the unique sensing features (such as the wireless sensing feature),

and the influence factors.

TDR Cable Tester

Figure 1.1 TDR cable tester, which shows the waveform, with a three-rod probe embedded

vertically in the surface layer of soil to detect volumetric soil water content. S.B. Jones, et. al.

[8]

1.2.2 Soil water potential sensors
The soil water potential sensor, which defines the ability of the soil to absorb water, is used

to measure the matric potential of the soil in the unit of pressure (-1500 kPa ~ 0 Pa) rather
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than the volumetric soil water content [14-16]. Some values of the soil water potential are
important for the management of crop growth. The soil water potential of -33 kPa is the field
capacity, which is defined as the amount of soil moisture or water content held in the soil
after excess water has drained away and the rate of downward movement has decreased [17].
The soil water potential of -1500 kPa is the wilting point, which is defined as the minimum
amount of water in the soil that the plant requires not to wilt [18]. Atmospheric water
potential is much more negative and a typical value for air is -100 MPa, which is not possible
to be found in the case of the soil.

Figure 1.2(a) shows a commonly used electrical resistance sensor containing water
absorption material, such as fiberglass or gypsum, with a known relation between its
resistance and soil matric potential [14]. Some relations between the resistance of the
materials and matric potentials are measured by some researchers, as shown in Figure 1.2(b).
However, this method still suffers from a small detection range. Moreover, in relatively dry
soil conditions and water flooded soil conditions, it might be beyond the measurement scope
of the electrical resistance sensor. Furthermore, it is required to either use long wires to
connect the probe to an outside reader or to use a battery as the sensor’s power module to
obtain a wireless detection ability, However, placing long wires in the fields for many sensors

is inconvenient and the use of a battery can cause a severe pollution issue in the soil.
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Figure 1.2 Electrical resistance matric potential sensor containing water absorption material
with known relation between resistance and matric potential (a), and some relations between
the resistance of different materials and matric potentials tested by some researchers (b). B.R.

Scanlon, et. al. [14].

The fundamental of the humidity sensor is the same as the water potential sensor. The
humidity sensor measures the humidity in the soil and the relative humidity has a direct
relationship with the soil water potential, which can be described by Kelvin Equation [19]:

W = Rﬂ% In(RH)  (1-1)
where v is soil water potential (MPa); R is gas constant, which is about 8.314 J/(Kemol); T is
the absolute temperature (K); pw is the density of water, which is normally 1 g/cm3; My, is the

molecular weight of water (g/mol).

Table 1.1 Comparison between the soil water potential and RH.

Water potential -100 MPa -83.18 MPa -6924 kPa -1500 kPa -33 kPa

Relative humidity (RH) 47.68% 54% 95% 98.90% 99.98%

From calculations by Kelvin Equation, Table 1.1 lists some values of the soil water
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potential and their corresponding RH for an intuitive comparison between the soil water
potential and RH.

The benefit of the humidity sensor is that, similar to the water potential sensor, it can
ignore the influence of soil type/constituent on water absorption ability and is directly related
to the water absorption ability of the soil. The humidity sensors in agricultural applications
require that they should be resistant to water immersion and their detection range should be
wide, normally from certain relative humidity (RH) to 100% RH [20,21]. Most of the
humidity sensors used in agriculture are resistance and capacitance sensors [22,23]. These
sensors are required to either use long wires to connect the probe to an outside reader or to
use a battery as a power module of the sensor to enable a wireless detection capability.
However, the use of the battery is considered a severe pollution source in the soil. Therefore,
the development of a passive wireless humidity sensor is an alternative and promising
approach to achieving inexpensive wireless sensing of the humidity without introducing any
environmental hazards.

1.3 Disinfectant sensors

1.3.1 Application of the disinfectant sensors

Commercial chlorine-based disinfectant, such as sodium hypochlorite (NaClO), is
currently used during the disinfection of fresh produce [24,25]. However, an essential issue
occurs that the disinfection concentration is always fluctuating during the disinfection process
and subsequent wash process. The dynamic fluctuation of the disinfectant and the
effectiveness of the disinfection of the fresh produce is dependent on several variables, such

as the disinfectant concentration, disinfection and wash times, and quality of the water.
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Moreover, the fluctuation of the disinfectant concentration results in serious problems. A
lower disinfectant concentration results in a lower disinfection efficiency, which is not
acceptable for the safety requirement. On the contrary, if the disinfectant concentration is too
high, unnecessary disinfectants will be released, which causes a waste of the disinfectant and
an environmental problem. Moreover, if the residual of the disinfectant is retained in the fresh
produce, it is also harmful to human health. Therefore, the introduction of a disinfectant
sensor control system is an inevitable approach to facilitate an instant sensing and precise
adjustment of disinfectant concentration during the disinfection process and wash process of

the fresh produce.
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Figure 1.3 Schematic illustration of the disinfection process and wash process of the fresh
produce along with sensing of the NaClO disinfectant concentration and precise adjustment
system of the NaClO disinfectant concentration to meet the safety requirement of the fresh

produce.

Figure 1.3 shows the scheme of the disinfection process and the sensing and precise

adjustment system of the NaClO disinfectant concentration. The key to the disinfection
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process contains the disinfection step by stir and calm wash steps by water injection. The
disinfection step aims to disinfect the fresh produce by adding NaClO and agitating. The
calm wash step aims to wash the fresh produce and get rid of the disinfectant residuals by
adding tap water. The sensors can be placed in both two steps to detect the concentration of
NaClO disinfectant in water to obtain feedback and precisely adjust the NaCIlO disinfectant
concentration during the disinfection step and ensure the NaClO concentration is diluted to
meet the safety requirement after the wash step of the fresh produce.

1.3.2 Reagent based methods for disinfectant sensing

Reagent-based methods of assessing water quality involve titrimetric methods, such as
colorimetric, luminescent, and fluorescent methods [26-35]. Colorimetric methods are those
that produce a change in the color of a solution, the intensity of which corresponds to the
quantity of the presence of chlorine or indicates the endpoint in a titration [26-28]. For
example, as shown in Figure 1.4, a colorimetric assay can be used for chlorine detection
based on the anti-dissolution of MnO2 nanosheets. The comparison of absorption spectra of
the MnO2 nanosheets, the mixture of MnO2 nanosheets and ascorbic acid (AA), and the
presence of chlorine in MnO> are exhibited in the figure. When AA is mixed and consumed
by chlorine, the concentration of AA decreases, which greatly inhibits the redox reaction
between MnO- nanosheets and AA. Therefore, MnO2 nanosheets cannot be dissolved and the
color of the solution changes from colorless to yellow with the increase of the chlorine
concentration. Luminescent methods produce light where the intensity is used as an indicator

of the residual chlorine [29-31].
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Figure 1.4 Schematic illustration of the colorimetric assay for chlorine-based anti-dissolution
of MnO- nanosheets (a) and the chlorine influence on absorption spectra (b). H. Yu, et. al.

[28].

Fluorescent methods measure the re-emission of incident electromagnetic radiation [32-35].
For example, as shown in Figure 1.5, the emission spectra of AuNCs in the presence of
varying HCIO concentrations are exhibited. Most colorimetric methods can be interfered with
by temperature, pH, and different substances, such as oxidants, metal ions, and organic
compounds. However, reagent methods have some drawbacks. For all reagent-based methods,
trained staff are typically required to carry out the procedures. Moreover, the reagents are
often unstable or toxic and the samples cannot be retested after analysis. In summary, these
reagent-based methods cannot provide real-time sensing and are not suitable to be used in
disinfectant and wash processes of fresh produce. Moreover, they have errors of as large as

10% and most methods have narrow concentration detection ranges (0.2 ppm - 2 ppm).
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Figure 1.5 Emission spectra of AUNCs in the presence of varying HCIO concentrations from
1 to 9 shown in the figure - 0, 0.34, 0.69, 1.72, 3.44, 6.89, 10.33, 13.77 and 17.21. The photo

shows the fluorescence of the AUNCs in the absence (i), and presence (ii) of HCIO under a

hand-held UV lamp with 365 nm light. C.L. Gopu, et. al. [32].

1.3.3 Electrochemical sensors for disinfectant sensing

The mechanism of electrochemical sensors is based on amperometric detection of the
disinfectant which is resulted from oxidation-reduction reactions of the disinfectant. They are
commercially available sensors for continuous disinfectant sensing [36,37]. There are several
manufacturers, for instance, Analytical Technology, Electro-Chemical Devices, Pulse
Instruments, et al. For the research of electrochemical sensors, the study has been focused on
the detection of hypochlorite [38]. As shown in Figure 1.6, the schemes of ampere vs
sweeping voltage divided by Ag/AgCl measured voltage at different hypochlorite
concentrations are exhibited. In recent years, different materials were studied to increase the
durability and corrosion resistance of the electrodes/probes. For example, gold thin-film
microelectrodes, multi-walled carbon nanotube electrodes, epoxy nanocomposite sensors

with CuO nanoparticles, boron-doped diamond sensor, and gold-graphite chemical-resistive
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sensor were studied [38-44]. Although these commercially available electrochemical sensors
could detect the disinfectant concentration, however, they have several limitations while
being used for a rapid/real-time sensing of the disinfectant to support the feedback system for
accurate control of the disinfectant concentration during the disinfection and wash processes
of fresh produce: 1) the response time is long (normally 0.5~3 min) due to the time to reach
the equilibrium state of the chemical reaction, which probably could not meet the requirement
of real-time sensing of the disinfectant; 2) relatively high cost and frequently regular
maintenance due to the degradation of electrodes and biofouling on the electrodes which is
resulted from the forming of the oxide layer on platinum electrodes and potentially being

aggravated by the presence of some organics [44-46].
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Figure 1.6 Schemes of ampere vs sweeping voltage divided by Ag/AgCIl measured voltage at
hypochlorite concentrations of 0.68, 1, 1.32, and 1.58 uM/L, respectively at constant pH of 7.

O. Ordeig, et. al. [38].

1.4 Research objectives
1.4.1 Research objective 1

The goal of this research is to develop a wireless sensor platform - a magnetostrictive
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particle (MSP) sensor coated by a layer of water-sensitive polymer. The polymer-MSP sensor
is a low-cost passive wireless freestanding sensor to detect humidity, which has the potential
to be used to in-situ wirelessly monitor soil water in the soil in different depths of the
farmland.

Two water-sensitive polymers will be coated on the MSP sensor platform to measure their
overall humidity sensing performances. CNF, which is an environmental-friendly material,
will be used to develop the polymer-MSP humidity sensor. Another water-sensitive polymer,
polyvinyl alcohol (PVA), which is originally vulnerable to water, by crosslinking, turns out to
be water-resistant without losing its water-sensitive capability. An issue comes out that as the
polymer gains water resistance by crosslinking, the water-sensitive ability is gradually
decreasing. To obtain water-resistance capability while retaining its high water sensitivity, a
fundamental study to optimize the crosslinking ratio for the PVA will be conducted.

A newly found high dielectric permittivity humidity capacitor/sensor based on core-shell
BTO-SiO» ceramics will be studied, due to that, it has superior comprehensive properties and
the potential to be used to develop a passive LC wireless humidity resonant sensor to in-situ
wirelessly monitor soil water in the soil.

1.4.2 Research objective 2

The goal of this research is to develop new dielectric sensing and analyzing methodology
to in-situ real-time monitor the disinfectant in the water. This research will study the
dielectric permittivity vs frequency spectrum and determine a characteristic frequency, which
changes with the disinfectant concentration in the water. This methodology will provide a

new way to detect the disinfectant concentration.
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Due to that this dielectric sensing method has many advantages, such as time-saving, low-
cost, simple handling, and in-situ detection, over other sensing technologies, it has the
potential to be used in the disinfection and wash processes of fresh produce production.

Water quality influence on sensing of the disinfectant concentration will be studied.
Moreover, the influence of contamination from sand/soil containing organic matters on the
dielectric spectrum of the water will also be studied.

1.5 Background of passive wireless sensor platforms

1.5.1 Passive wireless sensor platform based on the MSP

1.5.1.1 Principle and characteristics of the MSP

Magnetostrictive particle (MSP) is amorphous ferromagnetic alloy particles. Under an
external magnetic field, the dimension of the MSP changes due to its magnetostrictive effect
corresponding to the external magnetic field. Under an alternative magnetic field, the MSP
undergoes a corresponding oscillation with a shape change which is resulted in a mechanical
vibration with a characteristic resonant frequency. This mechanical vibration causes the
emission of magnetic flux from the MSP that is measured by pick-up coils. Figure 1.7 shows
the configuration of an MSP sensor, which is a rectangular free-standing MSP strip with the
length, width, and thickness of L, w, and t, respectively. Typically, the length (L) of the
sensor is bigger than the width (w) and much bigger than the thickness (t). As the length
direction is the biggest in all dimensions of the MSP sensor, the dominant vibration occurs
along the length direction. Thus, the longitudinal resonant frequency can be excited and

detected [47]. The MSP can be used as the transducer of the sensor by detecting its resonant
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frequency. Therefore, the MSP can be detected wirelessly without any physical connection to

it.

t Y0 X ﬂ-_/_'_w L>w>t

Figure 1.7 Dimension of the MSP sensor.

As shown in Figure 1.7, the fundamental longitudinal resonant frequency of the MSP
sensor is given in Eq. (1-1) in the medium of the air and Eqg. (1-2) in the medium of low

viscosity liquids [48]:

1 E
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2L+l p(1-v)

_ VNPligfvac/™
fn - ﬁ;ac - 2pt

= f.qc (Intheair) (1-1)
(in viscous liquids)  (1-2)
where, f, is the resonant frequency of the sensor at its nth resonance mode, while fyac is the
associated resonant frequency in a vacuum; E is Young’s modulus of elasticity; p and o are
the density, and the Poisson’s ratio of the sensor material, respectively; piiq and » are the
density and viscosity of the liquid, respectively.

If a small mass Am, such as pathogens, is added onto the sensor surface, the additional
mass corresponds to an increased density of the sensor, resulting in a decrease in the sensor’s
resonant frequency. Therefore, the mass sensitivity (Sm) of an MSP bio-detection sensor can

be expressed in Eq. (1-3):

A _th_ 1 / E -
Sm_Am~ 2M  4L2wtA p3(1-v?) (1-3)
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where Af is the resonant frequency change; M is the mass of the original sensor; L, w, and t
are the length, width, and thickness of the sensor, respectively.

The negative sign in Eqg. (1-3) implies the decrease of the resonant frequency when the
mass load is added to the sensor surface. Therefore, the mass load added to the MSP sensor

can be quantitatively determined by measuring a shift of the resonant frequency.

1.5.1.2 Passive wireless MSP sensors

As shown in Figure 1.8, MSP sensors can be used to wirelessly measure the magnetic field,

force, and other target analytes, such as pathogens, while coating a sensing layer onto the

surface of the MSP [49,50].
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Figure 1.8 Schematic image of the wireless sensing of an MSP sensor and the sensing

resonant frequency peak obtained by the pick-up coils.

Based on the characteristic of the detection through magnetic field/flux, the MSP sensors
have the unique advantage because they do not require on-board power or any wires

physically connected to the sensor, which enables the sensor to be detected wirelessly and

remotely.
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In recent years, passive wireless MSP biosensors were developed enabling biosensing
using homemade coils to pick up the resonant frequency of the sensor [51]. As shown in
Figure 1.9(a), the solenoid coils winded on a glass core as detector coils were placed over the
MSP biosensors to measure their resonant frequency [52]. The ME biosensors were located
under the coils and on the tomato surface during the entire sensing procedure. An oscillating
magnetic field produced out of the coils actuates a longitudinal vibration of the biosensor.
The resultant magnetic flux created by the biosensor was then immediately picked up by the
same coils, and the shift of the resonant frequency could be measured, as shown in Figure
1.9(b) [53].
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Figure 1.9 Scheme of solenoid coils on a glass core to wirelessly pick up the resonant
frequency of the MSP sensor (a) and resonant peak shifts with respect to the condition change

of the analyte (b). Y Chai, et. al. [53].

Another configuration of passive wireless detection method for biosensing was developed
and is currently used to conduct research, as shown in Figure 1.10. A planar detection coil
manufactured by microfabrication and electrodeposition methods was used to wirelessly

generate magnetic flux interrogate with the vibrated MSP biosensor, resulting in the
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determination of the resonant frequency of the sensor and quantitative measurement of the

bacteria [54-58].
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Figure 1.10 Scheme of the planar detection coil to wirelessly pick up the resonant frequency

of the MSP sensor. Y Chai, et. al. [55].

MSP sensor could be coated with humidity-sensitive thin films of porous TiO2 ceramics to

make passive and wireless humidity sensors interrogated with the pick-up coils [59].

However, the porous TiO2>-MSP sensor suffered from a very small sensitivity that only a 130

Hz difference in resonant frequency was obtained for the entire humidity detection range

from the lowest humidity to the highest humidity, as shown in Figure 1.11. This small

sensitivity was probably due to the small mass ratio of water absorption of the porous TiO>

film, which limited the application of the sensor to the real scenario.

58.82

58.78

58.76

5874

58.7

Resonant Frequency (kHz)

58.8 &\

5872 |

7T T

—&— Humidity Decreasing
- - -+ Humidity. Increasing

58.68

Relative Humidity (%)

45



Figure 1.11 Scheme of the resonant frequency vs relative humidity of the TiO2 porous

ceramics-MSP humidity sensor. C.A. Grimes, et. al. [59].

In summary, the MSP sensor is a low-cost sensing platform to achieve an in-situ detection
on an analyte through mass loading onto the sensor surface as well as a passive wireless
detection method by using pick-up coils, Hence, the MSP sensor platform is a promising
sensing approach to be further studied to develop some new humidity sensors with high
humidity sensitivity for a real application scenario.

1.5.2 Wireless sensor based on passive LC resonator

1.5.2.1 Principle of passive LC resonant sensor

The main advantage of a passive inductance-capacitance (LC) resonant sensor is its
wireless sensing capability [60,61]. The operation principle and equivalent circuit of the
passive LC resonant sensor interrogated with a detector made of the inductors/coils are

shown in Figure 1.12 [62].
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Figure 1.12 Principle and equations for the wireless interrogating system containing a
wireless passive LC resonant sensor and readout coil. Phase peak frequency, which
determines the resonant frequency of the LC resonant sensor, shifts with a change of

capacitance (Cs). Q.A. Huang, et. al. [62].
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A passive LC resonant sensor is typically constructed from a spiral inductor and a resistor
connected with a sensing capacitor, forming a resonant LC tank. The capacitor changes in
response to the substance of the sensing interest, resulting in a shift in its resonant frequency
observed at the peak of the frequency spectrum. To wirelessly interrogate the passive LC
resonant sensor, readout coils/inductors are magnetically coupled with the passive LC
resonant sensor. The resonant frequency of the sensor can be detected by monitoring the
impedance or input return loss of the readout coils/inductor [63].

1.5.2.2 Dielectric capacitive ceramics sensor

Based on the illustration in the last section, the dielectric capacitive sensors play a key role
in the sensing of the analyte. Hence, this section focuses on a brief introduction to the
dielectric capacitive sensor.

The dielectric capacitive sensor detects the capacitance change resulting from a physical or
chemical change of dielectric properties (i.e., dielectric permittivity, loss, etc.) of the
dielectric sensing material interacting with the analyte, such as gases, humidity, and other
chemicals [64]. Therefore, the properties of the dielectric sensing material.

In the dielectric capacitive sensor, the dielectric sensing ceramics, which determine the
performance of the dielectric capacitive sensor, are commonly used dielectric sensing
materials [65-69]. Gas sensors based on dielectric ceramics have been studied to detect
different gases, such as O,, CO, CO2, Hz, CHs, NHs, SO, et.al. [65-72]. The mechanism of

these sensors was based on the change of dielectric properties of the ceramics due to the grain
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surface reaction with the gases. Many studies found that some doping atoms in the ceramics
could improve the sensitivity of the gas sensors [73,74].

Capacitive ceramics humidity sensors were also studied in recent years [75,76]. The
mechanism of the capacitive ceramics humidity sensors is the change of the dielectric
constant of the sensing ceramics with RH change [77]. It is worth noting that among the
sensors with various device structures, capacitive dielectric ceramics sensors are competitive
in the market (about 75% of the humidity sensor market) due to the simple manufacturing
process, ease of miniaturization, high stability, and low cost [78,79]. Moreover, capacitive
humidity sensors commonly have low power consumption and large output signals [80,81].
Generally, when the frequency increases, the electric field direction changes fast, and,
however, the polarization of the water cannot catch up with the changing speed of the electric
field direction, resulting in a decrease in the dielectric permittivity and capacitance [82]. For
the capacitive ceramics humidity sensors, more dielectric composite materials need to be
studied to improve the characteristics of the dielectric permittivity spectrums, increase
humidity sensitivity and discover humidity sensing mechanisms influencing the dielectric

permittivity change of the dielectric material when interacted with the water molecules.
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Chapter 2 Polymer-MSP-Based Wireless Humidity Sensors

The polymer-MSP sensors have a promising potential to be massively used/distributed on
the farmlands and can be placed at different depths of the ground/soil, where the humidity in
different depths can be wirelessly detected by a handheld device/gun. The vision is
schematically shown in Figure 2.1. The (bare) MSP sensors, in a size of about 1 inch (2.5 cm)
with the same passively and wirelessly detecting feature, are currently and massively placed
in the wearing/coats in shopping malls for anti-theft purposes [83]. The wireless detection
distance of the MSP sensor has been proved to be more than 1 meter, and theoretically, to be
more than several meters when detected/tested by a frequency domain instead of a time
domain. Therefore, the polymer-MSP humidity sensors based on the same wirelessly
detecting mechanism are probably applicable to be massively used on the farmlands at

different depths of the soil.
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Figure 2.1 A schematic vision of the sensors covered by plastic packaging distributed in the

farmlands and placed at different depths of the soil.
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In this Chapter, new wireless humidity sensors are developed by using a newly developed
sensor platform, i.e., magnetostrictive particle (MSP). A layer of the water-sensitive polymer
is coated on the MSP as the sensing element. The wireless polymer-MSP sensors are low-cost
and freestanding small-sized sensors to monitor humidity, which are designed for precision
agriculture, i.e., in-situ monitoring soil water.

Comparisons of humidity sensing features, such as humidity responses at different
humidity levels, and the influence of the thickness of the polymer layer, among CNF-MSP,
PVA-MSP, and crosslinked PVA-MSP humidity sensors will be studied. The sensitivity,
response time and long-time stability, water-resistant capability, and temperature coefficient
of the polymer-MSP sensors will also be systematically studied.

2.1 Sensing principle and characterization method

2.1.1 Polymer-MSP humidity sensor

As has been introduced in Section 1.5.1, MSP in very small sizes can be used as a
transducer of the sensor. Under an AC magnetic field, the MSP undergoes a corresponding
oscillation having its resonant frequency (RF) which depends on the dimension and physical
properties of the MSP. The mechanical oscillation of the MSP causes an emission of
magnetic flux that can be measured/detected by a pick-up coil. Hence, the RF of the MSP can
be detected wirelessly and passively without any physical connection to the MSP [47.51].

The sensing mechanism of the MSP depends on mass loading onto the surface of the MSP.

Specifically, the additional mass attached to the MSP can be considered as a density increase
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of the MSP, resulting in a decrease of the RF of the MSP, as has been exhibited in Eq. (1-1)
in Section 1.5.1 [84].

Based on the sensing mechanism of the mass loading onto the MSP, new wireless humidity
sensors can be developed by using the MSP as the transducer and a water-sensitive polymer
layer coated on the MSP as the sensing element. As shown in Figure 2.2, when the humidity
in the environment changes, the water-sensitive polymer layer absorbs/desorbs water
molecules from the humid environment. This water mass-load change results in a change in
the RF of the MSP. By monitoring the RF change of the MSP, the relative humidity (RH) of

the environment can be wirelessly detected.
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Figure 2.2 Polymer-MSP sensor platform and the humidity sensing principle.

2.1.2 Influencing factors of humidity sensitivity
The sensitivity (i.e., the change of RF corresponding to the change of RH) of the wireless

polymer-MSP humidity sensor mainly depends on three aspects, the sensitivity of the MSP
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(i.e., the dimension of the MSP), the thickness of the water-sensitive polymer layer (and the
same length and width of the MSP), and water absorption/desorption ability of the water-
sensitive polymer [53,59]. Due to a requirement of the dimension of the MSP to ensure its
long wireless detection distance which has been illustrated, the water absorption/desorption
ability of the water-sensitive polymer is a key factor in achieving the high sensitivity of the
polymer-MSP humidity sensor. Therefore, two different water-sensitive polymers with high
water-sensitive ability are selected to develop new polymer-MSP humidity sensors,
respectively.

2.1.3 Characterization
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Figure 2.3 Schematic illustration of the humidity sensor placed in the humidity environments
controlled by the glove box with low humidity and the glass box containing the saturated salt

solution for a generation of the high humidity.
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As shown in Figure 2.3, stable humidity conditions are generated by the saturated salt
solutions in the glass humidity boxes, respectively. The stable humidity levels generated by
the saturated salts are listed in Table 2.1 [85]. Outside the glass humidity boxes, a big glove
box is maintaining a stable humidity of 54% RH. The polymer-MSP sensor is placed into and
out of the glass humidity boxes for measurements under a humidity cycle between the low

humidity of 54% RH and high humidity levels generated in the glass humidity boxes.

Table 2.1 Saturated salt solutions used to generate stable RH at room temperature (20°C) [85].

Temperature\Saturated salt NaBr CuCl, NaCl KCI KNOs

20°C 59.1% 69.1% 75.5% 85.1% 94.6%

Homemade coils are used and connected to a precision impedance analyzer (Agilent
4294A) for wirelessly interrogating with the polymer-MSP humidity sensor placed in the big
glove box, as shown in Figure 2.3. The impedance analyzer is used to detect the RF of the
wireless humidity sensor by recording the frequency of the peak point (i.e., the minimum
point) of the phase angle versus frequency spectrum, as shown in Figure 2.2.

2.1.4 Sensing data analyzing method

To study the humidity response of the polymer-MSP wireless humidity sensor, it is
necessary to further analyze the RF corresponding to the humidity change. It should be
mentioned that due to the feature of the experimental set-up shown in Figure 2.3, the

humidity box containing the saturated salt solution takes time to generate the designed
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humidity at its saturated level. The increase of the humidity is relatively slower than the
decrease of the humidity. However, the decrease of the humidity from a high humidity level
(generated by a saturated salt solution) to the low humidity of 54% RH can be considered an
immediate change in the humidity environment. Therefore, as shown in Figure 2.4, the RF
response during the humidity decrease process can be used for further analysis to reflect the

real sensor response.
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Figure 2.4 Resonant frequency (RF) of the polymer-MSP humidity sensor obtained from the
phase peak changes corresponding to one humidity cycle (increase and decrease the humidity)
and illustration to calculate the delta resonant frequency (ARF) from the RF versus time plot

during the humidity decreasing process.

Hence, an important variable, delta resonant frequency (ARF), when the humidity is
decreased from a high humidity level to low humidity of 54% RH, can be used to analyze the
sensor response corresponding to the humidity change. The ARF can be calculated by Eqg. (2-

1):
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ARF(t) = RF;, — RF, (2-1)

where ARF(t) is the delta resonant frequency (Hz) with respect to time, which reveals the
difference between the RF at a saturated high humidity level to the RF at the low humidity
level of 54% RH with respect to time; RF+; is the RF (changing with time until saturation) at
the low humidity level of 54% RH; RFe is the RF at a high humidity level (when the sensor
response is saturated).
2.2 Experiment procedures

2.2.1 MSP preparation

A commercially available magnetostrictive material, Metglas™ 2826MB ribbon, was
chosen to fabricate the MSP sensors. Metglas™ 2826MB ribbon was cut into rectangular
sensor strips in size of 13.5 mm % 4.5 mm using Disco Automatic Dicing Saw 3220. The
rectangular MSP sensors were cleaned in acetone and methanol, successively, by ultrasonic
treatment. The MSP sensors were immediately dried with nitrogen gas and heat-treated in a
vacuum oven at 220 °C for 2 h releasing residual stress.

2.2.2 CNF coating on the MSP platform

CNF used in this study was obtained in a gel form (Lot no-U31, grade-91% fines) and a
CNF suspension was prepared [86]. 2 mL 7.5 wt.% CNF suspension and 0.5 mL 10 wt.%
PVA solution were mixed and stirred for 1 h to prepare a uniform CNF and PVA (3:1 in wt.
ratio) suspension. The solutions with 50 pL were spin-coated on the sensor platforms (13.5
mm =< 4.5 mm) with different rotation speeds in the range from 800 to 3000 r/min for 20 sec,
followed by an oven-dry (Isotemp Oven by Fisher Scientific) at 70°C to obtain a CNF coating

layer with different thicknesses. The thicknesses of the CNF layers for the sensors were
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measured by a thickness meter. The CNF-MSP sensors prepared were used for the
measurements under the humidity cycle.

2.2.3 Preparation of the crosslinked PVA films with different crosslinking ratios

PVA fine powders, which have a molecular weight (Mw) of 146,000~186,000 and 98%
hydrolyzation, were purchased from SIGMA-Aldrich. 9>6 mL 8 wt.% PVA aqueous solutions
were prepared at the temperature of 95°C stirring for 4 h. For a purpose of optimization of the
crosslinking density of the crosslinked PVA film, different amounts of glutaraldehyde (GA) in
50 wt.% were added to the PVA aqueous solutions and the ratios of the newly prepared
mixture of GA and PVA were shown in Table 2.2. Diluted hydrochloric acid was added to the

solution to adjust the Ph value of the solution to 3.0.

Table 2.2 Molar ratio and weight ratio of GA/PVA to spin coat the crosslinked PVA films.

Molar ratio of

0:1 4:1 8:1 16:1  33:1 831 208:1 416:1 8321
GA/PVA
Weight ratio of

0:1 1:400 1:200 1:100 1:50 1:20 18 1:4 1:2
GA/PVA

The films were cast using different GA/PVA ratios of solutions prepared by spin coating
with a low speed of 500 r/min on big glass slides (75 mm x50 mm). They were dried in an
oven (Isotemp Oven by Fisher Scientific) at 70°C for drying and crosslinking. For the
solution with each GA/PVA ratio, six films were prepared. The crosslinked PVA films were
rinsed in deionized (D.I.) water and dried in the oven at 70°C. The crosslinked PVA films

were prepared by peeling off from the big glass slides.
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2.2.4 Measurement of remaining mass and weight gain of the crosslinked PVA films

A study on the determination of the GA/PVA ratio regarding the performance of the
crosslinked PVA films was conducted. To evaluate the percentage of weight gain of the
crosslinked PVA films under a high humidity of 95% RH, films were placed from dry
condition to 95% RH for 3 days to ensure humidity equilibrium along the thickness of the
films was reached and the weight of the films was immediately measured. To evaluate the
water-resistance of the film, the crosslinked PVA films were completely immersed in D.I.
water for three times 12 h immersion and dried after each water immersion. The remaining
mass of the films for each time of water immersion was measured when the films were dried
in a vacuum furnace.

2.2.5 FTIR measurement of the crosslinked PVA films

For verification of the occurrence of the crosslinking reaction of the PVA, Fourier
transform infrared spectroscopy (FTIR) measurements on three PVA films with different
crosslinking GA/PVA ratios (0:1, 1:100, 1:20 in wt. ratio) were conducted, respectively, by a
Thermo Scientific iS-50 FTIR with an ATR attachment that enabling the films to be directly
tested.

2.2.6 DSC test of the crosslinked PVA films

Differential scanning calorimetry (DSC) tests of the crosslinked PVA films with different
GA/PVA ratios were conducted on a DSC 250 provided by TA Instruments. DSC specimens
in weight of 8 mg were prepared for each test.

2.2.7 Crosslinked PVA and pure PVA coatings on the MSP platform

The MSP sensor platform in the dimension of 13.5 mm x 4.5 mm x 30 um (the same
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platform size as that to prepare the CNF-MSP sensor) was used as the substrate for coating
the crosslinked PVA layer. The same PVA fine powders (Mw=146,000~186,000, 98%
hydrolyzation) were used to prepare the solution. Two equal volumes of 4 mL 8 wt.% PVA
aqueous solution was prepared at the temperature of 95°C stirring for 4 h. One volume of the
solution (in pure PVVA) was ready for coating. Another volume of the solution was mixed with
6.4 uL 50 wt.% GA to prepare GA/PVA solution in a weight ratio of 1:100. Diluted
hydrochloric acid was also added to the GA/PVA solution to adjust the Ph value of the
solution to 3.0. The two solutions (pure PVA and crosslinked PVVA) were spin-coated on one
surface/side of the MSP sensors with different rotation speeds ranging from 900 to 3500
r/min for 20 sec, respectively, to obtain different thicknesses of the PVA layers. Then, they
were oven-dried at 70°C. The pure PVA-MSP sensors were prepared. For sensors coated with
the crosslinked PVA layers, a rinse in D.l. water and a drying process in the oven at 70°C
were followed, consecutively. The crosslinked PVA-MSP sensors were prepared.

2.2.8 SEM surface morphology observation

JEOL 7000F field emission scanning electron microscopy (FE-SEM) was used to observe
the surface morphology of the crosslinked PVA film which was coated on the MSP sensor
platform. Moreover, the thicknesses of the PVA layers for the sensors were measured by a
thickness meter.

2.2.9 Temperature-dependent sensor response measurement

A (bare) MSP sensor and a crosslinked PVA-MSP humidity sensor in the same dimensions
of the MSP (13.5mmx4.5mmx=30um) were used for the humidity response measurements at

different temperatures. At various temperature conditions ranging from 10°C to 40°C
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generated by a heater in the big glove box, the humidity sensors were placed from one
humidity box with low humidity (about 54% RH) to another humidity box with high
humidity (about 85% RH), respectively, in the big glove box to obtain one humidity cycle.
The two humidity boxes were all placed in the big glove box with a constant humidity of 54%
RH. The characterization process has been illustrated in Section 2.1.3 - Characterization.

2.3 CNF-MSP humidity sensor

Several organic water-sensitive elements have high water sensitivity, such as polyethylene
oxide (PEO), chitosan, et. al [87-89]. However, by the pre-verification experiments
conducted in our lab, PEO suffers from a small humidity sensing range and very low sensing
stability as its structure can be easily damaged during water absorption in high humidity
conditions. Moreover, chitosan suffers from a large humidity sensing hysteresis since
chitosan is difficult to desorb water molecules while decreasing humidity.

Among all the organic water-sensitive elements, CNF is considered one of the promising
water-sensitive elements [90]. CNF is a natural organic material composed of cellulose fibers
in nano-size with a high length-to-width ratio [91,92]. The fiber width of the CNF is in the
range of 5 to 20 nm and their length is in micrometer [93,94]. Due to the vast numbers of
hydroxyl groups of the backbone of the nano-cellulose and the nano-porous fibric structure,
CNF has some superior characteristics, such as a high water sensitivity, very low humidity
hysteresis, high humidity cycle stability, and unique insolubility to water [95]. Moreover,
CNF is also an environmentally friendly material, which can be degraded in the environment
in years, hence, is suitable in the application of agriculture where large numbers of sensors

are required for the farmland [96]. According to the overall beneficial characteristics of the
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CNF, in this research, the CNF is used as the water-sensitive element to develop a novel
CNF-MSP humidity sensor.

As shown in Figure 2.5, a thin layer of CNF is uniformly coated on the MSP sensor
platform to develop the CNF-MSP sensor. When the humidity in the environment changes,
vast numbers of hydroxy groups of the CNF absorb/desorb water molecules from the
environment, bonding/debonding the hydrogen bonds with water molecules, which results in
a change in the resonant frequency (RF) of the MSP due to the mass-load change caused by
the absorption/desorption of water by the CNF layer. Based on the relationship between the
mass and the RF of the sensor, which has been illustrated in Eq. (1-3) in chapter 1, the RF of

the sensor can be continuously measured corresponding to the change in the environment.
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Figure 2.5 Cellulose nanofiber (CNF)-MSP sensor and the humidity sensing principle.

2.3.1 Sensor responses at different humidity levels
The humidity responses of a sensor with a 5.9 um CNF layer are shown in Figure 2.6.

Figure 2.6(a) shows one humidity cycle between different high humidity levels and low
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humidity of 54% RH and the corresponding RF vs time plots in different humidity cycles
under different high humidity levels, respectively. For each test with a high RH, it shows that
the RF significantly decreases with increasing humidity and eventually reaches a saturated
value, and then increases with decreasing humidity and reaches a saturated value at the low
humidity, which is the same as the initial RF at the beginning of the test.

After the calculation by Eg. (2-1) from the data points in Figure 2.6(a), Figure 2.6(b)
shows the ARF vs time results for the sensors with a 5.9 um CNF layer when the humidity is

immediately decreased from different high humidity levels to the low humidity of 54% RH.

(a) 163800
163700
163600
163500
163400
n 163300
T 163200]
& 163100f %
163000 F . B 54%-95%-54% RH
0/ _QE0/ _5A0,
162900 @ stoastopeltin
162800 - - 54%-69%-54% RH
162700 - 54%-59%-54% RH
(b) O 2i0 60 as0 oo 730 | © 1(1)88 [ " 95%RH
—e85% RH
1 90 900 “a76% RH
800 ~v-69% RH
1 80 E 700 ..",,,.7—0—0—0+59% RH
» T e00f
54%-95%-54% RH S & o00p
— savssvusanurH ] 70 O < 400¢
54%-76%-54% RH 3001
—— 54%-69%-54% RH | 60 200 +
— 54%-59%-54% RH 100 |
0 L L 1 1 1 1 1 1 1 1
50 0 60 120 180 240 300 360 420 480

Time / min . .
Time / min

Figure 2.6 Resonant frequency responses of the CNF-MSP sensor with 5.9 um CNF layer
under different humidity levels. (a) Resonant frequency (RF) vs time plots; and (b)
corresponding relative humidity (RH) vs time plots in one humidity cycle; (c) delta resonant

frequency (ARF) vs time plots when humidity is decreased to 54% RH.

61



A classic model describing the mass diffusion is used to fit the humidity response (i.e.,
ARF) of the newly developed polymer-MSP humidity sensor, which is as follows:
ARF = ARF,, - [1 — exp(—At)] (2-2)
where ARF is delta resonant frequency (Hz); tis time (min); ARFsat is saturated delta resonant
frequency (Hz), which is a constant at a humidity testing level; A is a constant at a humidity
testing level.

Reorganize the terms of Eq. (2-2) and take logarithm on both sides:

ARF
ARFgqt

In(1--2)=-4t  (2:3)

The data points of In(1-ARF/ARFss) vs time of the CNF-MSP sensor when the humidity is
decreased are shown in Figure 2.7(a). However, the data points are not following a linear
relationship, and hence, cannot be fitted by Eq. (2-3). An alternative fitting method is used to
fit just the linear portion of the data. Besides, it is noted that, in Eq. (2-3), ARFs is difficult to
accurately calculate as it is in the group of the fitting constant, In(1-ARF/ARFsa). Therefore,
to observe the influence of ARFsa, three different ARFsat values are used to fit the linear
portion in Figure 2.7(a). As a result, the fittings are almost the same by using the three
different ARFsat values, which reveals that the variation of ARFsa will not affect much of the
fitting result and any suitable ARFsa value can be used for the linear fitting to determine the
fitting constant (A). After the determination of A, the fitting curve by Eq. (2-2) is plotted in
Figure 2.7(c). However, the fitting curve of ARF when the humidity is decreased is somewhat
slower than/deviates from those of the tested data points. The fitting curve also has a delayed

turning point after the sharp changing stage of ARF in the beginning and has a higher ARF

value than the tested data points after reaching the turning point. Therefore, this classic model

62



is not very suitable to fit the time-dependent humidity response of the crosslinked PVA-MSP
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Figure 2.7 Schematics of the fittings of the data points of the CNF-MSP sensor when
humidity is decreased. (a) Ln(1-ARF/ARFsz) vs time and linear fittings of the linear part (first
28 data points) by three different ARFsa values; (b) linear fitting of the data points of
logarithm delta resonant frequency (InARF) vs time (min); (c) different fitting methods to

fit the data points of delta resonant frequency (ARF) vs time.

An Arrhenius-like equation can be used to fit the tested data points of the ARF versus the
time of the humidity sensor, which is exhibited in Eq. (2-4):

ARF = ARFyq, - exp (—2)  (2-4)
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where B is a constant at a humidity testing level.
Take the logarithm on both sides of Eq. (2-4) and reorganize the terms:
In (ARF) = In (ARF,y,) —§ (2-5)

As shown in Figure 2.7(b), the data points of the logarithm ARF vs time? (min™) of the
CNF-MSP sensor show a linear relationship and are fitted by Eq. (2-4) when the humidity is
decreased. As shown in Figure 2.7(c), the fitting result of the ARF vs time by Eq. (2-4) can
better describe the tested data points than that of the fitting result by Eq. (2-2), implying that
the Arrhenius-like Eq. (2-4) is very suitable to be used to describe the time-dependent

humidity response of the newly developed polymer-MSP-based humidity sensor.
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Figure 2.8 Calculated data points of saturated delta resonant frequency (ARFsa) vs RH and

their linear fitting.

The values of the saturated delta resonant frequency (ARFsat) are 85.8, 264.5, 427.1, 688.3,
and 923.5 Hz, when humidity decreases from 59%, 69%, 76%, 85%, 95% RH, to 54% RH,
respectively. As shown in Figure 2.8, it is found that the ARFsa of the sensor with a 5.9 um
CNF layer is close to linearly dependent on RH. The coefficient of determination (R?) of the

linear fitting is 0.991. The sensitivity of 23.8 Hz/%RH for the sensor with a 5.9 um CNF
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layer is obtained from the slope of the linear fitting. Besides, the analysis of the response
times of the sensors with different thicknesses of the CNF layer will be studied in the next
Section.

2.3.2 Sensor responses in different thicknesses of CNF layer

The responses, i.e., the RF, of the sensors with different thicknesses (1.9~9 um) of the CNF
layer tested in the same humidity range between 54% and 85% RH are shown in Figure 2.9.
Figure 2.9(a) shows the RF versus time plots in one humidity cycle for different thicknesses

of the CNF layer.
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Figure 2.9 Resonant frequency responses of the sensors with different thicknesses (1.9~9 pm)
of CNF layers tested in the same humidity range between 54% and 85% RH. (a) Resonant

frequency vs time plots in one humidity cycle; (b) delta resonant frequency (ARF) vs time
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plots when decreasing humidity; (c) saturated delta resonant frequency (ARFsa) of the MSP

sensor and the response time (toos) Vs the thickness of the CNF layer, respectively.

In this study, the RFs of the sensors at 54% RH are in the range of 162 kHz to 165 kHz, as
shown in Table 2.3. Table 2.3 reveals that, with the increase of the thickness of the CNF layer,
the increased CNF mass, which is loaded onto the MSP sensor, decreases the RF of the sensor.
Moreover, from Figure 2.9(a), all the sensors with different thicknesses of the CNF layers
exhibit consistent responses. That is, the RF decreases with increasing RH and increases with
decreasing RH. The ARF of the sensors with different thicknesses of the CNF layer are
calculated by Eg. (2-4) when RH decreases from 85% to 54%. As has been illustrated in
Figure 2.4 in Section 2.1.4, the ARF versus time plots, which can reflect the response of the
CNF-MSP sensors, are shown in Figure 2.9(b). With decreasing RH, the ARF rapidly changes
and finally reaches a constant value. After linear fittings by Eq. (2-5) on the data points of the
logarithm ARF versus time™ (min™), the saturated delta resonant frequency (ARFs) of the
sensors with different CNF layers can be obtained. The values of ARFsx and the fitting
constant B for the sensors with different thicknesses of the CNF layers are listed in Table 2.3,
which implies that both the values of ARFsat and B decrease with the decrease of the
thickness of the CNF layer, respectively. As shown in Figure 2.9(c), it is observed that the
ARFss of the MSP-based sensor is linearly dependent on the thickness of the CNF layer. The
coefficient of determination (R?) of the linear fitting is 0.973. By the linear fitting, ARFsat per
unit thickness of the CNF layer is 137.6 Hz/um. It is a parameter to select the suitable

thickness of the CNF layer, which can determine the humidity sensitivity of the CNF-MSP
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SENsOr.

Table 2.3 Base resonant frequencies (RFo) of the CNF-MSP sensors with different
thicknesses of the CNF layers at 54% RH and saturated delta resonant frequency (ARFsat)
when humidity decreases from 85% RH to 54% RH and linear fitting constant (B) fitted by

Eq. (2-4).

Thickness of
9.0 7.7 7.2 5.9 45 4.0 3.0 1.9
the CNF

RFo/Hz 162268 162509 163803 163647 163405 163831 164803 164480

ARFsat / Hz 1262 1106 912 670 587 489 359 262

B 5.82 4.29 4.08 3.01 3.32 2.07 221 3.13

Response time is usually used to reflect the response speed of the humidity sensors. The
response time of a humidity sensor is defined as: the time to reach 90% of the ARFsa Of the
sensor with respect to an immediate humidity change.

After the fittings by Eq. (2-4), the ARFsx at different times for the sensors with different
thicknesses of the CNF layer is shown in Figure 2.9(c). It reveals that the response time of the
sensors is more than a few minutes long and is linearly increased as the thickness of the CNF
layer increases. Since the microstructure of the CNF layer consists of CNF nanofibers, the
response time for water molecules to penetrate through the CNF nanofibers during water
absorption/desorption is controlled by the bonding and penetration speeds of the CNF
nanofibers. It is preferable that the response time of the sensor can be minimized by reducing

the thickness of the CNF layer. On the other side, a large ARFsa, which contributes to high
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sensitivity, is also required by increasing the thickness of the CNF layer. For instance, to
obtain a response time of about 19 min, a sensitivity of 12.3 Hz/%RH is obtained for the
sensor with a 3 um CNF layer. To obtain a response time of about 15 min, a sensitivity of 7.9
Hz/%RH is obtained for the sensor with a 2 um CNF layer.

2.3.3 Long-time stability of the CNF-MSP humidity sensor

The long-time stability of the sensor is tested for 7 days. The humidity testing results of the
sensor with a 3 um CNF layer are shown in Figure 2.10. RFs of the sensor in 7 diurnal cycle
humidity tests between 54% and 85% RH are plotted in Figure 2.10(a). Moreover, the ARFs
of the sensor when RH increases and decreases in 7 diurnal cycles are calculated by Eq. (2-4).
As a result, the stability of the sensor in 7 humidity cycles when RH is increased and
decreased is shown in Figure 2.10(b). A little random fluctuation of the ARFsa can be
observed for the processes of both increasing and decreasing humidity. It is found that the
fluctuations of the ARFsat for either increasing or decreasing humidity are less than 250 Hz. It
reveals that, with a sensitivity of 12.3 Hz/%RH, the sensor is possible to detect humidity with
an accuracy of about #4% RH. Although the CNF is considered a non-soluble water-sensitive
element, the PVA, which is mixed and filled in the space of CNF fibers in a small amount to
improve the physical attachment of the CNF layer to the MSP sensor platform, can probably
be dissolved in water. The possible reason for the high fluctuation of the tested results might
be related to the partial dissolution of the PVA chains in the CNF layer while absorbing water
molecules at high humidity. Moreover, stresses that are generated between the CNF layer and
the MSP sensor platform during the humidity test might be another reason, which will be

further discussed in Section 2.4.8. But it seems that these two possible influencing reasons
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are reversible among cycles and not accumulated over time.
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Figure 2.10 Long-time stability of the CNF-MSP sensor with 3 pm CNF layer in 7 days with
54%-85%-54% RH cycle. (a) The resonant frequency (RF) of the sensor for 7-cycle humidity
tests in 7 days; (b) comparison of the saturated delta resonant frequencies (ARFsat) of the

sensor for both increasing and decreasing humidity.

2.4 Crosslinked PVA-MSP humidity sensor

As shown in Figure 2.11, a crosslinked PVA thin layer, which is used as the water-sensitive
element, is coated on the MSP sensor platform. As shown in Figure 2.12, the crosslinking
reaction occurred between GA and PVA to form a network structure. It is known that PVA
contains huge numbers of hydroxy groups. These hydroxy groups absorb/desorb water
molecules in the environment, forming hydrogen bonds with water molecules. As a result,
PVA changes its mass with respect to the humidity variation in the environment [97,98].
Similar to the humidity sensing mechanism of the CNF-MSP sensor, as the PVA layer is
tightly attached to the MSP sensor platform, the overall mass of the sensor changes with the
variation of humidity so that the humidity can be continuously measured from the ARF of the

sensor. In summary, the MSP sensor platform coated with a humidity-sensitive element, i.e.,
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crosslinked PVA layer, can be used as a water-mass-based sensor for the irrigation process in

agriculture applications.
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Figure 2.11 Crosslinked PVA-MSP humidity sensor and the humidity sensing principle.
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Figure 2.12 Crosslinking reaction formula between PVA and glutaraldehyde (GA) to form a

crosslinked PVA network.

2.4.1 Crosslinking characterized by determination of PVA/GA ratio

PVA is considered a very promising humidity sensing element, due to its high water
absorption ratio (higher than CNF), large humidity sensing range, fast sensing response, and
high stability [97,99]. Therefore, using PVA as the water-sensitive element can improve both

the sensitivity and response time of the MSP-based humidity sensor, compared with the
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newly developed CNF-MSP sensor. However, the major drawback is that PVA alone could
not withstand water immersion as the sensor might be directly exposed to water during
irrigation. By crosslinking, the PVA film was modified to obtain water resistance capability
[100,101]. An issue comes out that as PVVA gains water-resistant capability by crosslinking,
considerable numbers of hydroxy groups in PVA are grafted, hence, humidity sensing
sensitivity would decrease. Therefore, a systematic study was first carried out to optimize the
ratio of PVA to the crosslinker, glutaraldehyde (GA), to obtain a crosslinked PVA film while
maintaining a high humidity sensing sensitivity. Second, the influence of different humidity,
and different thicknesses of the crosslinked PVA layer on the sensing response of the
crosslinked PVA-MSP sensors, and their comparison with the (pure) PVA-MSP sensors
without crosslinking of PVA were studied, respectively. Third, the long-time stability and
water resistance of the crosslinked PVA-MSP humidity sensor were analyzed, respectively.
2.4.1.1 Remaining mass and weight gain of the crosslinked PVA films

Figure 2.13 shows the crosslinked PVA remaining mass while the PVA film is water
immersed for 24 hours followed immediately by the oven-dry (two times of 12 h water
immersion and dry processes) and the weight gain of the PVA film under humidity of 95%
RH respect to the film in dry condition. Table 2.4 reveals that the remaining mass of the
crosslinked PVA films prepared by different crosslinking ratios of GA: PVA after water
immersion for 24 h is retained without further loss of the mass except for the remaining mass

of pure PVA film (GA: PVA=0:1).
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Figure 2.13 Percentage of average remaining mass of the crosslinked PVA films prepared by

the different molar ratio of GA: PVA after water immersion for 24 h (12 h + 12 h) and

percentage of weight gain of the films under humidity of 95% RH.

Table 2.4 The remaining mass of the crosslinked PVA films prepared by different crosslinking

ratios of the crosslinker, GA: PVA after water immersion for one time of 12 h and the second

time of another 12 h.

Mass Remaining mass Remaining mass Remaining mass
Weight ratio  Molar ratio
before  after 1512 h water  after 2" 12 h water after 3912 h
of GAand of GAand
tests immersion immersion water immersion
PVA PVA
(mg) (mg) (%) (mg) (%) (%)
98.7 86.5 85.1
0:1 0:1 88.6 76.2 86.4 73.7 84.2 83.3
88.3 75.6 735
84.8 80.1 79.7
1:400 4:1 71.6 67.7 94.5 67.4 94.1 94.0
83.1 78.4 78.2
65.1 61.9 61.8
1:200 8:1 95.1 95.0 95.0
61.7 58.7 58.7
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72.9 69.3 69.3

55.6 53.4 53.3

1:100 16:1 86.2 82.4 959 824 957 95.7
68.7 65.9 658
65.8 63 62.9

1:50 33:1 69.7 66.9 959 669 959 95.9
68.1 65.4 654
76.3 73.7 73.6

1:20 83:1 74.4 71.2 9.0 712  96.0 96.0
98 93.8 © 938
75.2 72.6 72.5

1:8 208:1 75.8 73.6 9.6 736 965 96.5
82.1 78.9 - 789
90.4 87.3 87.2

14 416:1 45.9 445 96.8 445 9638 96.8
68.6 66.5 665
324 31.6 31.6

1:2 830:1 57 55.7 975 556 975 97.5
44.1 42.9 429

From Figure 2.13, the remaining mass of the PVA film after water immersion of 24 h and
the immediate drying process firstly increases dramatically with increasing molar ratio of GA:
PVA. The reason is that, as the crosslinker, GA, increases, films are crosslinked by forming a
network, gaining a water-resistant capability for the PVA film and preventing its weight loss
during water immersion. However, the plot of the mass that remained after water immersion

is nearly flattened and is increased very slowly when the molar ratio of GA: PVA is higher
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than 16:1. The reason is that, as the crosslinker, GA, increases, a crosslinked PVA network is
formed and only small numbers of non-crosslinked segments of PVA are removed from the
PVA film by water immersion. In contrast, as shown in Figure 2.13 and Table 2.5, the weight
gain of the PVA film under humidity of 95% RH slightly decreases at first with an increasing
molar ratio of GA: PVA, due to that the hydroxy groups are slightly consumed from
crosslinking reactions with GA and sufficient numbers of hydroxy groups are still existed to
contribute to humidity sensing. When the molar ratio of GA: PVA is higher than 208:1, the
weight gain of the crosslinked PVA film under humidity of 95% RH significantly decreases,
as the crosslinking density is very high and fewer hydroxy groups are existed in the PVA film
to form hydrogen bonds with water molecules [99,100]. It should be mentioned that when the
crosslinking density increases, more hydroxy groups are consumed to form the crosslinking
points between the adjacent PVA chains and there should be fewer water-molecule bonding
sites in the PVA, resulting in a fast decrease in the water weight gain of the crosslinked PVA
film with increasing the crosslinking density. However, the water weight gain only decreases
very slightly with increasing the crosslinking density. This interesting phenomenon will be
discussed in Section 2.4.1.3 when analyzing DSC plots of the crosslinked PVA films. Besides,
when the molar ratio of GA: PVA is higher than 103:1, the crosslinked PVA film gets brittle
and even crumpled, losing its physical adhesion capability to the substrate, i.e., the MSP
sensor platform. The brittle film obtained from the high molar ratio of GA: PVA is shown by
the blue color area in Figure 2.13. In summary, an optimized molar ratio of GA: PVA is from
16:1 (1:100 in weight ratio) to 33: 1 (1:50 in weight ratio), where theoretically a PVA chain

has from 16 to 33 crosslinking points connected to other PVA chains. In this crosslinking
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density range, a strong water resistance, and a good film adhesion (to the MSP sensor
platform) can be obtained for the manufacture of the crosslinked PVA-MSP humidity sensors

while a superior humidity sensing/water absorption capability is also retained.

Table 2.5 Percentage of water weight gain of the crosslinked PVA films from dry condition

prepared by the different molar ratio of the crosslinker, GA: PVA under humidity of 95% RH.

Weight ratio of GAand PVA  0:1  1:400 1:200 1:100 1:50 1:20 1:8 1:4 1:2

Molar ratio of GA and PVA 0:1 4:1 8:1 16:1 33:1 83:1 208:1 416:1 830:1

Water weight gain / wt.% 283 281 283 278 267 262 257 199 9.9

2.4.1.2 FTIR analysis

To further verify the occurrence of the crosslinking reaction of the PVA, FTIR
transmittance spectrums of three PVA films with different GA/PVA wt. ratios (0:1, 1:100,
1:20) are measured and analyzed. As shown in Table 2.6 and Figure 2.14(a), the transmittance
peaks of different stretching and bending vibrations are identified. A broad peak is observed
at a wavenumber of about 3282 to 3292 cm™ for all three samples, which implies a stretching
vibration of O-H (hydroxyl group). It reveals the existence of -OH groups on the backbone of
PVA [101-104]. A sharp peak can be observed at 2940 cm™ for all three samples, which
implies sp® C-H stretching vibration [101,103]. As is widely known, sp® C-H bonds largely
exist in alcohol-like structures, such as PVA. In the fingerprint region below 1500 cm™, there
are four major peaks. A peak at 1417 cm™ implies a bending vibration of sp® C-H. A peak at
1328 cm implies a bending vibration of the -CHs group. A peak at 1087 cm™ represents a

stretching vibration of C-O. It is another piece of evidence of the existence of the hydroxyl
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group which has been verified at the vibration peak from 3282 to 3292 cm™. A peak at 839

cm?

implies a bending vibration of sp? C-H. Moreover, small peaks at a wavenumber of 965

cm™? can be observed for the PVA samples with GA/PVA wt. ratios of 1:100 and 1:20,

however, could not be observed for the pure PVA sample. The vibration peak at 965 cm™ is

probably evidence of the formation of acetal rings (C-O-C stretching) from the acetal reaction

[104].
Table 2.6 Transmittance peaks of different stretching and bending vibrations.
Bond O-H C-H C-H -CH; C-O C-0-C C-H
Vibration mode Stretch  sp®stretch sp®bend Bend Stretch Stretch  sp? bend
Vibration peak / cm™?  3282-3292 2940 1417 1328 1087 965 839
(a) ) (b) 150 Po——
|/ . —=—Data points
v ”“"M /NS AL L - ~
o \ fV v = 145 ..
< Favi ‘f‘ 1 /'l — ,-’\"- B I
% N \,‘. ,-' v //’”’_‘}m\ . \ ‘15;6;217 é N
E \ . f"/‘l / 17113 “If‘l/\. WJAY\’ v | % 1.40
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Figure 2.14 FTIR transmittance spectrums of PVA films with different GA/PVA wt. ratios (a);

and relative peak intensity of stretch vibration of O-H (hydroxyl group) to the peak intensity

of the stretch vibration of sp® C-H vs. GA/PVA in wt. ratio (b).

The peak intensity of sp® C-H bonds has always been used as the reference peak intensity
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to analyze and determine the relative amount of the other bonds in the material, owing to its
stability before and after the crosslinking reaction [102,103,105]. Therefore, a relative
analysis of the peak intensity of the O-H stretch vibration to the peak intensity of the sp® C-H
stretch vibration vs. GA/PVA wt. the ratio is conducted. As shown in Figure 2.14(b), the
relative peak intensity of the O-H stretch vibration (-OH group) proportionally decreases with
increasing GA/PVA wt. ratio. As the reaction formula is shown in Figure 2.12, twice the
molar number of -OH is consumed during the crosslinking reaction between GA and PVA.
Therefore, it is another piece of evidence supporting the occurrence of the crosslinking
reaction between GA and PVA to form a crosslinked PVA film.
2.4.1.3 DSC analysis

DSC plots of the pure PVA film (GA: PVA= 0:1) and the crosslinked PVA films with
different molar ratios of GA/PVA are shown in Figure 2.15. For the pure PVA without
crosslinking, the endothermic peak at 223.1°C implies the melting temperature of the
crystalline PVA. The area of the endothermic peak of the pure PVA, which implies the latent
heat (per unit mass), is large (53.77 J.g*) compared with those of the crosslinked PVA, as
shown in Table 2.7. Hence, the crystallinity is high in pure PVA film. Moreover, with the
increasing molar ratio of GA/PVA, the melting temperature of the endothermic peak
decreases, and the peak area/latent heat also decreases. It reveals that the crystallinity of the
crosslinked PVA film decreases with the increase of the crosslinking density, but small
crystals can still be formed in local areas of the long PVA chains in the crosslinked PVA film.
In these cases, the crosslinked PVA film is still very flexible and has good adhesion to the

substrate. As has been described in Section 2.4.1.1, when the molar ratio of GA/PVA
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increases, more hydroxy groups are consumed to form the crosslinking points between the
adjacent PVA chains and there should be fewer water-molecule bonding sites in the PVA,
resulting in a fast decrease of the water weight gain of the crosslinked PVA film with
increasing the molar ratio of GA/PVA. However, the water weight gain only decreases very
slightly with increasing the molar ratio of GA/PVA. This phenomenon can be explained by
analyzing the DSC plots. That is, the crystallinity of the crosslinked PVVA decreases with
increasing the molar ratio of GA/PVA, releasing substantial numbers of the PVA chains in an
amorphous state instead of the crystals. These released PVA chains in the amorphous state
contain the hydroxy groups, contributing to the absorption of the water molecules. Therefore,
the consumption of the hydroxy groups by the crosslinking reaction and the release of the
amorphous PVA chains with the hydroxy groups somehow cancel out mostly with each other,
resulting in a very slight decrease of the humidity sensitivity (implied by the weight gain of
the crosslinked PVA film) with increasing molar ratio of GA/PVA in a wide range which is
clearly shown in Figure 2.15. Eventually, the endothermic peak of the crosslinked PVA
vanishes in the molar ratio of 208:1, which reveals that the crosslinking density is so high that
even small crystals could not be formed in local areas of the long PVA chains. However, as
has been illustrated in Figure 2.15, by observation, the crosslinked PVA film with this high

crosslinking density coated on the substrate is highly crumpled.
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Figure 2.15 DSC plots of the pure PVA film (GA: PVA = 0:1) and the crosslinked PVA films

with different molar ratios of GA/PVA.

Table 2.7 Melting temperature (Tm), melting temperature change (ATm), and latent heat (AH)
of the crosslinked PVA films with different weight/molar ratios of GA: PVA obtained from

the analysis of their exothermic peaks (0:1 implies pure PVA).

Weight ratio of GA and PVA 0:1 1:100 1:50 1:20 1:8
Molar ratio of GA and PVA 0:1 16:1 33:1 83:1 208:1
Tm/°C 223.1 208.7 204.2 192.6 /
ATm/°C / 14.4 18.9 30.5 /
AH / Jog?t 53.77 40.01 32.59 11.07 /

2.4.2 SEM surface morphology of the crosslinked PVA layer coated on the MSP

SEM surface morphology of the crosslinked PVA layer coated on the MSP sensor platform
is shown in Figure 2.16. In magnification of >600, its surface is smooth without observable
defects, such as crumpled surfaces or micro-holes. It seems that the crosslinking density
might have a little fluctuation in the PVA film as observed in the SEM image. The reason

might be that the crosslinking reaction occurs successively in each local area to form the
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crosslinked PVA film.

Figure 2.16 SEM surface morphology of the crosslinked PVA film coated on the MSP sensor

platform.

2.4.3 Responses of the crosslinked PVA-MSP and the PVA-MSP humidity sensors at
different humidity levels

The humidity responses of the sensors with the crosslinked PVA layers in thicknesses of 3
um and 4 pm are shown in Figure 2.17. Figures 2.17(a), 2.17(c) show one humidity cycle
between different high humidity levels and low humidity of 54% RH and the corresponding
RF vs time plots in different humidity cycles under different high humidity levels,

respectively.
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Figure 2.17 Resonant frequency responses of the sensors with 3 um and 4 pm crosslinked
PVA layers under different humidity levels, respectively. (a) Resonant frequency (RF) vs time
plots; and (b) corresponding relative humidity (RH) vs time plots of the sensor with 3 um

crosslinked PVA layer in one humidity cycle; (c) delta resonant frequency (ARF) vs time
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plots of the sensor with 3 um crosslinked PVA layer when the humidity is decreased to 54%
RH; (d) RH vs time plots; and (e) corresponding RH vs time plots of the sensor with 4 um
crosslinked PVA layer in one humidity cycle; (f) ARF vs time plots of the sensor with 4 um

crosslinked PVA layer when the humidity is decreased to 54% RH.

Similar to the responses of the CNF-PVA humidity sensor, for each test of a high RH, the
RF of the crosslinked PVA-MSP sensor significantly decreases with increasing humidity and
eventually reaches a saturated value and then, increases with decreasing humidity and reaches
a saturated value at low frequency. It is found that the RF finally goes back to the initial RF at
the beginning of the test for each humidity cycle. Besides, as has been illustrated in Section
2.1.4, to study the response time and calculate the ARF of the crosslinked PVA-MSP sensor,
it is necessary to further analyze the response of the sensor in the humidity decreasing
process. To analyze the performance of the humidity responses of the crosslinked PVA-MSP
sensors with the crosslinked PVA layers in thicknesses of 3 um and 4 um, it is necessary to
further analyze the RF data and calculate the ARF by Eq. (2-4) in the humidity decreasing
process of the humidity cycle exhibited in Figures 2.17(b), 2.17(e). The ARF versus time
plots of the sensors are shown in Figures 2.17(c), 2.17(f) respectively.

The data points of In(1-ARF/ARFsg) vs time of the crosslinked PVA-MSP sensor when the
humidity is decreased are shown in Figure 2.18(a). However, the data points are not
following a linear relationship, and hence, cannot be fitted by Eq. (2-3). An alternative fitting
method is used to fit just the linear portion of the data. After the determination of A, the

fitting curve by Eq. (2-2) is plotted in Figure 2.18(c). However, when the humidity is
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decreased, the fitting curve of ARF somewhat deviates from those of the tested data points.
Therefore, this classic model is not very suitable to fit the time-dependent humidity response

of the crosslinked PVA-MSP sensor.
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Figure 2.18 Schematics of the fittings of the data points of the crosslinked PVA-MSP sensor
when humidity is decreased. (a) Ln(1-ARF/ARFsa) vs time and linear fittings of the linear
part (first 28 data points) by three different ARFsat values; (b) linear fitting of the data points
of logarithm delta resonant frequency (InARF) vs time™ (min™); (c) different fitting methods

to fit the data points of delta resonant frequency (ARF) vs time.

Arrhenius-like Eq. (2-4) and Eqg. (2-5) are used to fit the data points of the ARF vs time and

the logarithm ARF vs time?® (min?), respectively, as shown in Figure 2.18. From Figure
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2.18(b), the linear fitting result by Eq. (2-5) can be observed, which is acceptable. As shown
in Figure 2.18(c), the fitting result by Eq. (2-4) can better describe the tested data points than
that of the fitting result by Eq. (2-2), implying that the Arrhenius-like Eq. (2-4) is very
suitable to be used to describe the time-dependent humidity response of the newly developed
crosslinked PVA-MSP sensor.

The average values of the ARFs for five-cycle tests of the sensor with a 4 um crosslinked
PVA layer is 58.6, 187.9, 372.6, 632.5, 887.3 Hz, when humidity decreases from 59%, 69%,
76%, 85%, 95% RH, to 54% RH, respectively. The average values of the ARFsx for five-
cycle tests of the sensor with a 3 um crosslinked PVA layer is 43.4, 142.3, 278.1, 448.6, 639.9
Hz, when humidity decreases from 59%, 69%, 76%, 85%, 95% RH to 54% RH, respectively.
It is found that the ARFss of the sensors with 3 um and 4 um crosslinked PVA layers are close
to linearly dependent on RH, respectively, as shown in Figure 2.19. The coefficients of
determination (R?) of the linear fittings for the sensors with 3 pm and 4 um crosslinked PVA
layers are 0.993 and 0.991, respectively. The sensitivity of 17.0 Hz/%RH and 23.6 Hz/%RH
of the sensor with 3 pm and 4 pm crosslinked PVA layers, respectively, are obtained from the
slops of the linear fittings in Figure 2.19. It has also been tested and analyzed that the
standard deviation for five tests is less than 20 Hz. Besides, the analysis of the response times
of the sensors with different thicknesses of the crosslinked PVA layer will be studied in the

next Section.
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Figure 2.19 Calculated data points of saturated delta resonant frequency (ARFsat, i, 1=1,2) of
the sensor with 3 um and 4 pum crosslinked PVA layers vs relative humidity (RH) and their

linear fittings.

The humidity responses of the sensor with a 4.7 um PVA layer without crosslinking (i.e.,
pure PVA layer) are shown in Figure 2.20. Figures 2.20(a), 2.20(b) show one humidity cycle
between different high humidity levels and low humidity of 54% RH and the corresponding
RF vs time plots in different humidity cycles under different high humidity levels,
respectively. The RF of the PVA-MSP sensor significantly decreases with increasing
humidity and eventually reaches a saturated value and then, increases with decreasing
humidity and reaches a saturated value at low frequency. The RF finally goes back to the
initial RF at the beginning of the test for each humidity cycle. Figure 2.20(c) shows the ARF
vs time plots for the sensor with a 4.7 um PVA layer, which are calculated by Eq. (2-4) from
the data plots in Figure 2.20(a), when decreasing humidity from different high humidity
levels to the low humidity of 54% RH. After linear fittings by Eq. (2-5) on the data points of
the logarithm ARF vs time (min™), the average values of the ARFs are calculated to be 86.0,

265.2, 465.7, 758.9, 1044.1 Hz, when humidity decreases from 59%, 69%, 76%, 85%, 95%
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RH, to 54% RH, respectively. It is observed that the ARFsa of the sensor with a 4.7 um PVA
layer is close to linearly dependent on RH, as shown in Figure 2.20(d). The coefficient of
determination (R?) of the linear fitting for the sensor is 0.992. The sensitivity of 27.4
Hz/%RH of the PVA-MSP sensor with a 4.7 um PVA layer is obtained from the fitting plot. It
has also been tested and analyzed that the standard deviation for five tests is less than 20 Hz.
Besides, the analysis of the response times of the sensors with different thicknesses of the

(pure) PVA layer will be studied in the next Section.
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Figure 2.20 Resonant frequency responses of the sensor with a 4.7 um PVA layer without
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crosslinking under different humidity levels. (a) Resonant frequency (RF) vs time plots; and
(b) corresponding relative humidity (RH) vs time plots in one humidity cycle; (c) delta
resonant frequency (ARF) vs time plots when humidity is decreased; (d) Saturated delta

resonant frequency (ARFsat) vs relative humidity (RH).

2.4.4 Sensor responses at different thicknesses of the crosslinked PVA and pure PVA
layers

The RF responses of the sensors with different thicknesses (2.2~10 pum) of the crosslinked
PVA layer are also investigated, as shown in Figure 2.21. Figure 2.21(a) shows the RF vs
time plots in one humidity cycle for different thicknesses of the PVA layer. In this study, the
RFs of the sensors at 54% RH are in the range of 160 kHz to 164 kHz, as shown in Table 2.8.
All the sensors exhibit consistent responses that the RFs decrease with increasing RH and
increase with decreasing RH. The ARF vs time plots of the sensors with different thicknesses
of the PVA layer when RH is decreased from 85% to 54% are calculated by Eq. (2-4) from
the data plots of Figure 2.21(a) and shown in Figure 2.21(b). With decreasing RH, the ARF
rapidly changes and finally reaches a constant (i.e., saturated) value. Furthermore, the values
of the ARFss and the fitting constant B in the linear fitting Eq. (2-5) for the sensors with
different thicknesses of the crosslinked PVA layers are listed in Table 2.8, which implies that
both the values of ARFss;t and B roughly decrease with the decrease of the thickness of the

crosslinked PVA layer, respectively.
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Figure 2.21 Resonant frequency responses of the sensors with different thicknesses (2.2~10
um) of the crosslinked PVA layer tested in the same humidity range between 54% and 85%
RH. (a) Resonant frequency (RF) vs time plots in one humidity cycle; (b) delta resonant
frequency (ARF) vs time plots when decreasing humidity; (c) saturated delta resonant

frequency (ARFsa) of the MSP sensor and the response time (taow) Vs the thickness of the

crosslinked PVA layer, respectively.

It is found that the ARFsa of the MSP sensor is linearly dependent on the thickness of the
PVA layer, as shown in Figure 2.21(c). The coefficient of determination (R?) of the linear
fitting is 0.998. By the linear fitting, the ratio of the ARFsx over the thickness is 183.74
Hz/um for the tested humidity level, which is, besides the parameters of the MSP sensor

platform, one of the influencing parameters to control the humidity sensitivity of the
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crosslinked PVVA-MSP sensor.

Table 2.8 Base resonant frequencies (RFo) of the crosslinked PVA-MSP sensors with different
thicknesses of the crosslinked PVA layers at 54% RH and saturated delta resonant frequency
(ARFsat) when humidity decreases from 85% RH to 54% RH and linear fitting constant (B)

fitted by Eq. (2-4).

Thickness of the
10.0 8.5 7.2 6.5 5.0 4.0 3.0 2.2
crosslinked PVA

RFo/ Hz 163354 163289 163836 162320 162253 161476 161924 162205
ARFsat / Hz 1703 1534 1288 1106 875 616 436 331
B 4.07 3.87 4.34 3.53 2.19 1.64 1.80 1.88

The RF responses at different times of the sensors with different thicknesses of the
polymer layer are also shown in Figure 2.21(c). It reveals that the response time of the
sensors is more than a few minutes long and is linearly increased as the thickness of the PVA
layer is increased. Since a three-dimensional network is formed by crosslinking of the PVA
chains, the network structure hinders the diffusion of the water molecules and it takes time
for the water molecules to penetrate through the PVA layer during the water
absorption/desorption process. Therefore, the response time of the sensors is long and
increases with the thickness of the PVA layer. It is preferable that the response time of the
sensor can be shortened by reducing the thickness of the PVA layer. On the contrary, a large
ARFss, which contributes to high sensitivity, is required by increasing the thickness of the

PVA layer. For instance, to obtain a response time of about 12.9 min, a sensitivity of 15.5
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Hz/%RH is obtained for the sensor with a 3 um PVA layer. Moreover, to obtain a response
time of about 9.8 min, a sensitivity of 9.5 Hz/%RH is obtained for the sensor with a 2 um
PVA layer. For agriculture applications, it is necessary to select a good match of the response
time and humidity sensitivity. The response time should be no more than 10 min to achieve a
fast-sensing response. Therefore, a preferable thickness range of the crosslinked PVA layer is

probably from 2 um to 3 um.
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Figure 2.22 Resonant frequency responses of the sensors with different thicknesses from 1
um to13.8 um of the (pure) PVA layers. (a) Resonant frequency (RF) vs time plots in one
cycle humidity test; and (b) delta resonant frequency (ARF) vs time plots when decreasing

humidity.

The RF responses of the sensors with different thicknesses (1~13.8 um) of the PVA layer
without crosslinking are also analyzed, as shown in Figure 2.22. Figure 2.22(a) shows the RF
vs time plots in one humidity cycle for different thicknesses of the PVA layer. In this study,
the RFs of the sensors at 54% RH are in the range of 160 kHz to 164 kHz, as shown in Table
2.9. All the sensors exhibit consistent responses that the RFs decrease with increasing RH and

increase with decreasing RH. The ARF vs time plots of the sensors with different thicknesses
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of the PVA layers, when RH is decreased from 85% to 54%, are calculated by Eq. (2-4) from
the data plots of Figure 2.22(a) and shown in Figure 2.22(b). With decreasing RH, the RF

rapidly changes and finally reaches a constant value.

Table 2.9 Base resonant frequencies (RFo) of the (pure) PVA-MSP sensors with different
thicknesses of the (pure) PVA layers at 54% RH and saturated delta resonant frequency
(ARFsat) when humidity decreases from 85% RH to 54% RH and linear fitting constant (B)

fitted by Eq. (2-4).

Thickness

13.8 9.8 8.1 6.9 6.2 5.2 4.7 3.9 15 1.0
of PVA

RFo/Hz 159965 160598 162153 162389 162546 162505 163196 163419 163046 163153

ARFsat / 2276 1834 1618 1152 1046 860 759 495 308 237

Hz

B 2.06 1.79 1.50 0.68 1.16 0.99 0.46 0.59 0.22 0.29

The values of ARFss and the fitting constant B in the linear fitting Eq. (2-5) for the sensors
with different thicknesses of the PVA layers are fitted and listed in Table 2.9, which implies
that both the values of ARFst and B roughly decrease with the decrease of the thickness of
the PVA layer, respectively. It is observed that the ARFsa of the sensor is linearly dependent
on the thickness of the PVA layer, as shown in Figure 2.23(a) and Table 2.9. It is also found
that the fitting slopes of the ARF with respect to the thickness of the polymer layer for both
crosslinked and non-crosslinked PVVA-MSP sensors are very close/identical, which means the

sensitivities are close to the same value. It is a parameter to select the suitable thickness of the
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CNF layer, which can determine the humidity sensitivity of the CNF-MSP sensor. Therefore,
the PVA crosslinking cannot influence the sensitivity of the sensors. This is due to that the
crosslinking density is too small to consume many of the hydroxy groups in the PVA
backbones, which does not influence hydroxy groups in huge numbers to bond with water
molecules. Moreover, by crosslinking, some amorphous PVA chains are released from the
PVA crystal, as observed from the DSC results in Section 2.4.1.3, which contributes to the
humidity sensitivity and partially cancels out the sensitivity decreasing mechanism from the
consumption of some hydroxy groups in the PVA by crosslinking. In comparison, the
sensitivity of the sensors with the CNF layer (i.e., 137.6 Hz/um) is much lower than those of
the sensors with the PVA layer and crosslinked PVA layer (i.e., 173.1 Hz/um and 183.7
Hz/um), respectively, which verifies the PVA has better humidity sensitivity than the CNF as
a water sensitive element. However, as shown in Figure 2.23(b), the response times (toos) of
the sensors, which exhibit linear relationships with the thickness of the polymers (i.e., CNF,
PVA, crosslink PVA) having the coefficient of determination (R?) of the linear fittings of
0.944, 0.973, 0.982, respectively, show that the crosslinking of PVA prolongs the response
time by a factor of about 2 compared with those of the sensors with non-crosslinked PVA
layer. The reason is that the crosslinking reaction of GA and PVA increases the density of the
PVA film, resulting in a delayed diffusion/penetration of water molecules through the PVA
layer. However, the response time of the sensors with the crosslinked PVA layer is much
shorter than those of the sensors with the CNF layer. In summary, the sensors with the
crosslinked PVA layer have better humidity sensitivity/sensing performance than those CNF-

based sensors in both the humidity response and response time.
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Figure 2.23 Comparisons of the sensors with different polymer layers (CNF/pure
PVA/crosslinked PVA layers) in different thicknesses. (a) Relation between the saturated delta
resonant frequency (ARFsat) of the sensors (with CNF/PVA/crosslinked PVA layer) and the
thickness of the polymer layers, respectively; (b) Relation between the response time (too-i,
1=1,2,3) of the sensors (with CNF/PVA/crosslinked PVA layer) and the thickness of the

polymer layers, respectively.

2.4.5 Long-time stability of the crosslinked PVA-MSP humidity sensor

The long-time stability of the sensor has been tested for a period of 20 days under the same
humidity cycle of 54%-85%-54% every day. The monitored humidity response of the PVA-
MSP sensors with a 4 um crosslinked PVA layer is shown in Figure 2.24. Resonant frequency
(RF) of the sensor in 20 diurnal cycle humidity tests between 54% and 85% RH are depicted
in Figure 2.24(a). Moreover, the ARF of the sensor when RH increases and decreases in 20
diurnal humidity cycles are calculated by Eq. (2-4). As a result, the stability of the sensor in
20 cycles when RH is increased and decreased is shown in Figure 2.24(b). The ARFsy tested
for 20 days is almost identical with very little random fluctuation. Furthermore, it is found

that the fluctuation of the ARFsa in either increasing or decreasing humidity is less than #30
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Hz, which reveals that such a sensor is possible to detect humidity with an accuracy of no
more than 22% RH. The reason for the fluctuation of the tested results might be related to
stresses that are generated between the PVA layer and the MSP sensor. It seems that those
stresses are reversible in each cycle and not accumulated over time. In summary, the good

stability of the crosslinked PVA-MSP sensor in the 20-day test has been verified.
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Figure 2.24 Long-time stability of the PVA-MSP sensor with 4 pm crosslinked PVA layer in a
20-day test under the same humidity cycle of 54%-85%-54% RH every day. (a) The resonant
frequency (RF) of the sensor for 20-cycle humidity tests in 20 days; (b) comparison of the
saturated delta resonant frequency (ARFsat) of the sensor tested in 20 days for both increasing

and decreasing humidity.

The long-time stability of the sensor has been tested for a period of 12 days under the same
humidity cycle of 54%-85%-54% every day. The humidity response testing results of the
sensor with a 4.4 um non-crosslinked PVA layer are shown in Figure 2.25. RF of the sensor
in 12 diurnal cycle humidity tests between 54% and 85% RH are depicted in Figure 2.25(a).
Moreover, the ARF of the sensor when RH increases and decreases in 12 diurnal cycles is

calculated by Eq. (2-4). As a result, the stability of the sensor in 12 cycles when RH is
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increased and decreased is shown in Figure 2.25(b). The ARFss is almost identical with a
little random fluctuation. Furthermore, it is found that the fluctuation of the ARFsa in either
increasing or decreasing humidity is less than 255 Hz, which reveals that such a sensor is
possible to detect humidity with an accuracy of no more than #3.5% RH. The main reason for
the fluctuation of the tested results might be related to the partial dissolution of the non-
crosslinked PVA chains in PVA film while absorbing water molecules at high humidity.
Moreover, stresses that are generated between the PVA layer and the MSP sensor platform
during the humidity test might be another reason. It seems that these two possible influencing
reasons are reversible among cycles and not accumulated over time. In comparison, as shown
in Figures 2.24(b), 2.25(b), the humidity sensing stability of the sensor with the crosslinked
PVA layer is better than that of the sensor with the pure PVA layer. Among all the three MSP
sensors (i.e., CNF/PVA/crosslinked PVA-MSP sensor), the crosslinked PVA-MSP sensor has

the best long-term stability.
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Figure 2.25 Long-time stability of the PVA-MSP sensor with 4.4 pm non-crosslinked PVA
layer in a 12-day test under the same humidity cycle of 54%-85%-54% RH every day. (a) The
resonant frequency (RF) of the sensor for 12-cycle humidity tests in 12 days; (b) comparison

of the saturated delta resonant frequency (ARFsat) of the sensor for both increasing and
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decreasing humidity.

2.4.6 Water resistance of the crosslinked PVA-MSP humidity sensor

Water-resistant capability is important for humidity sensors. If the water immersion of the
sensor causes dissolution or damage to the PVA layer, a false signal and unexpected RF
change can be introduced. The water-resistant capability experiments on the crosslinked
PVA-MSP sensor with a 5 um crosslinked PVA layer is conducted, as shown in Figure 2.26. It
is found that the RF response of the sensor after being immersed in water for six hours is
consistent with that of the original sensor without water immersion. This good stability can
be attributed to the network structure of the PVA film and its considerable flexibility and tight
adhesion to the sensor platform. Therefore, based on the water resistance of the crosslinked
PVA, it shows that the crosslinked PVA-MSP sensor can work in an environment that might

experience direct water immersion and still provide reliable humidity measurement results.
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Figure 2.26 Resonant frequency (RF) vs time plots of one humidity cycle (54%-85%-54%

RH) for the (original) crosslinked PVVA sensor and the sensor immersed in water for 1 h and 6

h, respectively.
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2.4.7 Temperature dependence of the crosslinked PVA-MSP humidity sensor

The humidity sensing characteristics of different kinds of humidity sensors can be affected
by temperature [106]. Therefore, a temperature influence on the RF response of the newly
developed humidity sensor should be considered, and a temperature coefficient should be
measured and determined for compensation of the humidity sensing.

Both the characteristics of the crosslinked PVA layer and the MSP sensor can be influenced
by temperature. On one hand, the water-bonding ability of hydroxy groups of the water-
sensitive PVA can be influenced by the temperature. The RF of the MSP sensor is also
affected by temperature according to thermodynamics.

In agriculture applications, a typical temperature fluctuation range in the soil is about from
5 °C to 40 °C. Therefore, the crosslinked PVA-MSP sensor was tested at different
temperatures from 5 °C to 40 °C to characterize the temperature influence on the RF and the
sensitivity. The temperature testing range has been determined based on the data on the

fluctuation of the soil temperature [107,108].

Table 2.10 Standard relative humidity (RH) generated by two saturated salt solutions at

various temperatures.

ARH between two

. o 0
Saturated salt solution Temperature / °C RH/% humidity levels / %
10 57.4
20 54.4
Mg(NOs), 30 51.4 /
40 48.4
10 86.8 29.4
20 85.1 30.7
KCl 30 83.6 32.2
40 82.3 33.9
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As shown in Table 2.10, due to the different humidity generated at different temperatures
in the humidity boxes, the tested results of the crosslinked PVA-MSP sensor undergo a
humidity correction to get the same humidity levels to calculate the temperature coefficient.
That is, to correct the RF of the sensors at various temperatures to the same (low and high)

humidity levels generated in the humidity boxes at 20°C, as illustrated in Table 2.11.

Table 2.11 RH corrected resonant frequency (RF) and the corresponding saturated delta
resonant frequency (ARFs.) of the crosslinked PVA-MSP humidity sensor at various

temperatures.

ARFsat Obtalned

Temperature  ARH ARF per Modified RF at low Modified RF at high from the fittings /

/°C 1% 1% RH RH of 54.4% / Hz RH of 85.1% / Hz Hy
10 29.4 15.11 163311 162879 463.77
20 30.7 14.80 163290 162838 454.41
30 32.2 14.03 163272 162786 430.59
40 33.9 13.18 163243 162743 404.62

After the humidity correction, Figure 2.27(a) shows the temperature dependence of the
crosslinked PVA-MSP sensor with a 3 um PVA layer on the RF tested at two humidity levels
of 54% RH (low RH) and 85% RH (high RH), respectively. A bare MSP sensor is also tested
at different temperatures for comparison. As a lack of water absorption element, PVA, of the
bare MSP sensor, the same RF is shown at any humidity levels at each tested temperature. It
is found that its RF decreases with increasing temperature with a temperature coefficient of
8.08 Hz/°C. In comparison, the crosslinked PVA-MSP sensor with a 3 um PVA layer has a
lower RF than that of the bare MSP sensor at each tested temperature, due to the PVA mass

loading on the sensor. It is shown that the RF of the crosslinked PVA-MSP sensor also
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decreases with increasing temperature at two tested humidity levels, respectively. However,

the temperature coefficients (shown by the fitting slopes) of the sensor, which are 2.21 Hz/°C,

and 4.58 Hz/°C, at two tested humidity levels, 54% RH, and 85% RH, respectively, are both

smaller than that of the (bare) MSP sensor. By further analysis, as shown in Figure 2.27(b),

the ARFsat Of the crosslinked PVA-MSP sensor tested between two humidity levels of 54%

and 85% RH has a little temperature dependence with a temperature coefficient of about 2.01

Hz/°C. The reason is probably that the water bonding ability of hydroxy groups of the

crosslinked PVA is also influenced by temperature, and interestingly, the temperature

influence on the temperature coefficient of the crosslinked PVA counteracts that of the

temperature influence of the MSP sensor. With these two counteracting effects, the

temperature coefficient of the crosslinked PVA-MSP sensor has a relatively small

temperature coefficient.

(a) 164800

164600 -
164400 -

164200

164000 [
T 163800 [
T 163600 [
& 163400 [
163200 [
163000 [
162800 [
162600 [

= MSP sensor strip
e PVA-MSP at low RH
A PVA-MSP at high RH
t—— Linear fittings

| —

— -

L L L
10 20 30 40
Temperature / °C

= Data points
Linear fitting

. . .
20 30 40
Temperature / 'C

Figure 2.27 Fitting plots of the data after the humidity correction for various temperatures

(i.e., correct the humidity to that generated at 20°C) to determine the temperature coefficients.

(@) The temperature (T) dependence of the crosslinked PVA-MSP sensor with a 3 um PVA

layer on the saturated resonant frequency (RFsa) tested at two humidity levels of 54% RH

(low RH) and 85% RH (high RH), respectively. A bare MSP sensor is also tested at different
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temperatures for a comparison; (b) temperature (T) dependence of the crosslinked PVA-MSP
sensor on the saturated delta resonant frequency (ARFsat) tested between humidity levels of

54% and 85% RH.

2.4.8 Comparison of sensitivity between theoretical calculation and experimental
results

For humidity detection, the sensitivity (Sn) of the crosslinked PVA-MSP humidity sensor is
defined as the ARFsa Of the sensor for each percentage (1%) of RH change. Based on Eq. (1-
3) in Chapter 1.3.1, based on the size of the MSP sensor and water mass absorbed by the PVA
layer loaded on the sensor platform, a sensitivity prediction of the crosslinked PVA-MSP

sensor can be derived in Eq. (2-6):

h . 6] E
Sy =Sm Amy =Sy Mpyy- |8 =Sy L w-hpys-ppya |6l =— R /p3(1_vz)

4Lp

(m<<M) (2-6)
where, M is the mass of the (original) MSP sensor; L, w, and p are the length, width, and
thickness of the sensor, respectively. Amy is the water mass absorbed/desorbed by the PVA
layer when RH varies by 1%; mpva is the dry mass of the PVA layer. Lpva and wpya are the
length and width of the PVA layer, respectively, which are equal to the length and width of
the MSP sensor, respectively; hpya is the thickness of the dry PVA layer; pois the density of
the PVA; ¢ is the water absorption/desorption mass ratio of the PVA when RH varies by 1%.
Some relations can be calculated as follows:
Ototar = 6 - AH (2-7)

AMyorq = Amy - AH (2-8)
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ARFiotqr = Sy " AH (2-9)
where, diotal IS the total water absorption mass ratio of the PVA layer when humidity increases
from 54% RH to 95% RH, which can be experimentally determined (as shown in Table 2.5);
AH is the value of humidity difference, which is from 54% to 95% RH; Amtar is the total
water mass absorbed by the PVA layer when humidity increases from 54% RH to 95% RH;
ARFotar is the saturated resonant frequency of the PVA-MSP humidity sensor when humidity

increases from 54% RH to 95% RH.

Table 2.12 The parameters of the MSP sensor.

Material L/m W/m p/m E/Pa  p/kg/m? v M/g RFo/Hz

2826MB  1.35%102 45x10° 3x10° 1.1x10%  7.9x10° 05 14.4x10° 160x10°

The material (2826MB) parameters and the dimensions of the MSP sensors are listed in
Table 2.12. The humidity sensitivity (Sk) of the PVA-MSP humidity sensors with different
thicknesses of the PVA layers is calculated and listed in Table 2.13. First, the mass sensitivity
can be calculated (5.54 Hz/ug) from some parameters of PVA in Eq. (2-6). Second, the
ARFotal Of the sensor with different thicknesses of the PVA layer when humidity increases
from 54% RH to 95% RH (41% RH difference) can also be calculated, which is shown in
Table 2.13 and Figure 2.28. The calculated ARFta ranges from 119 Hz for the sensor with a
1 um PVA layer to 2382 Hz for the sensor with a 20 um PVA layer, which is listed in Table

2.13.
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Table 2.13 Calculated sensitivity (Sn) of the PVA-MSP humidity sensor with different
thicknesses of the PVA layers. For the PVA layers, L=13.5 mm, w=4.5mm. For humidity tests,
AH=41, which is obtained from 54% RH to 95% RH (41% RH difference). The density of
PVA, ppva, is 1250 kg/m3. Sotal Value of 28.3% (at 95% RH) can be obtained from Table 2.5.

The mass sensitivity in Eq. (2-6) can be calculated (5.54 Hz/ug).

Amy / Su/ ARFy /
hpyva / um Mpva / pg AMiotal / pg ARFotal / Hz
ug/1%RH Hz/1%RH Hz/1%RH
1 76 215 0.53 2.93 119 2.9
2 152 43.0 1.06 5.87 238 59
3 228 64.5 1.59 8.8 357 8.8
4 304 86.0 2.12 11.74 476 11.7
5 380 107.5 2.65 14.67 595 14.7
6 456 128.9 3.17 17.6 715 17.6
7 532 150.4 3.70 20.53 834 20.5
8 608 171.9 4.23 23.46 953 23.5
9 683 193.4 4.76 26.4 1072 26.4
10 759 214.9 5.29 29.33 1191 29.3
11 835 236.4 5.82 32.27 1310 32.3
12 911 257.9 6.35 35.2 1429 35.2
13 987 279.4 6.88 38.14 1548 38.1
14 1063 300.9 7.41 41.07 1667 41.1
15 1139 3224 7.94 44.01 1786 44.0
16 1215 343.8 8.46 46.93 1906 46.9
17 1291 365.3 9.00 49.86 2025 49.9
18 1367 386.8 9.53 52.8 2144 52.8
19 1443 408.3 10.06 55.73 2263 55.7
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20 1519 429.8 10.59 58.67 2382 58.7

Figure 2.28 shows the comparison of the ARFsat between the humidity testing results of the
sensors with different thicknesses of the PVA layers at the humidity of 85% and 95% RH,
respectively, and the calculation results at the humidity of 95% RH. It can be found that the
ARFsst and humidity sensitivity (implied by the slopes in the figure) from experiment testing
results at 95% RH (in blue fitting) are much higher than those from calculated results (in
green fitting). The reason for the large deviation of the humidity sensitivity is possibly due to
that, at different humidity levels, the stress and strain on the MSP sensor are induced by
Young’s modulus change of the PVA layer/film coated on the sensor. With increasing
humidity from 54% RH to 95% RH, the stress and strain gradually increase due to a decrease
of Young’s modulus and a stretch of the PVA layer relative to the rigid MSP sensor with a
large Young’s modulus. This Young’s modulus difference probably contributes to the decrease
of the RF of the sensor. As evidence, a slight bending curve of the MSP sensor can be
observed while increasing humidity from 54% RH to 95% RH, which supports the
assumption that the stress and strain occur between the PVA layer and the MSP sensor while
humidity changes.
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Figure 2.28 Comparison of the saturated delta resonant frequencies (ARFsat) between the
humidity testing results of the sensors with different thicknesses of the PVA layer at the

humidity of 85% and 95% RH, respectively, and the calculated results at 95% RH.

2.5 Conclusions

1. A novel low-cost, in-situ, wireless sensor platform - MSP sensor with a dimension of 13.5
mm X 4.5 mm X 30 um coated by a thin layer of water-sensitive polymers, CNF, and
crosslinked PVA, respectively, was developed.

2. Crosslinked PVA-MSP humidity sensors were developed, which had both water-resistant
capability and high humidity sensing sensitivity. A fundamental study was carried out to
optimize the GA/PVA ratio to obtain the crosslinked PVA film with the best match of water-
resistant capability and water absorption ability. The optimized molar ratio of GA: PVA is in
the range of 16:1 to 83:1.

3. The sensors with crosslinked PVA layers in different thicknesses were tested under
humidity ranging from 54% to 100%. It was found that the sensor signal, i.e., the resonant
frequency of the sensor, is linearly dependent on RH. Moreover, the change in the resonant
frequency of the sensor is also linearly dependent on the thickness of the PVA layer.

4. The sensitivity of the sensors with the crosslinked PVA layer was almost the same as those
of the sensors with the non-crosslinked PVA layer, but much higher than those of the sensors
with the CNF layer. The response time of the sensors with the crosslinked PVA layer was
longer than those of the sensor with the non-crosslinked PVA layer but shorter than those of

the sensors with the CNF layer.
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5. The long-time stability of the sensor with the crosslinked PVA layer was improved
compared with those of the sensors with the non-crosslinked PVA layer and with the CNF
layer.

6. Good stability was obtained during a 20-day test. The humidity response of the sensor after
water immersion was consistent with that of the original sensor without water immersion,

indicating that the sensor can work in an environment that was directly exposed to water.
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Chapter 3 Wireless Humidity Sensor Based on High Dielectric Permittivity Ceramics

In this chapter, another wireless sensor, a type of passive sensor based on an inductance-
capacitance (LC) resonator is introduced by using high permittivity ceramics which is
designed for precision agriculture, i.e., in-situ monitoring soil water.

Like the polymer-MSP wireless humidity sensors developed in Chapter 2, the LC resonant
sensor can also be used as a wirelessly and passively detected humidity sensor with a
compact/small size. Therefore, the passive LC resonant sensor has a promising potential to be
massively used/distributed on the farmlands in soil, where the humidity in different positions
in the farmlands can be wirelessly detected by a handheld device.

The key sensing module in the wireless LC resonator platform is the capacitor. The
dielectric material used in the capacitor and the electrodes-configuration of the capacitor play
important roles in the humidity sensing performance of the wireless LC resonant sensor.
Therefore, in this chapter, the study focuses on the humidity sensing performance (at
different frequencies) of the main sensing module, i.e., a newly found high permittivity core-
shell BTO-SiO2 ceramics humidity capacitor/sensor (coated) with flat surface electrodes.
Long-time stability of the ceramics sensor has been conducted. The probable soil influence
on the humidity sensing of the ceramics sensor at different frequencies has been theoretically
analyzed and experimentally verified.

3.1 Sensing principles
3.1.1 Principle of wireless LC resonant humidity sensor
The principle of the interrogating system of an LC wireless resonant sensor is shown in

Figure 3.1. An LC wireless resonant sensor is typically made of a spiral inductor connected to
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a (sensing) capacitor, forming a resonant LC tank [61]. The capacitance of the capacitor
changes in response to the detecting substance of interest, such as the humidity. The
capacitance variation of the capacitor results in a change in the resonant frequency of the LC
resonant sensor. To wirelessly interrogate the LC resonant sensor, readout coils are
magnetically coupled with the LC resonant sensor. The resonant frequency (RF) of the sensor
can be obtained at the peak point of the phase spectrum which can be picked up by the
readout coils. The relation between the RF of the LC wireless resonant sensor and the

capacitance of the capacitor/sensor is given in Eq. (3-1) [62].

f
Readout Coil LC Resonator »
Frequency

Figure 3.1 Principle of the wirelessly interrogating system of an LC resonator/resonant sensor
containing a wireless passive LC resonant sensor and readout coils. The peak frequency of
the phase, which determines the detected resonant frequency (fo), which varies with the
change of the capacitance (Cs) of the capacitor sensor. In the figure, Lo, io, Ls, and i, are the
inductance and the current of the readout coils, and the inductance and the current of the LC

resonant sensor, respectively; f; is the resonant frequency of the LC resonant sensor.

1
~ 2nLsCs

fs (3-1)
where fs is the resonant frequency (RF) of the LC resonant sensor system. Ls, Cs, and Rs are

the inductance, capacitance, and resistance of the LC resonant sensor, respectively.
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The quality factor, Q, is a parameter that describes the resonance behavior of an
underdamped harmonic resonator. In the figure, it implies the sharpness of the phase peak. A

high Q is preferred to have a more accurate reading and sense. Eq. (3-2) is given as follows

0=2 [z @2

3.1.2 Dielectric humidity sensor with parallel plate electrodes

[62]:

For the wireless LC resonant sensor designed, the capacitor (Cs shown in Figure 3.1) is the
essential component/sensing module to detect the substance of interest, such as the humidity.
The dielectric properties (such as dielectric permittivity) of the dielectric material (i.e.,
measured as the capacitor, Cs) change with the humidity change due to the absorption and
desorption of the water molecules of the dielectric (sensing) material from the humid
environment.

For a capacitor with parallel plate electrodes, as shown in Figure 3.2, the electric field line
is uniformly and parallelly distributed through the dielectric sensing material. The dielectric
permittivity of the dielectric sensing material has a direct relationship with the capacitance of

the capacitor. The parallel plate electrodes model is expressed in Eq. (3-3).

Figure 3.2 A capacitor with parallel plate electrodes and the electric field.

C = &y&, -2 (3-3)
where S is the area of the parallel plate electrode of the capacitor; d is the vertical distance of

the parallel plate electrodes.
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From Eq. (3-3), the dielectric permittivity of the dielectric material is directly related to the
capacitance of the sensor/capacitor. Hence, the permittivity of the dielectric material
significantly influences the humidity sensing of the capacitor. A fundamental study needs to
be done to select a candidate dielectric material and a configuration of the capacitor with a
preferable overall humidity sensing performance.

The requirements of the dielectric material are as follows: (1) the humidity sensing
response should be high; (2) the response time should be fast; (3) the capacitor should not be
influenced by the surrounding substances, especially, the soil, other than the sensing of the
interest, i.e., the humidity; (4) the dielectric loss should be relatively low to decrease the
detecting signal loss at a frequency range for use; (5) the dielectric material used for the
capacitor should have some features for agriculture applications, such as long-time stability,
and water-resistant capability.

For a capacitor with parallel plate electrodes for the sensing of the humidity, the major
drawback is that the response time is very long due to that the humid air needs a long-time to
penetrate through the entire thickness of the dielectric material between the parallel plate
electrodes. Therefore, the capacitor with parallel plate electrodes is not suitable for the sensor
used in agriculture applications where a fast/instant sensing response is required.

3.1.3 Dielectric humidity sensor with flat surface electrodes and its effective
permittivity equation

Due to that, the capacitor based on the dielectric material with parallel plate electrodes is
not applicable to realize a fast response of humidity sensing in the application of agriculture,

an alternative capacitor based on the dielectric material with flat surface electrodes is
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developed, as shown in Figure 3.3.

a b Electric field lines | Flux tubes

Equipotential surfaces 1N | |

. . . Golg
Dielectric matcrlal\://

y

| Flat surface electrodes

I i

A

Dielectric material

Figure 3.3 (a) Rectangular surface electrodes/conductors located apart at a distance, d, on the
top of a dielectric material with a thickness, h, and relative dielectric permittivity, ; and (b)
its cross-section view and electric field lines generated from the electrodes/conductors,
equipotential surfaces, and flux tubes implying that the same contribution of the capacitance

for unit flux tube [109].

The configuration of the capacitor with flat surface electrodes is different from the one
with parallel plate electrodes. The electromagnetic field connecting the two rectangular flat
surface electrodes non-uniformly passes through both the dielectric material and the
surrounding environment. First, as shown in Figure 3.3(b), a high-density electromagnetic
field and large numbers of flux tubes are distributed in a very thin layer of the dielectric
material close to the flat surface electrodes [109]. Based on the electric field mapping
principle, that is, no matter whether the size is big or small, the unit flux tube contributes the
same capacitance [109]. It is concluded that the smaller the flux tubes, the more contribution
to the capacitance of the capacitor. Therefore, the sensing response (i.e., the capacitance) is
largely determined by a very thin layer of the dielectric material close to the flat surface

electrodes, as shown in Figure 3.3(b). Therefore, by this electrode configuration, it takes a
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very short time for the humid air to pass through the very thin layer of the dielectric material
close to the surface electrodes. The response time of the sensor can be dramatically
improved/shortened, which is the most beneficial feature to be used in agricultural
applications. Second, differently, the dielectric permittivity of the capacitor with flat surface
electrodes is determined not only by the dielectric permittivity of the dielectric material but
also partially by the dielectric permittivity of the surrounding environment (such as the soil in
which the sensor is placed). As a result, it is necessary to calculate the effective permittivity
of the capacitor/sensor with flat surface electrodes, &r(efr), instead of solely the permittivity of
the dielectric material, for a detailed study of the influence of its dielectric property
spectrums on the humidity sensing. Eg. (3-4) can be used to determine the effective
permittivity of the capacitor with rectangular flat surface electrodes coated on a dielectric

material (such as dielectric ceramics), as shown in Figure 3.3 [109]:

(d-w)
C-ln( w +1)
rierp) = ——2oi—— whenh=t  (3-4)

where d is the distance between the rectangular conductor electrodes' middle positions (m); I,
w, and t denote the length, width, and thickness of the conductor electrodes (m), respectively;
h is the thickness of the dielectric material (m) with a relative dielectric permittivity of &r; the
device is surrounded by air with a relative dielectric permittivity of 1.

Eq. (3-4) is a classic equation that has long derivation procedures by using many
assumptions and methods based on electromagnetic theories. It is derived in detail as follows:

The electric field intensity of an infinite line of (positive) charge is given below [109]:

Er = (39)

where pc is uniform charge density per unit length (C/m); R is the distance between a point
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experiencing an electric field and an infinite line of charge (m); € is the dielectric permittivity
of the medium (& = ogr, £=8.85x10"12 F/m).

As shown in Figure 3.4, the potential difference V21 between two points at radial distances
Ro, and Ry, from the infinite line of charge is the work per unit charge required to transport a
positive charge from P1 to P2. Assume that R2 > Ri1. This potential difference is given by the
line integral of E from P> to P1, the potential at P, being higher than at P if the line of charge

is positive. The following is the equation:

Vyy = — [[1E,dR = £L [f2 88 _ Ly Re 3 6

Ry 2me’R1 R 2me Ry
+|—
+ >
+ |—
+|— .P1 ).PQ
+ N Ve Vez
+ [
Line charge
h
Ve Vez
.E;).Pz

R

R,

Figure 3.4 Schematic diagram of the potential difference between two points, P1, and P>, at

radial distances, Rz, and R, from the infinite line of positive charge.

To derive the equation to calculate the permittivity from the capacitance of two flat surface
electrodes coated on a dielectric material/medium, it is necessary to derive it from the
simplest case of two infinite lines of charge in a medium.

As shown in Figure 3.5, two infinite parallel lines of charge are separated by the distance

of 2S. Assume that the linear charge density of the two lines is equal but of opposite sign. The
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electric field at a point P, distant R1 from the negative line and R> from the positive line, is
then the vector sum of the field of each line taken alone.

Let the origin of the coordinates in Figure 3.5 be the reference for potential. Imagine that
only the positively charged line is present. From Eq. (3-6), the potential difference between P
and the origin is [110]:

Vv, = %ln% (3-7)

Similarly, for the negatively charged line:

V=-2pns  (3-8)

2me Ry

With both lines present the total potential difference V between P and the origin is the sum
of Eq. (3-7) and Eq. (3-8):

_ _ PR g
V=V, +V=Llint (39)

If Vin Eq. (3-9) is a constant, thus, Eq. (3-9) is the equation of an equipotential line. The
form of the equipotential line will be more apparent if Eq. (3-9) is transformed to Eq. (3-10)

and Eq. (3-11):

In2 =2 (3.10)
Ry PL

= e/ (310
Since 2meV/pL is a constant for any equipotential line, the right side of Eq. (3-11) is a
constant K:
emeV/pL = K (3-12)

R, =KR, (3-13)

The coordinates of the point P in Figure 3.5 are (X,y), thus, R; = \/ S+x) ’ + y? and

R, = \/ S—x) ’ + y2. Substituting the values of R1 and R> to Eq. (3-13), after squaring
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and rearranging:

x? —2xS

K?%+1
K?2-1

+S%2+y =0 (314

Rearrange by mathematics:

2
(x— ST 4 y2 =

K2-1

2KS |2
K2—1)

(3-15)
where X, y = coordinates of the point on a circle; H = x coordinate of the center of the circle; r
= radius of the circle.

As shown in Figure 3.5, it is obvious that the equipotential curve passing through P (X, y)

is a circle with a radius of r and a center on the x-axis:

2KS

r = 71 (3-16)
K%+1
H = SK2_1 (3-17)

V=0 —>

Origin

Equipotential surface

Figure 3.5 Cross-sectional view of two lines of charge separated by the distance of 2S.

An equipotential line of radius r with center at (H, 0) is shown in Figure 3.6. As K
increases, corresponding to larger equipotentials, r approaches zero and H approaches S, so

that the equipotentials are smaller circles with their centers more nearly at the line of charge.
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This is illustrated by the additional equipotential circles in Figure 3.6. The potential is 0 along
the y axis. That is, V = 0 at x = 0. Thus, the plane x = 0 is the reference plane for potential.

The discussion of two infinite lines of charge can be easily extended to the case of an
infinite line consisting of two paralleled current-carrying wires, i.e., two conducting wires.
Under static conditions, much can be learned about its properties from a consideration of its
behavior. Let a fixed potential difference be applied between the conductors so that the
charge per unit length of each conductor is pL.

The surface of the wires is equipotential, and therefore, an equipotential circle in Figure
3.6 will coincide with the wire surface. Thus, the heavy circles of radius ro and center-to-
center spacing 2H can represent the two wires. The field and potential distributions external
to the wire surfaces are the same as if the field were produced by two infinitesimally thin
lines of charge with a spacing of 2S. The field inside the wires is, of course, 0, and the
potential is the same as on the surface. The charge is not uniformly distributed on the wire

surface but has a higher density on the adjacent sides of the conductors.

Figure 3.6 Field and equipotential surfaces around two infinite paralleled lines of charge/two

infinite conductor lines.
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The potential difference V. between one of the conductor wires and a point midway
between them is [110]:
- PL -
Ve =-—=InK (3-18)
The value of K can be expressed in terms of the radius of the wires, ro, and half center-to-
center spacing H by eliminating s from Eq. (3-16) and Eq. (3-17) and solving for K:
H H?
K—;+ /E_l (3-19)
The potential difference, V2, between the two conductor wires is:
H H?2
Voe = 2V, = Z—iln GH{z—D 620
To find the capacitance per unit length, C/I, of the two-conductor wires we take the ratio of
the charge per unit length on one conductor to the difference of potential between the

conductors:

l VZC H H2
In (2+ /—2—1)
To ]

where H is half (conductor) center-to-center spacing (m); ro is the radius of the conductor (m).

The equation is transformed to:

S=fLo__ Thh (3-22)

bV mgine 1697

When %" « 1, the equation is transformed to [109]:

CToept (393)
n &

Figure 3.7 shows the comparison of flux plots of the one-quadrant approximate field

distribution of both two circular conductors/wires and two elliptical conductors which are

very similar to the case of the two flat conductors/electrodes. According to a similarity of the
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distribution of the equal potential surfaces and the flux tubes (proposed in the electric field
mapping method) among the circular conductors/wires, the two elliptical conductors, and the
flat surface conductors/electrodes, it is approximated that both the circular conductors/wires
and the two elliptical conductors can be used to simulate the case of the two flat surface
conductors/electrodes [109]. By making the perimeter of the round conductors equal to that
of the rectangular conductors with the distance of the middle points of the conductors, d, the
equal surface areas per unit length of the two geometries have a relation [109]:
Perimeter = 2nry = 2(w +t) (3-24)
=" (3-25)
Substituting ro obtained in Eq. (3-25) into Eq. (3-23), where 2H = d for the case of the flat

rectangular conductors:

C _ TérceffH®o w+t
i re—n_.d, for H <1 (3-26)
In G379

Flux tubes boundaries

Flux tubes boundaries -
Equipotential surfaces "

Equipotential surfaces -

Figure 3.7 Comparison of flux plots of the one-quadrant approximate field distribution for
both two circular conductors/wires and two elliptical conductors which are very similar to the

case of the two flat electrodes/conductors.

The limitations of Eq. (3-26) are illustrated if we let d = w. The equation is not valid when

the conductors are (very close to) touching. Adding a correction factor, A, to d so that we can

117



get infinite capacitance when d = w:

C __ T&r(eff)€o 2(w+t)
T~ “rdimo for —— <1 (3-27)
11’1( w+t )

For infinite capacitance per unit length, when d = w:

n (22 =0 (3-28)

w+t

This implies that:

T(w+A)
w+t

( )=1 (3-29)

Thus, A is:
A=W (3-30)
Vs
Substituting A into Eq. (3-27):
C . _Terefnéo (3_31)

L in By

Eqg. (3-31) can be rearranged to get Eq. (3-4) for a determination of the effective
permittivity, &ref, Of the dielectric ceramics sensor/capacitor, coated with rectangular flat
surface electrodes.

As the effective permittivity of the ceramics sensor/capacitor has been calculated by Eq.
(3-4), the soil influence on the effective permittivity of the humidity sensor will be discussed
using the empirical equations in the next section.

3.1.4 Theoretical analysis of soil influence on humidity sensing of the dielectric
ceramics sensor

There is a relationship between the real permittivity of the dielectric material and the
effective permittivity of the capacitor/sensor made of the dielectric material and the
rectangular flat surface electrodes. Interestingly, a problem has been raised that whether the

humidity sensing performance is influenced by the surrounding medium, such as the soils
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replacing the medium of the air. The issue is discussed as follows:

According to the Gauss theorem, if the rectangular flat electrodes/conductors are all
surrounded by one (infinite) medium (such as the dielectric material) with a dielectric
permittivity of &, the effective permittivity, erer, has a relation [109]:

Ereff) = Er(medium)  (3-32)

In this study, the rectangular flat electrodes are coated on the surface of the dielectric
material, as shown in Figure 3.3, and the ratio of the distance of the middle positions of the
electrodes, d, to the thickness of the dielectric material h, is close to 1 (i.e., d = h), the relation
can be expressed by Eq. (3-32) [109]:

Ereff) ~ (Er(medium)ter@ien)/2  (3-33)
where eriel IS the dielectric permittivity of the dielectric material.

When the medium is the air, the effective permittivity of the sensor/capacitor exposed in
the air, erefr, air), Can be expressed as follows:

Er(eff, air) = (Er(ainTerdien)/2 = (1+erdien)/2  (3-34)
where &rqir) IS the dielectric permittivity of the air.

When the medium is the soil with the dielectric permittivity of about 3~7 (which will be
experimentally determined in Section 3.4.1) in a certain frequency range, the equation to
express the effective permittivity of the sensor covered by the soil can be expressed as
follows:

Er(eff, soil) ~ (3~T+erien)/2 in a wide frequency range  (3-35)
From Eq. (3-35), it can be found that, if the dielectric permittivity, &rdier, Of the dielectric

material of the capacitor/sensor is a large value, for example, about 10%~10° [111,112],
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obviously:
er(eff, ain =~ (1+erdiel))/2 = ereff, soil) = (3~T+erien)/2 ~10*~10°  (3-36)

From Eq. (3-36), it reveals that, in the cases of either surrounded by the medium of the air
or by the medium of the soils, the effective permittivity (and measured capacitance) of the
sensor coated by the flat surface electrodes is the same, due to the very low permittivity of
both the air and the soils compared to the high dielectric permittivity of the dielectric material.
Therefore, the effective permittivity spectrums of the sensor/capacitor with the flat surface
electrodes can be used to make the sensing module of the LC wireless resonant humidity
sensor in agricultural applications where the sensor is covered by the soils. A verification
experiment will be conducted at different humidity levels based on this theoretical analysis
later in this chapter.

3.1.5 Dielectric humidity sensor based on high permittivity BTO-SiO2 ceramics

To be used as humidity sensors, dielectric ceramics have several good advantages, such as
high humidity sensitivity, long-time stability, and water-resistant capability due to their
dielectric sensing features, rigidity, and structural integrity [75,113].

As has been illustrated, to obtain a humidity sensing capacitor without the influence of the
soils in agricultural applications, a humidity sensing dielectric material with a high dielectric
permittivity is preferred to be used. It has been reported that SiO>-coated BTO ceramics
sintered by spark plasma sintering (SPS) can be used to densify the sample and obtain a high
dielectric permittivity up to 2 x<10° at 10 kHz with a very low dielectric loss [111]. In our
group, we also observed a high dielectric permittivity of the SiO>-coated BTO ceramics

sintered by SPS [112]. Hence, the core-shell BTO-SiO. ceramics can be used as the high
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dielectric permittivity material to get rid of the influence of the permittivity contributed by
the soils.

An interesting finding in our group is that a high permittivity core-shell BTO-SiO>
ceramics has a large humidity response of about one order increase of the dielectric
permittivity from low humidity to high humidity at a low-frequency range. Therefore, it is a
promising candidate for the dielectric material to be used as the humidity sensing capacitor to
make the sensing module of the LC wireless resonant humidity sensor. However, conversely,
a decrease in the dielectric permittivity of the humidity sensing response from low humidity
to high humidity can be observed at a high-frequency range. Thus, between the low-
frequency range and the high-frequency range, interestingly, at one frequency, the
permittivity neither increases nor decreases (i.e., retains the same permittivity). Interestingly,
the phenomenon of the BTO-SiO> ceramics humidity sensor illustrated above has not been
reported and the reason behind is not clear, it raises a major motivation to study and report
the humidity sensor/capacitor based on the core-shell BTO-SiO, ceramics. Detailed
illustrations and discussions of this finding will be followed in the coming sections. In
summary, a fundamental study of the high dielectric permittivity core-shell BTO-SiO-
ceramics humidity capacitor/sensor is very important for the development of the passive
wireless LC resonant humidity sensor in the application of agriculture, which needs to be
detailly studied and reported.

3.2 Experiment procedures
3.2.1 Preparation of the BTO-SiO2 ceramics humidity sensor

Barium titanate (BTO) powders in the diameter of 140 nm were coated with silicon dioxide
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(SiO2) using atomic layer deposition. The core-shell BTO-SiO2 nano-powders were sintered
at 1050 <C for 5 min at 50 MPa using a direct current sintering furnace. Samples were heated
at a rate of 100 <T/min to 950<C and held for two minutes and then heated at a rate of
50 <C/min to 1050C to avoid overshooting the final temperature. The BTO-SiO>
nanocomposite ceramics tablets which were sintered were in the size of ®20 mm <5 mm, as
shown in Figure 3.8. The sintered tablets were cut into pieces in thicknesses of about
900~1100 pum by the wafering blade (with a diamond-metal bond) in the dimension of 152
mm > 0.51 mm x<12.7 mm. After the cutting, the specimens were grounded and polished to
obtain flat surfaces with good surface roughness. Two flat rectangular gold electrodes were
sputtered on one side of the polished specimens, respectively. A specimen/capacitor with a
surface area of about 18 mm? and a thickness of about 1100 pm with two rectangular
electrodes in size of 3 <1 mm and a 150 um uniform gap between the rectangular electrodes

was manufactured.

Ceramics tablets Ceramics specimen Ceramics capacitor
- sensor
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Figure 3.8 Schematics of the experiment procedures to measure the dielectric spectrums of

Capacitance

Saturated salt solution

the ceramics capacitor sensor at various humidity levels. The low humidity is maintained

with inlet dry air in the glove box and the high humidity levels are generated in the humidity
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boxes with different saturated salt solutions.

3.2.2 Characterization of the ceramics humidity sensor

As shown in Figure 3.8, the humidity sensing ceramics specimen was placed into the glove
box with inlet dry air at a humidity of lower than 8% RH, which was considered the dry
condition having the same dielectric permittivity as the oven-dried specimen. At room
temperature (20°C), the capacitance and dielectric loss of the sensors were measured by a
precision impedance analyzer (Agilent 4294A) with 16034H 1m text fixture, which was
connected to the sensing specimen by two wires. C, and D measurement function in the
precision impedance analyzer was used to record the capacitance and dielectric loss of the
sensor. The measured frequency range is from 100 Hz to 1 MHz. After the measurements, Eq.
(3-4) was used to calculate the effective permittivity of the sensor with flat surface electrodes.
Different saturated salts were contained in each sealed box, providing different humidity
levels, which were shown in Table 3.1. By carefully bringing the testing stage with the
specimen into/out of the humidity box to provide high humidity and dry conditions, the

humidity testing cycle could be processed.

Table 3.1 Different humidity levels generated by different saturated salt solutions [85].

Temperature\Saturated salt ~ MgCl,  K.COs NaBr CuCl, NaCl KCI

20°C 33.1% 43.2% 59.1% 69.4% 75.5% 85.1%

3.2.3 Experiment procedures of soil influence on the ceramics humidity sensor
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A ceramics specimen/sensor with a thickness of about 900 um and two rectangular flat
surface electrodes in size of 3 <1 mm with a 150 um uniform gap between electrodes was
used for the humidity measurements when placed in the air, sand, and top soil, respectively.
The ceramics sensor was completed covered by the sand or top soil and tested at both dry
conditions and 85% RH. The characterization procedures were the same as those illustrated in
Section 3.2.2. After the measurement, Eq. (3-4) (i.e., the rectangular flat surface electrode
model) was used to calculate the effective permittivity of the sensor with flat surface
electrodes.

3.2.4 Characterization of the dielectric properties of different soils

As shown in Figure 3.9, three different types of soils, i.e., sand, top soil, and lake soil, were
prepared for dielectric measurements. The particle size is no more than 1 mm for the sand and
500 pm for the soils. The top soil contains organic matters for planting purposes, in contrast,

the lake soil does not contain much.

= PR dVAT, | x>
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Figure 3.9 Three different types of soils prepared for dielectric measurements.

To make a probe/capacitor to measure the dielectric properties of the soils, a pair of
paralleled copper electrodes/sheets in size of 13 cm <9 cm was fixed (by double-sided tape)

onto a pair of paralleled thick glass plates which were placed on a glass stage, as shown in
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Figures 3.10(a), 3-19(b). The distance of the copper electrodes was 4 mm. Two cables
connected the electrodes and the precision impedance analyzer (4294A). Besides, two thick
plastic plates were placed/fixed on the glass stage and vertically contacted the paralleled glass
plates. The aim was to hold the soils between the electrodes.

After the calibration, as shown in Figures 3.10(c), 3.10(d), 3.10(e), 3.10(f), three types of
soils were filled in the gap between the electrodes to measure their dielectric properties (by
Cp-D function) at different frequencies from 100 Hz to 1 MHz. After the measurements, Eq.

(3-3) (i.e., the parallel plate electrode model) was used to calculate the real permittivity of the
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Figure 3.10 Different view directions of the paralleled copper capacitor to measure
permittivity/dielectric loss vs frequency spectrums of the three different types of soils. (a)
oblique view and (b) front view to measure permittivity of air for calibration; (c) front view
to measure the sand; (d) front view to measure the topsoil; (e) front view to measure the lake

soil; (f) side view to measure the lake soil.

3.3 Humidity testing results of high dielectric permittivity ceramics sensor with flat
surface electrodes

3.3.1 Effective permittivity and loss responses of the ceramics sensor at different
humidity levels

Figure 3.11 shows the effective permittivity and dielectric loss vs frequency spectrums of
the specimen/sensor with surface electrodes when increasing and decreasing humidity in the
humidity range between dry condition and 85% RH. At dry condition, as shown in the black
line in Figure 3.11(a), with increasing frequency, permittivity gradually decreases at low
frequency and then, dramatically decreases at high frequency. From Figure 3.11(b), with
increasing frequency, loss at the dry condition in the black line decreases at low frequency

and then, increases at high frequency. From Figure 3.11(a), when humidity increases from dry
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condition to 85% RH, permittivity increases at a frequency lower than 20 kHz, however,
slightly decreases at a frequency higher than 20 kHz. Moreover, more than one order of the
permittivity increase at 100 Hz, and about one order of the permittivity increase at 1 kHz can
be obtained. A reverse trend on the permittivity spectrum is found when humidity decreases
from 85% to dry condition, as shown in Figure 3.11(c). From Figure 3.11(b), when humidity
increases, loss decreases at low frequency and increases at high frequency, which implies that
the loss spectrum shifts to a low frequency. When the humidity decreases, a reverse trend on

the loss spectrum can be found, as shown in Figure 3.11(d).
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Figure 3.11 Effective permittivity/dielectric loss vs frequency spectrums of the sample with
surface electrodes when increasing humidity from dry condition to 85% RH (a)/(b); and

decreasing humidity from 85% RH to dry condition (c)/(d).

127



Besides, from Figures 3.11(a), 3.11(c), between the low-frequency range and the high-
frequency range, interestingly, at one frequency, the permittivity neither increases nor
decreases (i.e., retains the same permittivity). This phenomenon found in the BTO-SiO>
ceramics humidity sensor has not been reported and the reason behind is not clear. However,
this fixed permittivity point at a certain middle frequency probably could be used for
calibration of the sensor at different temperatures.

Typically, some reports about other ceramics humidity sensors reveal that the mechanism
behind the total capacitance and the dielectric permittivity of the (CCTO, for example)
ceramics sensor corresponding to the humidity response can be explained as follows
[114,115]. When relative humidity changes, the amount of the water molecules
absorbed/desorbed by the ceramics sensor changes. The grain boundaries between the
adjacent grains might have their grain boundary potential barriers which place a key role to
influence the grain boundary capacitance [114]. The water molecules bonded in the grain
boundaries vary at different relative humidity (RH) levels. Hence, the total capacitance and
the dielectric permittivity of the sensor change with the variation of the grain boundary
potential barrier capacitance [114,115]. When the grain size is small and the amount of the
grain boundaries is large, the influence of the grain boundary capacitance on the total
capacitance of the sensor is large. This mechanism may play an important role to influence
(increasing/decreasing) the total capacitance, hence, influencing the dielectric permittivity as
well as the dielectric loss of the sensor at the entire frequency spectrum.

However, in this study, the permittivity spectrums of the ceramics sensor show a different
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changing trend with the humidity change compared to the typical humidity sensing
mechanism of the ceramics sensor. It is found that the permittivity spectrum is not increased
or decreased at the entire frequency spectrum when increasing or decreasing the humidity.
Thus, the explanation discussed in the last paragraph is probably not suitable to explain the
phenomenon observed in Figures 3.11(a), 3.11(c). However, the humidity influencing
mechanism of this core-shell BTO-SiO, ceramics humidity capacitor/sensor is not clear,

which requires further study.
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Figure 3.12 Effective permittivity/dielectric loss vs frequency spectrums of the sample with
surface electrodes when increasing humidity from dry condition to 69% RH (a)/(b); and

decreasing humidity from 69% RH to dry condition (c)/(d).
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Figure 3.12 shows effective permittivity and dielectric loss vs frequency spectrums of the
sample when increasing and decreasing humidity in the humidity range between dry
condition and 69% RH. Similar to the humidity response of the sensor between dry condition
and 85% RH, as shown in Figure 3.12(a), when humidity increases from dry condition to 69%
RH, permittivity increases at a frequency lower than 20 kHz, however, slightly decreases at a
frequency higher than 20 kHz. A reverse trend on the permittivity spectrum can be found
when humidity decreases from 69% to dry condition, as shown in Figure 3.10(c). From
Figure 3.12(b), when humidity increases, loss decreases at low frequency and increases at
high frequency, which also implies that the loss spectrum shifts to a low frequency. A reverse
trend on the loss spectrum can be found when humidity decreases, as shown in Figure 3.12(d).
By comparison among the permittivity and loss spectrums between Figure 3.12 and Figure
3.11, the humidity response of the specimen measured between dry condition and the
humidity of 69% RH is similar to that measured between dry condition and the high humidity
of 85% RH. However, comparing Figure 3.12 and Figure 3.11, permittivity and loss
responses tested between dry condition and 69% RH are smaller than those tested at the high
humidity of 85% RH, which is resulted from a smaller amount of water vapor absorbed by
the sample at the lower humidity of 69% RH than that at the high humidity of 85% RH.

Figure 3.13 shows effective permittivity and dielectric loss vs frequency spectrums of the
specimen when increasing and decreasing humidity in the humidity range between dry
condition and 43% RH. Similar to the humidity response of the sensor between dry condition
and 69/85% RH, as shown in Figure 3.13(a), when humidity increases from dry condition to

43% RH, permittivity increases at a frequency lower than 20 kHz, but slightly decreases at a
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frequency higher than 20 kHz. A reverse trend on the permittivity spectrum can be found
when humidity decreases from 43% to dry condition, as shown in Figure 3.13(c). From
Figure 3.13(b), when humidity increases, loss decreases at low frequency and increases at
high frequency, which implies that the loss spectrum shifts to a low frequency. A reverse

trend on the loss spectrum can be found when humidity decreases, as shown in Figure 3.13(d).
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Figure 3.13 Effective permittivity/dielectric loss vs frequency spectrums of the sample with
surface electrodes when increasing humidity from dry condition to 43% RH (a)/(b); and

decreasing humidity from 43% RH to dry condition (c)/(d).

By comparison among the permittivity and loss spectrums in Figure 3.11, Figure 3.12, and

Figure 3.13, it is concluded that the humidity response of the sample measured between dry

131



condition and the humidity of 43% RH is very similar to that measured between dry
condition and the high humidity of 69/85% RH. However, comparing Figure 3.11, Figure
3.12, and Figure 3.13, in the low-frequency range, permittivity and loss responses tested
between dry condition and 43% RH are much smaller than those tested at 69% RH and 85%
RH, which implies that the water vapor absorbed by the grain boundaries of the sample at the
humidity of 43% RH is much smaller than those at the humidity of 69% RH and 85% RH.
Figure 3.14 shows effective permittivity vs time plots of the sample with surface electrodes
of one-cycle humidity tests in different humidity testing levels from 85% RH to 43% RH at
selected frequencies from 100 Hz to 100 kHz. From Figures 3.14(a), 3.14(c), 3.14(e), 3.14(q),
3.14(i), in each humidity testing level, high permittivity is obtained, in order of 10° and
permittivity increases when increasing humidity and decreases when decreasing humidity at
low frequencies of 100 Hz to 3 kHz. As shown in Figures 3.14(b), 3.14(d), 3.14(f), 3.14(h),
and 3.14(j), at the high frequency of 100 kHz, permittivity is very low, in order of 103, and
permittivity decreases slightly when increasing humidity and increases when decreasing
humidity which shows a reverse trend compared with the permittivity at low frequencies.
Moreover, it is observed that, in one humidity cycle, the permittivity of the sample goes back
to the initial value at all analyzed frequencies. Besides, from Figures 3.14(a), 3.14(c), 3.14(e),
3.14(g), and 3.14(i), at low frequencies, permittivity response gradually decreases when the
humidity testing level decreases from 85% RH to 43% RH. However, from Figures 3.14(b),
3.14(d), 3.14(f), 3.14(h), 3.14(j), at the high frequency of 100 kHz, permittivity response does
not vary much in different humidity testing levels. It is also confirmed that, in one humidity

cycle, permittivity and loss of the sample go back to the initial value in all tested high
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humidity levels.
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Figure 3.14 Effective permittivity vs time plots of the sample with surface electrodes at
selected frequencies of 100, 500, 1k, 3k, and 100k Hz at different humidity testing levels. (a)
at 100 - 3k Hz and 85% RH; (b) at 100 - 3 k Hz and 85% RH; (c) at 100 - 3k Hz and 75% RH;
(d) at 100 - 3 k Hz and 75% RH; (e) at 100 - 3k Hz and 85% RH; (f) at 100 - 3 k Hz and 85%
RH; (g) at 100 - 3k Hz and 85% RH; (h) at 100 - 3 k Hz and 85% RH; (i) at 100 - 3k Hz and

85% RH; (j) at 100 - 3 k Hz and 85% RH.

Figure 3.15 shows one cycle of effective permittivity and dielectric loss vs time plots of the
sample with surface electrodes in different humidity testing levels at selected frequencies of
100 Hz - 100 kHz. From Figures 3.15(a), 3.15(c), 3.15(e), 3.15(g), at each selected low

frequency (100 Hz - 3 kHz), permittivity increases when increasing humidity and decreases
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when decreasing humidity in different humidity testing levels. Moreover, permittivity
response increases with increasing humidity. However, from Figure 3.15(i), at the high
frequency of 100 kHz, permittivity decreases when increasing humidity and increases when
decreasing humidity in different humidity testing levels. From Figures 3.15(b), 3.15(d),
3.15(f), 3.15(h), at selected frequencies of 100 Hz, 500 Hz, and 1 kHz, loss decreases when
increasing humidity and increases when decreasing humidity. Moreover, at selected
frequencies of 100 Hz, 500 Hz, and 1 kHz, loss barely differs much in different humidity
testing levels. However, from Figures 3.15(h), and 3.15(j), at selected frequencies of 3 kHz
and 100 kHz, loss increases with increasing humidity and decreases with decreasing humidity.
Moreover, the loss has a clear distribution in different humidity testing levels. Besides, from
Figure 3.15, in one humidity cycle, permittivity and loss of the sample go back to the initial

value at all analyzed frequencies.
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Figure 3.15 Effective permittivity/dielectric loss vs time plots of the sample with surface
electrodes at different humidity testing levels from 85% RH to 33% RH at selected
frequencies. (a) permittivity at 100 Hz; and (b) loss at 100 Hz; (c) permittivity at 500 Hz and
(d) loss at 500 Hz; (e) permittivity at 1 kHz and (f) loss at 1 kHz; (g) permittivity at 3 kHz

and (h) loss at 3 kHz; (i) permittivity at 100 kHz and (j) loss at 100 kHz.

The study aims to find a suitable humidity sensing frequency of the sensor to achieve a
balance between sensitivity and loss while high sensitivity with low loss is preferred. Figure
3.16 shows delta effective permittivity vs relative humidity results of the sample at selected
frequencies from 100 Hz to 100 kHz which are calculated from the humidity testing results in
Figures 3.15(a), 3.15(c), 3.15(e), 3.15(g), 3.15(i). For the humidity sensor, linear relationships
between the delta effective permittivity and relative humidity (RH) are found at selected
frequencies from 100 Hz to 100 kHz, respectively, as shown in Figure 3.16(a), 3.16(b),
3.16(c), 3.16(d), 3.16(e). Moreover, as shown in Table 3.2, in the humidity testing range from
dry condition to 85% RH, when increasing frequency, humidity sensitivity decreases from
7555 Hz/%RH at the low frequency of 100 Hz to 17.6 Hz/%RH at the high frequency of 100
kHz. And the calculated values of percentage sensitivity to effective permittivity at dry
conditions show a similar decreasing trend when increasing frequency. Further, a frequency
range with a low loss of the sensor is preferred to be used due to a small energy degradation,

which is essential for the ceramics to develop a passive wireless LC resonant humidity sensor.
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Figure 3.16 Delta effective permittivity vs relative humidity of the sample with surface

electrodes and linear fittings at selected frequencies. (a) 100 Hz; (b) 500 Hz; (c) 1 kHz; (d) 3

kHz; (e) 100 kHz.

Loss ranges between the humidity range of dry condition and 85% RH at selected

frequencies are shown in Table 3.2, which reveals that low loss ranges can be chosen at the
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frequency of 500 Hz to 3 kHz. Besides, it reveals that the coefficient of determination, R?, of
the linear fittings decreases with increasing frequency. Therefore, better prediction results of
the fitting curves can be obtained at the low frequencies of 100 Hz, 500 Hz, and 1 kHz. In
summary, the low-frequency range from 500 Hz to 1 kHz is a preferable candidate range
enabling the sensor to have a better overall humidity sensing performance with high

sensitivity and low loss.

Table 3.2 Humidity sensitivity and loss at different frequencies.

Frequency / Hz 100 500 1k 3k 100 k
Effective permittivity at dry condition 44651 40939 39353 37045 7092
Sensitivity / 1/% RH 7555 4491 3034 961 17.6

Percentage sensitivity respect to effective
16.9% 11.0% 7.7% 2.6% 0.25%

permittivity at dry condition / 1/% RH

Loss between dry condition and 85% RH  0.80~8.38 0.67~1.91 0.77~1.04 0.48~1.16 1.68~4.60

3.3.2 Long-time stability of the ceramics humidity sensor

Dielectric ceramics sensor, such as the sensor, is supposed to have good humidity
sensitivity, long-time stability, and water-resistant capability, due to its high dielectric
permittivity, ceramics rigidity, and structural integrity. Long-time stability is the most
important property for the potential applications of humidity sensors. Figure 3.17 shows
effective permittivity and dielectric loss vs time plots of the sensor with surface electrodes
after about 66-day 33-cycle long-time stability tests in humidity range between dry condition

and 85% RH at selected frequencies. As shown in Figure 3.17(a), 3.17(c), 3.17(e), 3.17(9g),
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effective permittivity plots of 33 humidity cycles are exhibited at frequencies of 100 Hz, 500
Hz, 1 kHz, and 3 kHz, respectively. The first 10 humidity cycles reveal a gradual increase of
the permittivity response and the last 23 humidity cycles clearly show stable permittivity
responses with a small random fluctuation. The same clear trend also can be observed in
Figure 3.18(a), which shows the delta effective permittivity of the sensor during long-time
stability tests when increasing/decreasing humidity at the frequencies of 100 Hz, 500 Hz, 1
kHz, and 3 kHz. Similarly, as shown in Figure 3.17(b), 3.17(d), 3.17(f), 3.17(h), loss plots of
the humidity cycles at frequencies of 100 Hz, 500 Hz, 1 kHz, and 3 kHz also show a gradual
decrease of the permittivity response in the first 10 humidity cycles and a stable loss response
with a small random fluctuation in the last 23 humidity cycles. The same clear trend can also
be observed in Figures 3.18(b), 3.18(c), which show the delta loss of the sensor during long-
time stability tests when increasing/decreasing humidity at the same selected frequencies.
However, at the frequency of 100 kHz, both permittivity and loss plots show an unclear trend,
and the fluctuations of the humidity responses of permittivity and loss are large compared to
the total responses. A similar trend is also found in Figures 3.18(d), 3.18(e). Comparing all
the permittivity plots and delta permittivity results in Figures 3.17, 3.18, respectively, the
humidity responses of the sensor decrease with increasing frequency from 100 Hz to 100 kHz.
However, the loss responses of the sensor first decrease from 100 Hz to 1 kHz, and then,
increase from 1 kHz to 100 kHz, due to the shift in frequency of the loss spectrum. Besides,
comparing the permittivity and loss responses during the last 23 humidity cycles, the stability
of the permittivity responses is much better than those of the loss responses. Therefore,

permittivity should be primarily used for humidity sensing. In summary, the humidity sensor
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has a humidity sensing hysteresis in the first 10 humidity cycles, however, after 10 humidity
cycles, the sensor reveals a preferable humidity cycle stability during long-time stability tests.
The humidity sensor should be pretreated by 10 humidity cycles in 20 days to get rid of its

humidity sensing hysteresis where high stability of humidity sensing can be developed.
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Figure 3.17 Effective permittivity/dielectric loss responses of the sensor of long-time stability
tests in humidity range between dry condition and 85% RH at selected frequencies. One
humidity cycle is tested in two days. (a) permittivity at 100 Hz; (b) loss at 100 Hz; (c)
permittivity at 500 Hz; (d) loss at 500 Hz; (e) permittivity at 1 kHz; (f) loss at 1 kHz; ()

permittivity at 3 kHz; (h) loss at 3 kHz; (i) permittivity at 100 kHz; (j) loss at 100 kHz.
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Figure 3.18 Comparison of the delta effective permittivity of the sensor and delta dielectric
loss when increasing/decreasing humidity during long-time stability tests at selected
frequencies. (a) delta permittivity at 100 Hz, 500 Hz, 1 kHz, 3 kHz; (b) delta loss at 100 Hz;
(c) delta loss at 500 Hz, 1 kHz, 3 kHz; (c) delta permittivity at 100 kHz; (d) delta loss at 100

kHz.

3.4 Influences of soils on humidity sensing of high dielectric permittivity ceramics
humidity sensor with flat surface electrodes

In agriculture applications, the sensor is supposed to be placed in the soil in the fields.
When the sensor with flat surface electrodes is covered by the soil instead of exposed to the

air, it might be possible that the effective permittivity spectrum has a little variation, due to
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that the soil and air have different dielectric permittivity and the electromagnetic waves
generated by the capacitor sensor not only pass through the dielectric ceramics material but
also pass through the soil or the air.

However, in Section 3.1.4, it has been theoretically proposed in Eq. (3-36) that wherever
surrounded by the air or the soils, the effective permittivity (and the measured capacitance) of
the sensor with flat surface electrodes is the same/identical, due to the very low permittivity
of both the air and the soils compared to the high dielectric permittivity of the dielectric
material. Therefore, it is important to experimentally verify this theoretical conclusion.

3.4.1 Dielectric properties of the ceramics humidity sensor with flat surface electrodes
in soils

As shown in Figure 3.19(a), the results show that whenever the sensor is exposed to air or
placed in/covered by the sand and the top soil, effective permittivity spectrums show identical
results in both dry condition and 85% RH, respectively, and from Figure 3.19(b), the identical

loss spectrums are also observed in both dry condition and 85% RH, respectively.

(a) 10° (b) 5 —— Dry-Sensor only
—— Dry-With sand
4 + —— Dry-With top soil

> 10°F —— 85% RH-Sensor only
= —— 85% RH-With sand
= » [ 85% RH-With top soil N
= [%2]
g 10°F S /
@ —— Dry-Sensor only
5 —— Dry-With sand
L 40° b — Dry-With top soil
w —— 85% RH-Sensor only

—— 85% RH-With sand

—— 85% RH-With top soil

102 L L L 0 i L L
100 1k 10k 100k ™ 100 1k 10k 100k ™
Frequency / Hz Frequency / Hz

Figure 3.19 Effective permittivity (a) / dielectric loss (b) vs frequency spectrums of the
sensor free-standing in the air, covered by the sand, and covered by the top soil at both dry

condition and 85% RH.
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Figure 3.20 shows, at five selected frequencies, a detailed comparison of dielectric
properties on the sensor merely exposed in air, covered by the sand, and covered by the top
soil in both dry condition and 85% RH, respectively. For the sensor placed in/covered by
three soils in 85% RH, both permittivity and loss at different frequencies exhibit identical
values, which implies replacing air with sand or soil has no observable influence on the
dielectric properties of the sensor, as shown in Figures 3.20(a), 3.20(b), 3.20(c), 3.20(d). For
the sensor placed in all three soils in dry condition, permittivity and loss at different
frequencies show almost identical values, which again reveals replacing air with sand or soil
has almost no influence on the dielectric properties of the sensor. In summary, based on the
verification experiments, it is concluded that, in different humidity conditions, the soils
covered on the sensor would not influence the humidity sensing of the sensor, which has been

proposed by Eq. (3-36) in Section 3.1.4.
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Figure 3.20 Effective permittivity (a) / dielectric loss (b) comparisons among the sensor
placed in the air, covered by the sand, and covered by the top soil at different frequencies in
both dry condition and 85% RH, respectively. (a) permittivity at 100 - 3k Hz in 85% RH; (b)
loss at 100 - 3k Hz in 85% RH; (c) permittivity at 100 kHz in 85% RH; (d) loss at 100 kHz in

85% RH; (e) permittivity at 100 - 3k Hz in dry condition; (f) loss at 100 - 3k Hz in dry

condition; (g) permittivity at 100 kHz in dry condition; (h) loss at 100 kHz in dry condition.
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3.4.2 Dielectric spectrums of soils and discussions of soil influences on humidity
sensing of the high dielectric permittivity ceramics sensor

In the last section, an interesting and useful conclusion has been discovered that the soils
covered on the sensor with flat surface electrodes would not influence on humidity sensing of
the sensor. To better support the theoretical calculations proposed in Eg. (3-36) in Section
3.1.4, it is necessary to measure the permittivity spectrums of different soils in a wide
frequency range.

Before the soil influence measurements, air capacitance has been measured for a purpose
of calibration, which is about 41 pF at the low frequency of 100 Hz and 40.3 pF at the high
frequency of 1 MHz. By calculation from an equation for the paralleled electrodes, the
permittivity is very close to 1, which is the theoretical permittivity of air, as shown in Figure
3.21(a).

Figure 3.21 shows the real permittivity and dielectric loss vs frequency spectrums of air,
sand, top soil, and lake soil. For the sand and the two soils, both permittivity and loss
decrease with increasing frequency. At the low frequency of 100 Hz, the permittivity of the
sand is the largest, probably due to a high content of quartz in the sand. Lake soil has the
lowest permittivity among the three soils at 100 Hz. When frequency increases to about 50
kHz, the permittivity of the three soils is around 4 to 5 and decreases very slowly. At the
frequency of 1 MHz, the permittivity of the three soils approaches the same value of about 4,
which is the intrinsic permittivity of soil. At the low frequency of 100 Hz, the loss of the sand

is also the largest, followed by the topsoil and the lake soil. Interestingly, at a frequency of
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around 3 kHz, a relaxation peak of the sand is observed. It is probably due to a high content
of quartz in the sand. At about 40 kHz, the loss of the topsoil starts to be larger than that of
the sand, due to a larger decreasing rate of loss of the sand than that of the topsoil. The loss of
the lake soil is the lowest at all tested frequency ranges. At the high frequency of 1 MHz, the

loss of each soil reaches the lowest values of about 0.06 to 0.18.
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Figure 3.21 Real permittivity (a) / dielectric loss (b) vs frequency spectrums of air, the sand,

the topsoil, and the lake soil.

Real/undisturbed soils are more condensed than the loosed soils. Therefore, the
compressed soils should have different dielectric property values/spectrums. Figure 3.22
shows the real permittivity and dielectric loss of the sand and the two soils before and after
the soil compression process. Both permittivity and loss increase after compression at each
measured frequency from 100 Hz to 1 MHz. The reason is that compressed soil has a larger
percentage of the soil and a smaller percentage of air between each soil particle. Therefore,
compressed soils reveal much closer dielectric properties to the real situation than those of
the loosed soils before compression and should be used as the real dielectric properties of the

soils. The permittivity values of the compressed soils in the measured frequency range will be
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used in the following discussion to explain the reason why the medium change would not

influence the effective permittivity of the sensor.
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Figure 3.22 Real permittivity (a) / dielectric loss (b) vs frequency spectrums of the sand, the

topsoil, and the lake soil before and after compression on the soils.

By analysis of the data from Figure 3.22, percentage increase spectrums of real
permittivity and loss of the three soils during compression are calculated, as shown in Figure
3.23. The percentage increases of permittivity and loss of the three soils decrease with
increasing frequency. Both permittivity and loss of the topsoil have a higher percentage
increase than the other two soils in the low-frequency range. The reason is probably that the
topsoil contains larger content of organic matters in an irregular shape and hence, has a much
larger compression ratio than the sand and the lake soil. At the high-frequency range, the
percentage increase of the permittivity and loss of the three soils reach almost constants,
except for the permittivity of the topsoil. It is concluded that compression on the soils has a
stable percentage influence on the permittivity and loss in the high-frequency range, however,
in the low-frequency range, the magnitude of the influence on the permittivity and loss

decreases with increasing frequency.
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Figure 3.23 Percentage increase (0.1=10%) vs frequency spectrums of real permittivity (a) /

dielectric loss (b) of the sand, the topsoil, and the lake soil during compression.

3.5 Conclusions

1. A high dielectric permittivity core-shell BTO-SiO, ceramics humidity sensor was
developed. The sensor based on capacitance/effective permittivity change corresponding to
humidity change has the potential to be used to develop a passive wireless LC humidity
resonant sensor to be used in agricultural applications.

2. For the humidity sensor, a linear relationship between the delta permittivity and relative
humidity is obtained at different frequencies, respectively. It also has a fast response time of
three minutes and a wide detection range from dry condition to 85% RH.

3. The optimized measurement frequency range of the sensor is from 500 Hz to 1 kHz, where
a balance of high humidity sensitivity and relatively low loss can be achieved.

4. The permittivity of the ceramic sensor increases in the low-frequency range and decreases
in the high-frequency range when the humidity increases. At a certain unique frequency, the
permittivity remains unchanged, and hence, this unique frequency could be used for

temperature calibration.
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5. The ceramics sensor has a long-time humidity testing stability after 10 humidity-cycle
treatments in 20 days to eliminate its hysteresis characteristic.

6. It is theoretically analyzed and experimentally verified that the ceramics sensor with flat
surface electrodes can be used without any influence from the soils at any frequency in the

tested humidity range.
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Chapter 4 Dielectric Methodology for Real-time In-situ Disinfectant Sensing in Water

In this study, new dielectric sensing and analyzing methodology was developed to rapidly
in-situ detect disinfectants in the water. This dielectric sensing method has many advantages,
such as real-time detection, inexpensive, and simple handling over other sensing technologies,
such as the reagent method and electrochemical method [26-46,116,117]. The relationship
between frequency-dependent dielectric permittivity and the concentration of a common type
of disinfectant, NaClO, prepared in four different qualities of the waters in a concentration
range from 0 to 200 PPM (parts per million) will be measured and analyzed in the frequency
range from 100 Hz to 4 MHz. A changeable electrode distance of the probe and an even
wider frequency testing range from 0.1 Hz to 4 MHz will be used for the disinfectant
measurements to fundamentally study the dielectric properties of the disinfectants. The newly
developed methodology to detect the disinfectant concentration is based on the determination
of a characteristic frequency where relaxation of the disinfectant ions occurs in the water and
the permittivity of the disinfectant decreases to a constant value of almost the same as that of
the pure water in the high frequency. A direct linear relationship will be found between the
characteristic frequency and the disinfectant concentration. Moreover, repeatability
measurements of different concentrations of the disinfectants and soil influence on the
disinfectant sensing will also be studied.

4.1 Experiment procedure

The disinfectant, NaClO, was added in water to make aqueous solutions in different

concentrations in the range from 0 to 200 PPM, i.e., 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80,

100, 125, 150, 175, 200 PPM. The chemical of the NaClO disinfectant is a 2.5% (w/v)

152



solution provided by LabChem Inc. Four different qualities of water were used to prepare the
NaClO aqueous solutions. They were tap water, Nestle bottled water, Dasani bottled water,
and deionized (D.l.) water. The prepared disinfectant solutions were placed into glass beakers

for the dielectric measurements.

—— ooo
ooo oog

]
|
=
\ / B|ooo|ccooo
of|ooo|ooooo -
\/ B
V  glcoolocoo
Hloof8O00 —————
[ —————
" 9900/ - -
Impedance analyzer Computer processing

Figure 4.1 Picture of the sputtered Au/Cr/glass electrodes as the probe for dielectric sensing
on the NaClO disinfectant concentration in the water (a), and schematics of the precision
impedance analyzer and the computer to measure, transform and record the capacitance (Cy)

and dielectric loss (D) spectrums (b).

As shown in Figure 4.1(a), a pair of paralleled gold electrodes sputtered on the glass slides
(200 nm Au /5 nm Cr /1 mm glass) in the dimension of 25 mm %25 mm with a constant
distance of 3 mm was used as the probe. The gold electrodes of the probe were connected to
the precision impedance analyzer (Agilent 4294A), respectively, as shown in Figure 4.1(b)
and Figure 4.2. The probe was completely immersed in the NaClO disinfectant in the glass
beaker, as shown in Figure 4.2. The impedance of the NaClO disinfectant in different
concentrations prepared by four the water in four different qualities was measured by the

impedance analyzer in the frequency ranging from 100 Hz to 4 MHz. The impedance
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spectrums were calculated and transformed to capacitance (Cp) and dielectric loss (D) by the

precision impedance analyzer and recorded on the computer.

Impedance Analyzer

Wires

Disinfectant solution \
Beaker s
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Electrodes

N\ 27

Glass Plates

Figure 4.2 Schematic of the dielectric sensing system for real-time in-situ measurement of the

dielectric spectrums of the NaCIlO disinfectant solutions prepared by the waters.

A modified probe with a changeable electrode distance consisting of the same Au/Cr/glass
electrodes (200 nm Au /5 nm Cr / 1 mm glass) in the dimension of 25 mm =25 mm (as
mentioned in the last paragraph) paralleled with each other was developed. The electrode
distances of the probe of 2 mm, 3 mm, 4 mm, and 5 mm were used. The precision impedance
analyzer (Agilent 4294A) and the low-frequency impedance analyzer (Solartron 1260) were
used to connect to the probe, respectively, for the dielectric measurements. By using these
two impedance analyzers, a wide frequency measurement range (0.1 Hz - 4 MHz) was
covered. The probe was completely immersed in the NaClO disinfectant in the glass beaker,
as shown in Figure 4.2. The impedance of the NaClO disinfectants in different concentrations

(i.e., 0, 5, 25, 50, 100, 200 PPM) prepared by the tap water was measured by the probe in
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four different electrode distances in a wide frequency range from 0.1 Hz to 4 MHz,
respectively. The impedance spectrums were calculated and transformed to capacitance (Cp)
and dielectric loss (D) by the precision impedance analyzer and recorded on the computer.
The probe with the paralleled Au/Cr/glass electrodes (200 nm Au /5 nm Cr /1 mm glass)
in the dimension of 25 mm > 25 mm with a constant distance of 3 mm was used. The
precision impedance analyzer (Agilent 4294A) was used for the dielectric measurements,
which were connected to the probe. Five-time repeatability tests of the impedance of the
NaClO disinfectants in different concentrations (0, 5, 25, 50, 100, 200 PPM) prepared by the
tap water were conducted in the frequency range from 100 Hz to 4 MHz. The impedance
spectrums were calculated and transformed to capacitance (Cp) and dielectric loss (D) by the

impedance analyzers and recorded on the computer.

Figure 4.3 The tap water mixed with different masses of sand and topsoil containing organic
matters. (a) The mass of 0.05g, 0.5g, and 5g of the sand (on the top) and the topsoil (on the
bottom) are shown from the left to the right, respectively; (b) the tap water (200 mL) is mixed
with the sand (on the top) and the topsoil (on the bottom) in mixing ratios (w/v) of 0.025%,

0.25%, and 2.5%, respectively.
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Experiments of the sand/topsoil influence on the dielectric spectrums of the tap water were
conducted. As shown in Figure 4.3, the sand and topsoil containing organic matters were
weighed in the mass of 0.05 g, 0.5 g, and 5 g, respectively. 200 mL tap water was prepared to
be mixed with each mass of the sand/topsoil by 10 min stir and 10 min precipitation,
respectively. The mixing ratios (w/v) of the sand/topsoil and the tap water were 0.025%,
0.25%, and 2.5%, respectively. After precipitation, the mixed solutions were placed in glass
beakers for dielectric measurements by using the probe with an electrode distance of 3 mm.

The probe was connected to the precision impedance analyzer (Agilent 4294A).

4.2 Description of the dielectric sensing and analyzing methodology

The permittivity of pure water is about 80, owing to the water molecules having dipole
moment and the polarization ability of the water can be observed under AC electric field. The
ionic dipoles in the disinfectant solution change their orientation (reorient) under AC electric
field at low frequencies, resulting in a high capacitance/dielectric permittivity which can be
detected by the probe with the paralleled electrodes connecting to an electronic analyzing
device, such as an impedance analyzer. Due to the difference in the permittivity spectrums of
the disinfectant in different concentrations prepared by the water, it can be used to detect the

chemicals, such as the disinfectant, as shown in Figure 4.4.
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Figure 4.4 Schematic description of the dielectric sensing and analyzing methodology based
on the frequency dependence of the real part permittivity of the disinfectants in different

concentrations.

It has been noted that a US patent has a visional claim of a dielectric sensing method to
detect the chemical concentration in a dielectric liquid. That is, the real permittivity has a
close to a linear relationship with the chemical concentration in a dielectric liquid, such as a
disinfectant in water [118].

However, this method has two major issues which cannot be handled/solved by this US
patent. First, this US patent visionary claims that the real permittivity of the dielectric liquid
has a linear relationship with the concentration of the chemical. But based on our
measurement and analyzed results, as shown in Figure 4.5 and Figure 4.6, the permittivity of
the disinfectants versus disinfectant concentration has a (close to) linear relationship at a
certain middle frequency range and could not be applicable at either low-frequency or high-
frequency ranges. This confirmatory analysis is contradictory to the application to the whole
frequency range claimed by the patent [118]. It can be observed in Figure 4.6 that, at the low-

frequency range (lower than 37 Hz), the permittivity has a close to a linear relationship with
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the concentration at first, and then, gradually saturate at high concentration. At the high-
frequency range (1 kHz - 400 kHz), the permittivity has a close to saturated status with the
concentration at first, and then, changes to a linear relationship with the concentration. Only
in the middle frequency range, the permittivity has a close to a linear relationship with the

concentration.
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Figure 4.5 Dielectric real permittivity spectrums of the disinfectants (0-200 PPM) measured

by a paralleled electrode probe at a wide frequency range from 0.1 Hz to 4 MHz. Based on

the vision of the dielectric liquid detection method at a single frequency illustrated by a US
patent [118], at some selected frequencies, real part permittivity measured at different

concentrations is analyzed, where the analyzed results are shown in the next figure.
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Figure 4.6 Dielectric real permittivity spectrums of the disinfectants (0-200 PPM) measured
by a paralleled electrode probe at a wide frequency range from 0.1 Hz to 4 MHz. Based on
the vision of the dielectric liquid detection method at a single frequency illustrated by the US
patent [118], at some selected frequencies, the relationship between real part permittivity and
disinfectant concentration measured at different selected frequencies from 0.1 Hz to 400 kHz,

which is the visional method to detect the chemical concentration at a selected frequency
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illustrated by the US patent [118]. (a) Permittivity at 0.4 Hz to 37 Hz; (b) permittivity at 100
Hz to 200 Hz; (c) permittivity at 500 Hz to 1 kHz; (d) permittivity at 2 kHz to 5 kHz; (e)
permittivity at 10 kHz to 20 kHz; (f) permittivity at 50 kHz to 100 kHz; (g) permittivity at

200 kHz to 400 kHz.

Second, a mixing of a substance, such as air bubbles or soils (having a very low
permittivity) in the disinfectant/water would result in a false reading of the chemical
concentration due to a decrease of the entire permittivity spectrum while mixing with the low
permittivity substances [118]. Hence, how the issues could be eliminated by our newly
developed approach will be discussed in Section 4.7. In summary, this dielectric method
described in the previous patent could not be used to have a reasonable/satisfactory result to
detect the chemicals, for example, the disinfectant. A detailed analysis of the sensing of the
disinfectant will be discussed later.

To solve the above issues illustrated, according to the characteristics of the dielectric
permittivity spectrums of the disinfectants (prepared by the water) in various concentrations,
as shown in Figure 4.4, new dielectric sensing and analyzing methodology is proposed, where
the illustrated issues can be properly solved. For the disinfectants in different concentrations,
the permittivity decreases with the frequency increases until the permittivity decreases to a
constant at a certain frequency of about 10 kHz to 100 kHz. This frequency is defined as the
characteristic frequency (at the characteristic point) of the aqueous solution prepared by a

certain quality of water in a certain concentration of the disinfectant.

160



Interestingly, in the low-frequency range, the permittivity decreases with increasing
frequency in a linear relationship by their logarithm scales. The permittivity at a relatively
high frequency, where a constant permittivity value is obtained, is the base permittivity of the
disinfectant. This constant permittivity value is very close to the pure water permittivity in a
constant value of about 80. Above all, as shown in Figure 4.4, it is revealed that the
characteristic frequency can be calculated by the intersection of the two lines (the
linear/straight line at the low frequency and the horizontal line of a constant permittivity at
the high frequency). These two lines are the extension line of the linear fitting curve of the
logarithm real permittivity vs logarithm frequency and the extension line of the constant of
the permittivity value at the high-frequency range, respectively.

4.3 Dielectric spectrums of the disinfectants prepared by different qualities of water and
the relation between the characteristic frequency and disinfectant concentration

4.3.1 Dielectric spectrums of the disinfectants prepared by different qualities of water

Figure 4.7 shows the frequency dependences of the real dielectric permittivity of the
NaClO disinfectants prepared by four waters in different qualities and their correspondent
dielectric loss. For each water measured at low frequency, when the NaCIO concentration
increases, the real permittivity increases. For each disinfectant and each water prepared, when
frequency increases, dielectric permittivity decreases. A linear relation between the
permittivity and frequency is observed in the frequency range from about 100 Hz to 1 kHz in
the tested NaCIO concentrations prepared by the tap water, Nestle bottled water, and Dasani
bottled water. The disinfectants prepared with D.I. water also show linear relations between

the permittivity and frequency in the frequency range from about 100 Hz to 1 kHz in most of
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the tested NaClO concentrations except for the pure D.l. water (0 PPM). When the
permittivity decreases to a constant value of about 80, i.e., the base permittivity of the water,
the characteristic frequency of the NaClO disinfectant can be obtained, which is from 10 kHz
for the three pure waters (i.e., the tap water, Nestle bottled water, and Dasani bottled water) to
100 kHz for the NaClO disinfectants in 200 PPM. It is observed that water quality influences
the dielectric permittivity and the characteristic frequency at the same disinfectant
concentration, especially for the D.I. water. Dasani bottled water and Nestle bottled waters in
0 PPM, which are known for their high quality with less residual ions, exhibit lower real
permittivity compared with the permittivity of the tap water. However, for all disinfectants, as
the frequency increases, the permittivity is very rough when the permittivity decreases to
close to the base permittivity that the characteristic frequency could not be directly
determined on the permittivity spectrums. However, at a high disinfectant concentration, the
real permittivity prepared by the four waters is almost identical.

From Figure 4.8, the dielectric loss vs frequency spectrums show a loss peak for each
NaClO concentration and each prepared water, which implies a significant relaxation of Na*
and ClO in water at about the same characteristic frequency observed from the permittivity
spectrums in Figure 4.7. It also can be observed that the loss peak increases with increasing
NaClO concentration for each water, which reveals that the characteristic frequency increases
with increasing NaClO concentration and is identical to the results obtained from the
permittivity spectrums. It should be mentioned that the highly rough loss peaks are probably
caused by the very small phase angle detected by the impedance analyzer, which reveals a

close to pure resistance state is developed in this frequency range.
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As is briefly mentioned in the last section, by analyzing the real permittivity and loss
spectrums, the mechanism might be that the ionic dipoles in the disinfectant solution change
their orientation (reorient) under AC electric field at low frequencies which results in a high
real dielectric permittivity detected by the probe with the paralleled electrodes. However, the
thermal vibration of the water molecules counter-reacts with the reorientation of the ionic
dipoles in the solution at room temperature. When the frequency of the AC electric field
increases, the time to form the ionic dipoles decreases, and the water molecules’ counter-
reacting effect to disorientate against the reoriented ionic dipoles under the electric field
grows and begins to dominate. Therefore, the real permittivity of the disinfectant solution
decreases with increasing frequency. At a middle frequency where the permittivity decreases
to constant values close to that of the pure water, the relaxation of the reorientation of the
ionic dipoles occurs, which implies the frequency is fast enough to eliminate the contribution
of the reorientation of the ionic dipoles in the dielectric (disinfectant) solution. The constant
permittivity at a relatively high-frequency range for the disinfectants in different
concentrations reveals the first issue of the previous patent, that is, at one chosen frequency in
the entire frequency range, the chemical concentration corresponding to the dielectric
permittivity of the chemical solution probably is not a correct description [118]. Moreover,
the loss spectrums also show a similar relaxation process where high loss peaks are observed

(in Figure 4.8).
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Figure 4.7 Frequency dependences of the real part dielectric permittivity of the NaCIlO
disinfectant solutions prepared by different qualities of water. (a) Tap water; (b) Nestle

bottled water; (c) Dasani bottled water; (d) D.l. water.
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Figure 4.8 Frequency dependences of the dielectric loss of the NaClO disinfectant solutions
prepared by different qualities of water. (a) Tap water; (b) Nestle bottled water; (c) Dasani

bottled water; (d) D.l. water.

Imaginary dielectric permittivity spectrums of the NaClO disinfectants prepared by
different qualities of water are shown in Figure 4.9. The imaginary permittivity decreases
with increasing frequency for all disinfectants prepared in different waters. Moreover, all the
imaginary spectrums show the linear relationships between the logarithm imaginary
permittivity and the logarithm frequency. Further, the imaginary permittivity increases with
increasing the concentration of the disinfectant. Besides, the imaginary permittivity
spectrums are also different for different qualities of the waters due to different
concentrations of the residue ions in the waters. Hence, the imaginary permittivity could also
be used for sensing the disinfectant at some selected frequencies.

It is known that the imaginary permittivity spectrums are related to the conductivity which
is caused by the disassociation of the NaCIlO disinfectant into Na* and CIO™ in the water.
Specifically, the disassociated ions in the water are accelerated under AC testing voltage in a

direction parallel to the AC electric field, however, they collide with the thermal vibrated
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water molecules and lose speed, which results in a suppression of the ions to move and attach
to the electrode for the reading of the impedance analyzer. Only small numbers of the ions
attach to the electrode and contribute to the increase of the imaginary
permittivity/conductivity. As shown in Figure 4.10(a), the conductivity increases with
increasing disinfectant concentration. Hence, the phenomenon is ion concentration-dependent.
The reason is probably that, as the NaClO disinfectant concentration increases, more ions are
accelerated under the AC testing voltage and there is more chance for the ions to attach to the
electrodes to contribute to the conductivity. Figure 4.10(b) reveals the residual ions that
existed in the pure waters in different water qualities also influence the conductivity.
Therefore, considering both the water quality and the added disinfectant, the classical
conductivity linear equation to describe the behavior of the non-ideal conduction of the
disinfectants is shown below:

Ototal = Oresidaual + Odis = Nresiaual * Hresidual * €resiaual T Nais * Hais * €ais ~ (4-1)
where ototie 1S the total conductivity of the disinfectant; oresiqual IS the residual conductivity of
the pure water; ogis IS the conductivity of the NaClO disinfectant with the disassociated ions
of Na* and CIO"; Nresidual IS the number of the residual ions in the pure water; presidual 1S the
average mobility of the residual ions in the pure water; eresiqual IS the average charge of the
residual ions in the pure water; Ngis is the number of pairs of Na™ and CIO" in the disinfectant;
udis is the mobility of a pair of Na™ and CIO" in the disinfectant; eis is the charge of the ions

for a pair of Na* and CIO" in the disinfectant.
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Figure 4.9 Frequency dependences of the imaginary part dielectric permittivity of the NaCIO
disinfectant solutions prepared by different qualities of water. (a) Tap water; (b) Nestle

bottled water; (c) Dasani bottled water; (d) D.I. water.

Interestingly, the conductivity almost remains the same at different frequencies, except for
a little decrease at the frequency lower than 500 Hz and a sharp decrease for the D.l. water at
the frequency higher than 1 MHz. The mechanism of the sharp decrease for the D.I. water at
high frequency is unclear. It reveals that the conductivity of the disinfectants is almost
independent of the testing frequency in the wide frequency range from 500 Hz to 1 MHz,
whereas, the real permittivity, which implies the dielectric property of the disinfectant, is

highly dependent on the testing frequency, especially in the low-frequency range. By
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observation at different frequencies, although there are the conductivities at different
disinfectant concentrations, the trend of the real permittivity spectrum changing with the
disinfectant concentration is different from the trends of the conductivity and the imaginary
permittivity. Therefore, the dielectric behavior and the conductivity of the disinfectant are

two physical mechanisms that existed simultaneously under AC testing voltage.
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Figure 4.10 Comparison of the frequency dependences of the conductivity. (a) Comparison of
different concentrations prepared by the tap water; (b) comparison of four pure waters (0

PPM).

4.3.2 The relation between the characteristic frequency and disinfectant
concentration

To calculate the characteristic frequency of the disinfectants in different concentrations
prepared by different waters, real permittivity spectrums in Figure 4.7 are used. However, the
linearity of the real permittivity spectrums at the whole low-frequency range seems not all
consistent. Hence, an investigation is conducted to find the linear range of the logarithm real
permittivity vs the logarithm frequency spectrums by calculating the differential of the

logarithm real permittivity on the logarithm frequency. The calculated differential spectrums
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of the disinfectants in some concentrations prepared by four waters are shown in Figures 4.11,
4.12, 4.13, 4.14, respectively. A common trend of the spectrums is observed and the average
values between the fluctuated spectrums are plotted in black lines. At a low-frequency range
and a high-frequency range, two constant values can be found, respectively. The constant at
the low-frequency range shows the linear range of the logarithm real permittivity vs the
logarithm frequency spectrums. The constant at the high-frequency range shows the (constant)
real permittivity of the water at high frequency. Table 4.1 summarizes the linear ranges of the
logarithm real permittivity vs logarithm frequency spectrums of the disinfectants in different
concentrations prepared by four waters. Interestingly, the logarithm real permittivity of the
disinfectants has a common linear range, however, the logarithm frequency does not. It seems
that, at different disinfectant concentrations, the real permittivity spectrums are shifted in the
direction of the frequency axis. In summary, the (common) linear fitting range for all

disinfectant concentrations and all waters can be determined from 3.90 to 4.65.
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Figure 4.11 The differential of logarithm real part permittivity vs logarithm frequency
spectrums of the disinfectants prepared by the tap water. The black lines show the average
spectrums between the fluctuated spectrums and the constant ranges of the average values at
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Figure 4.12 The differential of logarithm real part permittivity vs logarithm frequency
spectrums of the disinfectants prepared by the Nestle bottled water. The black lines show the
average spectrums between the fluctuated spectrums and the constant ranges of the average

values at low frequencies reveal the linear fitting range of the logarithm permittivity
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Figure 4.13 The differential of logarithm real part permittivity vs logarithm frequency
spectrums of the disinfectants prepared by the Dasani bottled water. The black lines show the
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Figure 4.14 The differential of logarithm real part permittivity vs logarithm frequency
spectrums of the disinfectants prepared by the D.l. water. The black lines show the average
spectrums between the fluctuated spectrums and the constant ranges of the average values at
low frequencies reveal the linear fitting range of the logarithm permittivity spectrums. (a) 5

PPM; (b) 25 PPM; (c) 80 PPM; (d) 200 PPM.

Table 4.1 The linear ranges of the logarithm real permittivity vs logarithm frequency
spectrums of the different NaClO concentrations prepared by four waters. Both linear
frequency ranges and linear permittivity ranges are listed. f is frequency, and «; is relative real

permittivity.
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D.l. water Tap water Nestle water Dasani water
Conc./pp Logf/Hz Log &r Logf/Hz Log & Logf/Hz Log & Log f/Hz Log &
m From To From To From To From To From To From To From To From To
0 / / / [ 234 290 477 380 160 246 529 374 177 242 487 3.75
5 160 243 465 322 235 292 483 383 183 258 515 3.79 181 256 511 381
10 176 247 487 361 243 3.00 481 380 1.97 2.67 508 383 1.88 265 519 3.85
15 182 252 506 381 244 3.03 486 384 208 275 503 383 194 273 524 385
20 1.89 2.62 515 385 246 3.05 490 3.83 220 284 496 384 1.99 281 527 3.86
25 198 2.70 516 3.88 248 3.08 490 3.86 237 289 477 383 2.07 289 526 3.83
30 206 278 515 3.87 250 312 493 386 240 295 482 383 212 294 529 3.85
40 213 291 525 386 252 3.17 5.00 3.88 243 3.04 492 385 218 3.01 529 384
50 221 301 528 385 254 324 507 387 246 3.13 5.00 3.84 223 3.07 534 387
60 230 3.08 527 386 257 328 511 387 250 319 505 385 227 314 539 3.87
70 236 314 529 386 259 332 514 385 255 324 507 386 230 320 545 3.88
80 241 322 532 385 261 336 517 387 260 330 509 383 238 325 542 3.89
100 248 331 535 386 2.67 342 518 383 2.63 338 518 385 243 334 547 3.88
125 256 339 539 388 275 348 519 388 2.66 347 528 385 252 343 549 3.89
150 264 347 539 388 281 352 519 390 271 352 535 3.89 260 351 547 3.87
175 271 353 538 387 289 359 514 389 277 359 535 389 2.68 357 547 3.89
200 2.78 3.60 539 3.87 296 368 516 389 2.88 3.66 528 3.86 275 362 546 3.89
Log
permittiv 3.88 ~ 4.65 3.90 ~ 4.77 3.89~4.77 3.89 ~ 4.87
ity range
The
range for 3.90 ~ 4.65
all waters

Figure 4.15 shows the linear fittings of the linear portion of the real permittivity spectrums
of the disinfectants prepared by four waters, respectively. The linear fitting equations and the
fitting constants of the disinfectants prepared by four waters are shown in Eq. (4-2) and
Tables 4.2, 4.3, 4.4, and 4.5. The constant permittivity at high frequency is also listed in the
tables. Therefore, following the calculating method illustrated in Figure 4.4 in Section 4.2,
the characteristic frequencies of the disinfectants in different concentrations prepared by four

waters are calculated from the linear fittings of the linear portion of the logarithm real

permittivity spectrums at low frequency and the constant real permittivity at high frequency.

lger(water type,conc) — AO(water type,conc) + Al(water type,conc) X lgFre(water type,conc)

2)
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where &r water type,conc) 1S permittivity at high frequency (nearly a constant value close to 80) for
each concentration and each water, thus, Igerwater type conc) 1S close to a constant value for each
concentration and each water; Ao (water typeconc) 1S the intercept value at a concentration of
NaClO disinfectant prepared by a water type; A1 water typeconc) 1S the slope value at a
concentration of NaClO disinfectant prepared by a water type; Fre (water typeconc) 1S the

characteristic frequency at a concentration of NaCIlO disinfectant prepared by a water type.
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Figure 4.15 Linear fittings of the data points of the logarithm real permittivity vs logarithm
frequency of the NaCIO disinfectant solutions in different concentrations prepared by four
waters. The linear fitting range is from the permittivity of 3.90 to 4.65. (a) Tap water; (b)

Nestle bottled water; (c) Dasani bottled water; (d) D.l. water.
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Table 4.2 Linear fitting parameters for the measured data points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) for the NaClO disinfectant solutions in different

concentrations from 0 PPM to 200 PPM prepared by the tap water.

conc. / PPM Ao (Tap, A1 (Tap, Residual sum & (Tap, conc) Logio Fre Fre (Tap,

conc) conc) of squares (Tap, conc) conce)
0 8.863 -1.748 0.000162 88.82 3.955 9019
5 8.943 -1.734 0.000850 89.20 4.033 10795
10 9.069 -1.752 0.000601 89.71 4.062 11527
15 9.115 -1.745 0.000581 89.66 4.104 12713
20 9.193 -1.747 0.000554 90.14 4.142 13869
25 9.216 -1.738 0.000733 90.01 4.178 15052
30 9.274 -1.737 0.000479 90.22 4.213 16343
40 9.404 -1.744 0.000615 91.05 4.270 18618
50 9.456 -1.730 0.000830 91.33 4.333 21546
60 9.532 -1.729 0.001240 92.19 4.377 23827
70 9.633 -1.737 0.001060 91.93 4.415 26010
80 9.715 -1.741 0.000932 93.54 4.448 28035
100 9.838 -1.742 0.001050 92.85 4.517 32893
125 10.031 -1.764 0.000913 83.83 4.597 39543
150 10.190 -1.777 0.001290 84.79 4.650 44691
175 10.247 -1.768 0.001940 85.20 4.704 50637
200 10.439 -1.782 0.002030 88.62 4.765 58156

Table 4.3 Linear fitting parameters for the measured data points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) for the NaClO disinfectant solutions in different

concentrations from 0 PPM to 200 PPM prepared by Nestle bottled water.

Conc. / PPM Ao (Nes, A1 (Nes, Residual sum ¢ (Nes, conc) Logio Fre Fre (Nes,

conc) cong) of squares (Nes, conc) conc)

0 8.172 -1.801 0.002890 83.62 3.469 2945
5 8.452 -1.809 0.001420 84.11 3.609 4065
10 8.609 -1.792 0.001220 84.84 3.727 5336
15 8.741 -1.785 0.001390 84.90 3.816 6541
20 8.820 -1.763 0.000929 85.83 3.907 8070
25 8.919 -1.758 0.000345 86.72 3.971 9352
30 9.022 -1.757 0.000482 87.40 4.029 10691
40 9.226 -1.773 0.000218 87.61 4.108 12832
50 9.367 -1.771 0.000162 89.69 4.187 15372
60 9.511 -1.778 0.000143 91.07 4.247 17646
70 9.635 -1.785 0.000089 91.88 4.297 19837
80 9.684 -1.773 0.000052 90.17 4.358 22809
100 9.853 -1.775 0.000049 94.05 4.440 27554
125 9.972 -1.762 0.000060 96.17 4.534 34225
150 10.230 -1.795 0.000071 101.38 4.580 38045
175 10.315 -1.793 0.000154 98.30 4.642 43867
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200 10.409 -1.786 0.000219 102.55 4.701 50205

Table 4.4 Linear fitting parameters for the measured data points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) for the NaClO disinfectant solutions in different

concentrations from 0 PPM to 200 PPM prepared by Dasani bottled water.

Ay (Das, A; (Das, Residual sum | Logio Fre Fre (Das,
Conc./PPM co(nc) co(nc) of squares ¢r (Das, conc) (Dag, conc) co(nc)
0 7.963 -1.743 0.001890 84.37 3.463 2904
5 8.260 -1.737 0.001230 84.88 3.646 4423
10 8.483 -1.753 0.000602 83.35 3.744 5549
15 8.670 -1.772 0.000633 85.84 3.802 6345
20 8.726 -1.740 0.000518 85.64 3.905 8041
25 8.883 -1.754 0.000619 86.84 3.958 9088
30 8.969 -1.745 0.000409 87.41 4.027 10637
40 9.057 -1.730 0.000278 84.02 4.122 13239
50 9.218 -1.742 0.000163 83.27 4.190 15488
60 9.341 -1.744 0.000118 87.72 4.243 17493
70 9.491 -1.755 0.000185 88.66 4.298 19861
80 9.580 -1.752 0.000073 89.17 4.355 22629
100 9.684 -1.738 0.000046 89.36 4.448 28049
125 9.920 -1.758 0.000036 93.68 4522 33242
150 10.041 -1.760 0.000043 90.61 4.592 39072
175 10.246 -1.779 0.000072 99.40 4.636 43278
200 10.379 -1.791 0.000127 101.44 4.676 47448

Table 4.5 Linear fitting parameters for the measured data points of logarithm real part
permittivity vs frequency (100 Hz ~ 1 kHz) for the NaClO disinfectant solutions in different

concentrations from 0 PPM to 200 PPM prepared by D.I. water.

Conc. / PPM Ao (D.1., A;(D.l.,, Residual sum ¢ (D.I., conc) Logio Fre Fre (D.1.,

conc) conc) of squares (D.1., conc) conc)

0 / / 0.002130 82.77 0 100
5 7.426 -1.734 0.005540 83.55 3.174 1493
10 7.965 -1.758 0.002540 83.89 3.436 2727
15 8.292 -1.773 0.001370 84.26 3.590 3894
20 8.516 -1.778 0.000967 84.87 3.705 5074
25 8.650 -1.767 0.000671 85.18 3.802 6343
30 8.834 -1.787 0.000748 85.84 3.861 7268
40 9.014 -1.771 0.000548 86.90 3.995 9878
50 9.209 -1.780 0.000275 88.09 4.081 12060
60 9.399 -1.797 0.000206 89.00 4.144 13948
70 9.492 -1.788 0.000114 90.32 4.215 16394
80 9.617 -1.787 0.000090 89.30 4.289 19470
100 9.791 -1.790 0.000037 91.29 4.374 23662
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125 9.974 -1.793 0.000063 92.34 4.466 29221

150 10.124 -1.796 0.000086 94.48 4.538 34475
175 10.269 -1.805 0.000124 94.62 4.594 39236
200 10.404 -1.809 0.000156 101.77 4.642 43830

Figure 4.16 and the last column of Tables 4.2, 4.3, 4.4, and 4.5, show the calculated
characteristic frequency vs the disinfectant concentration prepared by four waters. The linear
relationships between the characteristic frequency and the (NaClO) disinfectant concentration
prepared by four waters can be found in Figure 4.16(a). The data points are fitted by the
linear fittings of Eq. (4-3), Eq. (4-4), Eq. (4-5), and Eq. (4-6) for the disinfectants prepared by
four waters are also shown in Figure 4.16(a). Due to the different concentrations of the
residual ions, the intercepts of the linear fittings of the characteristic frequencies of the
different qualities of the waters are different. To further observe the slight difference of the
slopes of four waters, the characteristic frequencies of the disinfectants prepared by each
water are subtracted by the intercept of each pure water (0 PPM), respectively, hence, the new
calculated delta characteristic frequencies of the disinfectants prepared by each water are
shifted to the same start point (i.e., the delta characteristic frequency of 0) for each water, as
shown in Figure 4.16(b). It is found that the slopes of the four waters are very close.
Therefore, as shown in Figure 4.16(c), a common linear fitting on all tested data points of the
four waters is capable to determine the relationship between the characteristic frequency and
the disinfectant concentration, which is expressed in Eq. (4-7). The average linearity error of
4.19% can be obtained between the data points of the disinfectants prepared by the four
waters and the common linear fitting.

Fehar (tap) = Bo (tap) < Conc + B1tap)  (4-3)
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Fenar (water type) 1S the frequency at the characteristic points (i.e., the characteristic frequency)
obtained from the linear fitting plot of logarithm real permittivity vs logarithm frequency at
low frequency and logarithm real permittivity baseline at a high frequency where real
permittivity is around 80 ~ 100 (each high-frequency permittivity values were used to
calculate each characteristic frequency); Conc is the disinfectant concentration; Bogwater type) 1S
the slope of each linear fitting of the data points of the characteristic frequency vs the
concentration prepared by the four waters, respectively. Fchar (al water) IS the delta characteristic
frequency of all four waters which is calculated by each characteristic frequency at different
concentrations subtracting the characteristic frequency of each pure water. Bocommon) IS the

slope of the common linear fitting of all the data points of the characteristic frequency vs the

Fehar (Nes) = Bo (Nes) > CoNnc + B1 (nes)
Fehar (Das) = Bo (pas) < Conc + B (pas)
Fehar 0.1) = Bo (p.1) < Conc + By p.1)

Fehar (all waters) = Bo (common) > Conc

concentration prepared by (all) four waters.
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Figure 4.16 Characteristic frequency vs disinfectant concentration for four waters and the
linear fittings (a); and the delta characteristic frequency (after subtracting the intercept of
each pure water) vs disinfectant concentration for four waters and the linear fittings (b); and a

common linear fitting of the data points of all waters (c).

4.4 Calculations to eliminate the influence of water quality issues

As is obtained in Section 4.3, a linear fitting is capable to determine/predicting the
relationship between the characteristic frequency and the disinfectant concentration with an
average linearity error of 4.19%. The error for each data point is calculated from the value (in
PPM) of the data point subtracting the value of the linear fitting (in PPM) and then, divided
by the value of each data point (in PPM) in the unit of %. The average error is calculated
from the errors of all data points of the disinfectants in different concentrations prepared by
four waters. However, it has not been considered that the water quality influences the fitting
slope values of the logarithm permittivity vs the logarithm frequency in the linear fitting
range. For all data points prepared by the four waters, a fitting slope value modification
method can be used to eliminate/mitigate the influence of the water quality issue and further

decrease the average (prediction) error. The modification method is described as follows: the
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characteristic frequencies of the disinfectants prepared by each water are multiplied by a

linear fitting slope value of each pure water with an index of times (from -4 to 3 in integers).
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Figure 4.17 Modifications by the fitting slope value of the real permittivity spectrums of each

pure water on the delta characteristic frequency vs the concentration (data points) to eliminate

the influence of the water quality issue and the linear fittings on the delta characteristic

frequency (data points). (a) A linear fitting on all data points of the delta characteristic

frequency times the slope value of each pure water; (b) a linear fitting of the delta

characteristic frequency divided by the slope value of each pure water; (c) a linear fitting of

the delta characteristic frequency times the square of the slope value of each pure water; and

(d) a linear fitting of the delta characteristic frequency divided by the square of the slope of

each pure water. Linear fittings are all calculated by the least square method.
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After the modification by different modification indexes, the slope value modified data
points and the fittings are shown in Figure 4.17. Based on the calculated data points and the
fittings in Figure 4.17, the average errors modified by different modification indexes are
calculated and shown in Figure 4.18 and Table 4.6. The smallest average error between the
modified characteristic frequency and the linear fitting is 4.08% after the slope value
modification of each pure water with the index of -1, which implies that the delta
characteristic frequency (data points) of each water should be divided by the slope value of
the real permittivity spectrum of each water. In summary, the slope value modification of
each pure water is proved to be an effective method to decrease the average error of the

disinfectant sensing from 4.19% to 4.08% in the concentration range of 0 - 200 PPM.

= Average error
L}

o]
T

[6)]
T
[ ]
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T
| |

Minimum average error

Average error between the data points
and common linear fitting

4 -3 -2 A 0 1 2 3
Index time modification on the data points

Figure 4.18 Average error (PPM/PPM in %) between the delta characteristic frequency vs the
concentration (data points) modified by an index time of the slope value of each pure water
and their linear fitting (a). The smallest average error (4.08 %) of the linear fitting can be
found for the delta characteristic frequency data points modified by the slope value of each

pure water with the index of -1.
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Table 4.6 The average error (PPM/PPM) between the delta characteristic frequency data
points (after subtracting the intercept of each pure water) modified by index times of the
slope value of each pure water and the common linear fitting. The smallest average error of
the linear fitting is underlined. (Note that the fitting slope value of D.I. water is picked up at 5

PPM instead of that in pure D.I. water.)

Delta characteristic frequency modified by index
times of the slope value of each pure water (for D.I.
water, the concentration of 5 PPM is chosen)

Average error (PPM/PPM) between the data
points and the common linear fitting / %

-4 5.83
-3 4.94
-2 4.26
-1 4.08
0 419
1 4.76
2 5.43
3 6.15

4.5 Comparison between the measured and the calculated dielectric permittivity
spectrums of the disinfectants and discussions

The measured capacitance/real permittivity and the capacitance/real permittivity of the
dielectric solution might be different due to the existence and influence of the electrode
polarization (EP) at low frequency. The study in this section aims to discover if the measured
real permittivity can reflect the real permittivity of the dielectric solutions/disinfectants in a
wide frequency range. It is known that, at low frequency, the EP plays a role to influence the
dielectric sensing of the aqueous solutions. The EP is based on the migration of the ions to
the electrodes and the formation of the ionic double layers close to the electrodes under an
electrical potential. The occurrence of the EP affects the reading of the capacitance/real
permittivity by forming additional capacitance layers close to the electrodes, making the

tested solution a multi-layer capacitance medium in a series model. Based on the described
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scenario, to discover the real dielectric permittivity of the disinfectants, we developed an
equation among three terms, i.e., the measured total capacitance, the capacitance of the ionic
double layers, and the real capacitance of the dielectric solutions/disinfectants. Some
discussions were conducted based on the calculations and analysis of the constants of the
equation.

4.5.1 Measured dielectric spectrums at different electrode distances

Figure 4.19 shows the measured dielectric real permittivity and loss spectrums of the
disinfectants prepared by the tap water tested by the probe with the changeable electrode
distance from 2 mm to 5 mm in a wide frequency range from 0.1 Hz to 4 MHz. All the
permittivity and loss spectrums tested by the different electrode distances show identical
trends. At low frequency (lower than 5 Hz), the permittivity spectrums show the spectrum
stage with an upper limit of the permittivity of the disinfectants in all concentrations. And the
loss spectrums tested by the different electrode distances at low frequency are close to zero.
From the low frequency of 5 Hz to 100 Hz, the permittivity spectrums of the disinfectants in
different concentrations decrease and are gradually diverged from the single-stage value. And
the loss spectrums are still in small values and gradually increase. At a frequency higher than
100 Hz, the trends of both the real permittivity and loss spectrums are identical to the
spectrums analyzed in Figure 4.7 and Figure 4.8. The reason for the occurrence of the
permittivity stage at low frequency is probably that the density of the reorientation of the
ionic dipoles in the disinfectants reaches saturation and is balanced with the thermal vibration
of the water molecules. When the density of the reorientated ionic dipoles cannot get even

higher at the low frequency (lower than 5 Hz), the saturation status is independent of the
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disinfectant concentration.
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Figure 4.19 Dielectric real permittivity and loss spectrums of the disinfectants (0-200 PPM)
prepared by the tap water tested by a probe with the changeable/different electrode distances
from 2 mm to 5 mm at a wide frequency range from 0.1 Hz to 4 MHz. (a) permittivity and 2
mm distance; (b) loss and 2 mm distance; (c) permittivity and 3 mm distance; (d) loss and 3
mm distance; (e) permittivity and 4 mm distance; (f) loss and 4 mm distance; (g) permittivity

and 5 mm distance; (h) loss and 5 mm distance.

Figure 4.20 shows the imaginary permittivity spectrums of the disinfectants prepared by
the tap water tested by the probe with different electrode distances from 2 mm to 5 mm in a

wide frequency range from 0.1 Hz to 4 MHz.
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Figure 4.20 Imaginary permittivity spectrums of the disinfectants (0-200 PPM) prepared by
the tap water tested by a probe with the changeable/different electrode distances from 2 mm
to 5 mm at a wide frequency range from 0.1 Hz to 4 MHz. (a) 2 mm distance; (b) 3 mm

distance; (c) 4 mm distance; (d) 5 mm distance.

At a frequency higher than 100 Hz, the trends of the spectrums are identical to the
spectrums analyzed in Figure 4.9. However, interestingly, at a frequency lower than 100 Hz,
the imaginary permittivity stops increasing where an upper stage with a continuously shaking
spectrum is formed. The trends of the spectrums tested in the different electrode distances are
identical. The trend at low frequency implies that the conductivity begins to decrease when
decreasing frequency from 100 Hz. The reason is probably that thermal vibration plays an
important role to impede the long-term migration of the ions in the solution and the ions
having a very close distance to the electrodes can migrate and attach to the electrodes to
contribute to the conductivity and the imaginary permittivity. Hence, the phenomenon is
independent of the electrode distance. Interestingly, at low frequency, the imaginary
permittivity seems also independent of the ion/disinfectant concentration, which could not be

properly explained.
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Figure 4.21 Linear fittings of the data points of the logarithm real permittivity vs logarithm

frequency of the NaCIO disinfectant solutions in different concentrations tested by the probe

with different electrode distances from 2 mm to 5 mm. The linear fitting range is from the

permittivity of 3.90 to 4.65. (a) 2 mm distance; (b) 3 mm distance; (c) 4 mm distance; (d) 5

mm distance.

Linear fittings of the data points of the logarithm real permittivity vs logarithm frequency
of the disinfectant solutions in different concentrations are measured by the probe with
different electrode distances from 2 mm to 5 mm, as shown in Figure 4.21. The (common)
linear fitting range from the permittivity of 3.90 to 4.65, which has been determined in Table

4.1, is used for all the linear fittings.
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Following the calculation methodology illustrated in Figure 4.4 in Section 4.2, the
characteristic frequencies of the disinfectants in different concentrations prepared by the tap
water measured by the probe with different electrode distances are calculated from the linear
fittings of the linear portion of the logarithm real permittivity spectrums at low frequency and
the constant real permittivity at high frequency.

Figure 4.22(a) shows the linear relationship between the characteristic frequency and the
disinfectant concentration prepared by the tap water measured by the probe with different
electrode distances. And the linear fittings have also been expressed by Eq. (4-3) and Figure
4.22(a). The linear fittings on the data points measured by the probe with four different
distances are also shown in Figure 4.22(a). Data points of the delta characteristic frequency
vs disinfectant concentration are plotted in Figure 4.22(b). In the figure, a slight random
difference in the fitting slopes measured by the four distances can be observed. However, the
slopes of the fittings do not vary much, and a common linear fitting can be used to fit all the

measured data points, as shown in Figure 4.22(c).
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Figure 4.22 Characteristic frequency vs disinfectant concentration tested by the probe with
different electrode distances from 2 mm to 5 mm and the linear fittings (a); the delta
characteristic frequency (after subtracting the intercept of each pure water) vs disinfectant
concentration tested by the probe with four different electrode distances (b); a common linear

fitting of the data points tested by the probe with four different electrode distances (c).

In Table 4.7, the characteristic frequencies of the disinfectants measured by the probe with
the four different electrode distances and the fitting results and the standard deviations,
concentration detection sensitivity, and linearity errors are summarized. The linearity error
decreases with increasing the electrode distance. The smallest linearity error of 1.59% can be
obtained by the probe with an electrode distance of 5 mm. The linearity error of 3.68%
between the data points and the common linear fitting is the highest compared to the linearity
error for each electrode distance. In summary, a longer electrode distance is preferred to be

used, but the distance should not be too long to have a very large/influencing edge effect.

Table 4.7 Characteristic frequencies of the disinfectants tested by the probe with four

electrode distances and the calculated standard deviations, sensitivity, and linearity errors.
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Characteristic frequency / Hz Common Standard
fitting for4  deviation for 4

Distance / mm 2 3 4 5 distances / Hz  distances / Hz
5 1919 1919 1943 2008 1809 142.6
Concentration 25 9439 9133 9477 9767 9047 164.8
/ PPM 50 18809 17898 19319 20053 18094 1213.5
100 36809 36553 37637 37878 36188 1170.1
200 69878 68361 72982 75076 72376 2739.2
Sensitivity / Hz/PPM 354.5 347.3 368.3 377.4 361.9 /
Linearity error 3.18%  3.15% 2.00%  1.59% 3.68% /

4.5.2 Discussions on the calculated dielectric permittivity spectrums of the
disinfectants
4.5.2.1 Theory
Based on the influence of the EP on the measured capacitance mentioned above, a model
of the multi-layer capacitance in a series configuration is developed. The capacitance
measured by the probe, C, can be expressed by the sum of the capacitances of the dielectric
solution/disinfectant and the ionic double layers, which is expressed as follows:
1 1 1

1
= = —.
C CR C+ C_ R'A + EoErA

QU
>

Z=— — A+ (47)

€0 ErA C+

™

where C+ and C. are the capacitances of the ionic double layers which are close to the
electrodes, respectively; er is the dielectric real permittivity of the disinfectant between the
electrodes, where er = &oer; d and A are the distance between the paralleled electrodes and the
area of the electrodes, respectively; A is the thickness of the ionic double layers; thus, the
thickness of the measured disinfectant can be expressed as A-d.

It can be analyzed that, ﬁ, A, and C., are constants at a (selected) frequency and a
constant disinfectant concentration. d can be considered as a variable. Hence, we can assume

that:

(4-8)

Eo&rA
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Thus, Eq. (4-7) can be rewritten as:
%za-d+b (4-10)

where a and b are constants at a (selected) frequency and a constant disinfectant

concentration.

From Eq. (4-10), it reveals that, by measuring the capacitances of the disinfectants with
different distances of the electrodes, the constants, a, and b, can be calculated at different
frequencies and different disinfectant concentrations, respectively. Moreover, the capacitance
contributions from both the disinfectant and the ionic double layers can be separated.
Therefore, the calculated relative real permittivity of the disinfectant, &r, which has a direct
relationship with a, can be directly calculated, as shown in Eq. (4-8). The calculated results
and the further comparisons between the calculated and the measured real permittivity will be
discussed later.

4.5.2.2 Results and discussions

At different frequencies, a and b can be calculated from the linear fittings of the data points
of 1/C vs d, respectively. Figure 4.23 and Table 4.8 show the linear fittings of the measured
data points of 1/C vs d for different disinfectant concentrations at different frequencies
ranging from 0.1 Hz to 4 MHz. As shown in Eq. (4-9), the fitting slope value, i.e., a, is
inversely proportional to . Therefore, the trend of the fitting slope when increasing
disinfectant concentration can reflect the trend of &r. At the low frequencies from 0.1 Hz to 1
Hz, the fittings are very close to each other, and their slopes are negative values and very

small for all disinfectant concentrations. At the frequencies from 4 Hz to 5 kHz, the fitting
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slope decreases with increasing disinfectant concentration. However, from the frequency of
10 kHz, this trend of the slope value when increasing disinfectant concentration begins to
weaken when the frequency increases. Until the frequency increases to 400 kHz, the slope
values remain almost the same when the disinfectant concentration increases. At the
frequencies from 1 MHz to 4 MHz, the fittings for different concentrations are almost the
same. Table 4.9 shows the intercept (i.e., b) values of the linear fittings of the data points of
1/C vs d. From 0.1 Hz to 9 Hz, b values are positive. But, from 37 Hz to 2 kHz, b values turn
negative. However, from 10 kHz to 4 MHz, b values turn positive. The value change of a and

b and their influences will be further discussed next.

4.0x10" *
x = 0PPM 01 Hz 4010 e 0.4 Hz
3.5x10*+ o 5PPM 3.5x10°t ¢ 5PPM
[ & 25PPM s 25PPM
3.0x10°'F v 50 PPM 3.0x10°'t v 50PPM
100 PPM 100 PPM

o 25310t | 200 pPM - 2510°F | 200 ppu

T\ 20x10°F — Linear fit FL\L 2.0x10% F i@ffit "

o () = T .
1.5x10" —g— o 1.5x10° g ; —1
1.0x10* 1.0x10" F
5.0x10° | 5.0x10°

ol . . . 0.0l . . .
0.002 0.003 0.004 0.005 0.002 0.003 0.004 0.005
Electrodes distance / m Electrodes distance / m
4 4
4510 — 1 5pm 1Hz X0 e 4 Hz
4.0x10*F o 5PPM 4| o 5PPM
6x10° F
35x10'l A 25PPM A 25PPM
., v 50 PPM 5x10°F ¥ 50 PPM
3.0x10*F <« 100 PPM < 100 PPM .
< L[ » 200PPM - 4| » 200PPM -
L2510 |inear fit w A0 inear fit "
©2.0x10°F = B — O 3x10*F
e
1.5x10* b .
1.0x10* F a0y
5.0x10°f 1x10%
0 . . . . 0 . . . .
0.002 0.003 0.004 0.005 0.002 0.003 0.004 0.005
Electrodes distance / m Electrodes distance / m

192



3.5x10°
3.0x10°
2.5x10°
_'Lt 2.0x10°
© 1.5x10°
1.0x10°

5.0x10°
0.0

5.5x10
5.0x10
4.5x10"
4.0x10"
- 3.5x10°
L 3.0x10
0 2.5x107
2.0x10"
1.5x10’
1.0x10’
5.0x10°

0 PPM

5 PPM
25 PPM
50 PPM
100 PPM
200 PPM

9 Hz

vV A4 p» o

0.002 0.003 0.004 0.005
Electrodes distance / m
L = O0PPM 100 Hz
e 5PPM
- a 25PPM
v 50 PPM
r < 100 PPM
» 200 PPM
I —— Linear fit
0.002 0.003 0.004 0.005
Electrodes distance / m
- = 0PPM 500 Hz
[ o 5PPM
[ 4 25PPM
v 50 PPM
[ <« 100 PPM
C » 200 PPM
- —— Linear fit
L A I
L & /rl),,r—fr* —
¥ 3
0.002 0.003 0.004 0.005
Electrodes distance / m

5x10°

4x10°

W 3x10°F

© 210°

1x10°

A 7
fij)/ﬁ:‘.;:*:;
0.002 0.003 0.004 0.005

Electrodes distance / m

0 PPM

5 PPM

25 PPM
50 PPM
100 PPM
200 PPM
—— Linear fit

37 Hz

vV A4 D>onm

0.002 0.003 0.004

Electrodes distance / m

0 PPM

5 PPM
25 PPM
50 PPM
100 PPM
200 PPM
| —— Linear fit

200 Hz

vV A 4 » o

0.002 0.003 0.004 0.005
Electrodes distance / m
8
1.8x10° = oem 1 kHz
1.6x10°F o 5PPM
s 4 25PPM
14x10°F 0 50 ppw
1.2x10%F < 100 PPM
- s| » 200 PPM
L1010 | inearfit
T 8.0x107
6.0x10" N
4.0x10" L
_— .
20x10"f &+ . — T
D e S +
0.002 0.003 0.004 0.005
Electrodes distance / m
2.1x10°f
1.8x10°F
1.5x10° F
T 1.2x10°F
© 9.0x10%}F

6.0x10°

3.0x10°

193

e
0.002 0.003 0.004 0.005

Electrodes distance / m



4.5x10°

,f = OPPM 10 kHz
4.0x10°F o 5PPM
o[ a 25PPM
35x10°T  soppm
3.0x10°F <« 100 PPM -
- of » 200 -
- 2.5x10°r inearfit ® —
o 20x10°F T A
1.5x10°F ° e
1.0x10°F . - —
50x10°F v— 4 e
0 s —
0.002 0.003 0.004 0.005
Electrodes distance / m
9x10°+ = OPPM 50 kHz .
L]
8x10°t
7x10°F v
6x10°F |
L 5x10°
© 4x10°
3x10°
2x10°
1x10°
0.002 0.003 0.004 0.005
Electrodes distance / m
1x10"
= 0PPM 200 kHz
9x10°L © 5PPM
s 25PPM
8x10°L v 50PPM
< 100 PPM
T 7x10°f > 200PPM
= —— Linear fit
o 6x10°F
5x10°
4x10°t
>
3x10° : : :
0.002 0.003 0.004 0.005
Electrodes distance / m
1x10"
= 0PPM 1 MHz
o] e 5PPM
10°r | o5 ppM
s| v 50PPM
8x10°r ¢ 100 PPM
- » 200 PPM
_E x10°F Linear fit
o 9
6x10°
5x10°
4x10°t
0.002 0.003 0.004 0.005

Electrodes distance / m

7x10°
6x10°
5x10°
W 4x10°+
O 3x10°f
2x10°t
1x10°
[ . . .
0.002 0.003 0.004 0.005
Electrodes distance / m
ox10°F = OPPM 100 kHz
e 5PPM
8x10°F 4 25PPM
v 50 PPM
7x10°F < 100 PPM
- o[ > 200PPM
E 6x10° r —— Linear fit
O sx10°f -
0
4x10°F
x10°r <~
o100 Lt . . .
XY 0,002 0.003 0.004 0.005
Electrodes distance / m
1x10"°
= 0PPM 400 kHz
ox10°L © 5PPM
Ao 25PPM
8X109 L v 50PPM
< 100 PPM
- 7x10°} > 200 PPM
= —— Linear fit
& 6x10°f
5x10°
4x10°F
3x10° : : :
0.002 0.003 0.004 0.005
Electrodes distance / m
1x10"
= 0PPM 2 MHz
9| e 5PPM
910 | 25 ppM
o| v 50PPM
8x10°1 & 100 PPM
™ o[ » 200PPM
=~ 7x10°F — Linear fit
(&)
6x10°
5x10°
4x10°F

194

0.003 0.004 0.005

Electrodes distance / m




1x10"

9x10° -

8x10°

L 7x10°

0 PPM

5 PPM

25 PPM
50 PPM
100 PPM
200 PPM
[ — Linear fit

VA4AD>OTR

4 MHz

(@)
6x10° -

5x10° -

4x10° |
0.002

0.003 0.004 0.005

Electrodes distance / m

Figure 4.23 Linear fittings of the data points of one over the measured capacitance, 1/C, vs
the electrode distance of the probe at different frequencies. (a) 0.1 Hz; (b) 0.4 Hz; (c) 1 Hz; (d)
4 Hz; (e) 9 Hz; (f) 37 Hz; (g) 100 Hz; (h) 200 Hz; (i) 500 Hz; (j) 1 kHz; (k) 2 kHz; (1) 5 kHz;
(m) 10 kHz; (n) 20 kHz; (0) 50 kHz; (p) 100 kHz; (q) 200 kHz; (r) 400 kHz; (s) 1 MHz; (t) 2

MHz; (u) 4 MHz.

Table 4.8 Slope (i.e., a) values of the linear fittings of 1/C vs electrode distance.

Disinfectant concentration / PPM

0 5 25 50 100 200
0.1Hz -4.19E+05 -1.12E+06  -9.33E+05  -6.53E+05  -9.08E+05  -2.54E+05
0.4 Hz -3.51E+05 -9.87E+04  -7.56E+05  -6.55E+05  -3.06E+05  -7.85E+05

1Hz -1.46E+05 -1.30E+05  -3.03E+05  -3.64E+05 -2.94E+05  -7.82E+05
4 Hz 5.71E+06 4.93E+06 2.43E+06 1.38E+06 7.36E+05 4.60E+05
9 Hz 1.94E+07 1.62E+07 8.18E+06 4.71E+06 2.33E+06 1.27E+06
37 Hz 1.97E+08 1.57E+08 7.42E+07 4.10E+07 1.93E+07 8.43E+06
100 Hz 8.78E+08 6.78E+08 3.09E+08 1.58E+08 6.79E+07 2.60E+07
200 Hz 2.77E+09 2.14E+09 9.79E+08 5.05E+08 2.17E+08 8.19E+07
500 Hz 1.25E+10 9.65E+09 4.45E+09 2.31E+09 9.86E+08 3.77E+08
1 kHz 3.71E+10 2.93E+10 1.34E+10 7.21E+09 3.05E+09 1.17E+09
Frequency 2 KkHz 1.06E+11 8.51E+10 4.03E+10 2.19E+10 9.65E+09 3.65E+09
5 kHz 3.67E+11 2.50E+11 1.75E+11 8.36E+10 4.07E+10 1.53E+10
10 kHz 6.82E+11 4.28E+11 4.06E+11 2.13E+11 1.02E+11 4.46E+10
20 kHz 1.19E+12 9.07E+11 5.15E+11 6.27E+11 2.87E+11 1.22E+11
50 kHz 1.57E+12 1.44E+12 1.36E+12 1.17E+12 6.65E+11 3.84E+11
100 kHz  1.64E+12 1.60E+12 1.51E+12 1.39E+12 1.32E+12 8.49E+11
200kHz  1.69E+12 1.67E+12 1.58E+12 1.61E+12 1.53E+12 1.11E+12
400 kHz  1.69E+12 1.68E+12 1.66E+12 1.67E+12 1.66E+12 1.64E+12
1 MHz 1.70E+12 1.69E+12 1.66E+12 1.67E+12 1.66E+12 1.67E+12
2 MHz 1.71E+12 1.70E+12 1.69E+12 1.69E+12 1.68E+12 1.70E+12
4 MHz 1.72E+12 1.71E+12 1.70E+12 1.71E+12 1.70E+12 1.74E+12
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Table 4.9 Intercept (i.e., b) values of the linear fittings of 1/C vs electrode distance.

Disinfectant concentration / PPM

0 5 25 50 100 200
0.1Hz 1.63E+04 1.91E+04 1.78E+04 1.66E+04 1.77E+04 1.51E+04
0.4 Hz 1.94E+04 1.72E+04 1.89E+04 1.85E+04 1.73E+04 1.86E+04

1Hz 2.11E+04 2.07E+04 1.97E+04 1.94E+04 1.88E+04 2.01E+04
4 Hz 1.58E+04 1.56E+04 1.73E+04 1.80E+04 1.84E+04 1.81E+04
9 Hz 4.66E+02 1.71E+03 9.69E+03 1.33E+04 1.64E+04 1.72E+04
37 Hz -1.90E+05  -1.63E+05  -6.80E+04  -3.09E+04  -4.51E+03 8.35E+03
100Hz  -9.00E+05  -7.10E+05  -3.21E+05 -1.50E+05 -4.79E+04  -3.39E+03
200Hz  -253E+06  -2.04E+06  -9.93E+05  -5.05E+05 -2.01E+05 -6.18E+04
500Hz  -8.27E+06  -7.10E+06  -3.70E+06  -1.99E+06  -8.49E+05  -3.36E+05
1 kHz -1.38E+07  -1.49E+07  -7.83E+06  -4.99E+06  -2.14E+06  -9.34E+05
Frequency 2 kHz -1.27E+07  -2.53E+07  -1.69E+07  -1.16E+07  -5.92E+06  -2.57E+06
5 kHz 2.41E+08 2.56E+08 -2.91E+07 7.56E+06 -8.10E+06  -3.50E+06
10 kHz 9.06E+08 9.84E+08 1.21E+08 6.81E+07 7.11E+07 5.49E+06
20 kHz 8.13E+08 1.47E+09 1.46E+09 1.90E+08 1.89E+08 9.39E+07
50 kHz 8.87E+08 9.96E+08 9.58E+08 5.76E+08 1.05E+09 4.67E+08
100 kHz  8.44E+08 9.89E+08 1.05E+09 9.87E+08 5.46E+08 7.09E+08
200 kHz  7.68E+08 8.47E+08 1.03E+09 9.44E+08 8.61E+08 1.35E+09
400 kHz  8.13E+08 8.51E+08 8.54E+08 7.86E+08 6.54E+08 4.27E+08
1 MHz 8.26E+08 8.57E+08 8.87E+08 8.39E+08 7.77E+08 5.46E+08
2 MHz 8.33E+08 8.57E+08 8.48E+08 8.19E+08 7.55E+08 5.22E+08
4 MHz 8.32E+08 8.65E+08 8.53E+08 8.01E+08 7.65E+08 4.71E+08

The aim to calculate the real permittivity of the disinfectants is to get rid of the EP

influence caused by the ionic double layers close to the electrodes of the probe and obtain the

true real permittivity of the disinfectants/solutions. In Figure 4.24, the measured real

permittivity spectrums of the disinfectants in different concentrations prepared by the tap

water are exhibited in solid curves, which are the same as the real permittivity spectrums in

Figure 4.19. After the calculation by Eq. (4-8), the calculated data points of the real

permittivity are shown in Figure 4.24 and Table 4.10.
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Figure 4.24 Comparison between the measured real permittivity and the real permittivity of
the solution (after the calculation). At a frequency higher than 37 Hz, the real permittivity of
the solution is very close to the measured real permittivity. However, at a frequency lower

than 37 Hz, the calculated permittivity could not show reasonable results.

Comparing the calculated real permittivity to the measured real permittivity of the
disinfectants, it is observed that, in a large frequency range from 37 Hz to 4 MHz, the values
of the calculated real permittivity are very close to the measured permittivity (in the solid
curves) at all disinfectant concentrations. The results reveal that, in the frequency range
higher than 37 Hz, the EP influence on the disinfectant sensing is very small and the

measured real permittivity can reflect the true real permittivity of the disinfectants. Moreover,
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as shown in Figures 4.24(a), 4.24(b), 4.24(c), 4.24(d), comparing the real permittivity
measured by the probe with the four different electrode distances, d, (2mm - 5mm), it seems
that, by increasing d, the true/calculated real permittivity is much closer to the measured real
permittivity. When d increases to 4mm and 5mm, as shown in Figure 4.24(d), the measured
real permittivity is almost the same as the true/calculated real permittivity in the frequency
range higher than 37 Hz. However, when d gets even larger, the edge effect of the electrodes
will influence the measurements. Hence, 4mm and 5mm of d are preferred to be selected for
the dielectric measurements of the disinfectant. However, at a frequency lower than 37 Hz,
the calculated permittivity could not show reasonable results, due to that, the negative slope
values are obtained. It is impossible to get the negative values of the real permittivity. The
reason is not clear. In summary, in the frequency range higher than 37 Hz, the measured real
permittivity can reflect the true real permittivity of the disinfectants and the preferred

electrode distance, d, for better-measured results is 4mm and 5mm.

Table 4.10 Calculated real permittivity of the dielectric solutions/disinfectants.

Disinfectant concentration / PPM

0 5 25 50 100 200

0.1Hz -4.31E+08  -1.61E+08 -1.94E+08 -2.77E+08 -1.99E+08  -7.10E+08

0.4 Hz -5.14E+08  -1.83E+09  -2.39E+08 -2.76E+08 -5.91E+08  -2.30E+08

1Hz -1.24E+09  -1.39E+09  -5.95E+08 -4.96E+08 -6.15E+08  -2.31E+08

4 Hz 3.17E+07 3.67E+07 7.44E+07 1.31E+08 2.45E+08 3.93E+08

9Hz 9.29E+06 1.12E+07 2.21E+07 3.84E+07 7.76E+07 1.42E+08

37 Hz 9.18E+05 1.15E+06 2.43E+06 4.40E+06 9.38E+06 2.14E+07

100 Hz 2.06E+05 2.67E+05 5.85E+05 1.14E+06 2.66E+06 6.95E+06

200 Hz 6.52E+04 8.46E+04 1.85E+05 3.58E+05 8.34E+05 2.21E+06

Frequency —coonz  1.44E+04  L87E+04  4.06E+04  7.83E+04  1.83E+05  4.79E+05

1 kHz 4.87E+03 6.17E+03 1.35E+04 2.51E+04 5.93E+04 1.54E+05

2 kHz 1.70E+03 2.12E+03 4.49E+03 8.26E+03 1.87E+04 4.95E+04

5 kHz 4.93E+02 7.21E+02 1.04E+03 2.16E+03 4.44E+03 1.18E+04

10 kHz 2.65E+02 4.22E+02 4.45E+02 8.50E+02 1.77E+03 4.05E+03

20 kHz 1.52E+02 1.99E+02 3.51E+02 2.88E+02 6.29E+02 1.48E+03

50 kHz 1.15E+02 1.26E+02 1.33E+02 1.54E+02 2.72E+02 4.71E+02

100 kHz  1.11E+02 1.13E+02 1.20E+02 1.30E+02 1.37E+02 2.13E+02
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200 kHz ~ 1.07E+02 1.08E+02 1.14E+02 1.13E+02 1.18E+02 1.63E+02
400 kHz  1.07E+02 1.08E+02 1.09E+02 1.08E+02 1.09E+02 1.10E+02
1 MHz 1.06E+02 1.07E+02 1.09E+02 1.08E+02 1.09E+02 1.08E+02
2 MHz 1.06E+02 1.06E+02 1.07E+02 1.07E+02 1.07E+02 1.06E+02
4 MHz 1.05E+02 1.06E+02 1.06E+02 1.06E+02 1.07E+02 1.04E+02

To investigate the fundamentals of the influence of the ionic double layers, the spectrums

of the capacitance of the ionic double layers per unit area, Co, and the intercept divided by the

slope value, b/a, are calculated and analyzed, respectively.

Co can be represented as:

CO=

C+

= (4-11)

b/a spectrums at different disinfectant concentrations can be expressed as:

b _ 2g0&rA
a

Cy

A

2808y

=———-A
Co

(4-12)

Co represents the capacitance density of the ionic double layers formed close to the

electrodes. b/a represents the overall influence of the capacitance density of the ionic double

layers and the thickness of the ionic double layers, i.e., A. From Figures 4.25(a), 4.25(b), and

Table 4.11, in the frequency range higher than 37 Hz, Co is almost a very small constant value.

However, in the frequency range lower than 37 Hz, Co almost reaches another constant value

of about 0.2 F/m?, which means that a large charge of the ionic double layers is formed. To

describe the two different capacitance stages between the low frequency and the high

frequency is that the behavior of the ionic double layers corresponding to the AC electric

field changes from a lower frequency behavior to a high-frequency behavior. The reason is

unclear.
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Figure 4.25 Capacitance spectrums of the ionic double layer per unit electrode area (a); zoom

in figure (b); and b/a spectrums (which are related to Co and A) in different concentrations of

the dielectric solutions/disinfectants (c); zoom in figure (d).

Table 4.11 The capacitance of the ionic double layer per unit electrode area (F/m?) in

different concentrations of the disinfectants.

Disinfectant concentration / PPM

0 5 25 50 100 200
Co/ Fem?

0.1 Hz 1.96E-01 1.67E-01 1.79E-01 1.93E-01 1.80E-01 2.12E-01
0.4 Hz 1.65E-01 1.86E-01 1.70E-01 1.73E-01 1.85E-01 1.72E-01
1Hz 1.52E-01 1.55E-01 1.63E-01 1.65E-01 1.70E-01 1.59E-01
4 Hz 2.02E-01 2.06E-01 1.85E-01 1.78E-01 1.74E-01 1.77E-01
Frequency 9 Hz 6.87E+00 1.87E+00 3.30E-01 2.41E-01 1.95E-01 1.87E-01
37 Hz -1.69E-02 -1.96E-02 -4.71E-02 -1.03E-01 -7.10E-01 3.83E-01
100 Hz -3.56E-03 -4.51E-03 -9.97E-03 -2.13E-02 -6.68E-02 -9.44E-01
200 Hz -1.26E-03 -1.56E-03 -3.22E-03 -6.33E-03 -1.59E-02 -5.18E-02
500 Hz -3.87E-04 -4.50E-04 -8.66E-04 -1.61E-03 -3.77E-03 -9.52E-03
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1 kHz -2.31E-04 -2.15E-04 -4.09E-04 -6.41E-04 -1.50E-03 -3.43E-03
2 kHz -2.52E-04 -1.27E-04 -1.90E-04 -2.76E-04 -5.41E-04 -1.25E-03
5 kHz 1.33E-05 1.25E-05 -1.10E-04 4.23E-04 -3.95E-04 -9.13E-04
10 kHz 3.53E-06 3.25E-06 2.64E-05 4.70E-05 4.50E-05 5.83E-04
20 kHz 3.93E-06 2.18E-06 2.20E-06 1.68E-05 1.70E-05 3.41E-05
50 kHz 3.61E-06 3.21E-06 3.34E-06 5.56E-06 3.04E-06 6.85E-06
100 kHz 3.79E-06 3.23E-06 3.05E-06 3.24E-06 5.86E-06 4.51E-06
200 kHz ~ 4.17E-06 3.78E-06 3.11E-06 3.39E-06 3.72E-06 2.37E-06
400 kHz 3.94E-06 3.76E-06 3.75E-06 4.07E-06 4.89E-06 7.49E-06
1 MHz 3.88E-06 3.73E-06 3.61E-06 3.81E-06 4.12E-06 5.86E-06
2 MHz 3.84E-06 3.73E-06 3.77E-06 3.91E-06 4.24E-06 6.13E-06
4 MHz 3.85E-06 3.70E-06 3.75E-06 4.00E-06 4.18E-06 6.79E-06

From Figures 4.25(c), 4.25(d), and Table 4.12, in the frequency range higher than 37 Hz,

the trend of b/a can be observed, where the frequency range can be further separated into two

ranges. From 37 Hz to 2 kHz, b/a is a negative value for the disinfectants in different

concentrations. From 10 kHz to 4 MHz, b/a is a positive value for the disinfectants in

different concentrations. However, in the frequency range lower than 37 Hz, the b/a value is

highly unstable. The reason for the unstable low-frequency values is not clear. The influence

of both Co and A of the ionic double layers will be discussed next.

Table 4.12 Calculated b/a (which is related to Co and A of the ionic double layer) in different

concentrations of the disinfectants.

Disinfectant concentration / PPM

0 5 25 50 100 200
0.1Hz -3.90E-02 -1.70E-02 -1.91E-02 -2.53E-02 -1.95E-02 -5.94E-02
0.4 Hz -5.51E-02 -1.74E-01 -2.50E-02 -2.82E-02 -5.65E-02 -2.37E-02

1Hz -1.44E-01 -1.59E-01 -6.48E-02 -5.32E-02 -6.41E-02 -2.58E-02

4 Hz 2.77E-03 3.16E-03 7.13E-03 1.31E-02 2.50E-02 3.92E-02

9 Hz 2.39E-05 1.06E-04 1.18E-03 2.82E-03 7.06E-03 1.35E-02

Frequency 37 Hz -9.64E-04 -1.04E-03 -9.16E-04 -7.54E-04 -2.34E-04 9.90E-04
100 Hz -1.03E-03 -1.05E-03 -1.04E-03 -9.48E-04 -7.05E-04 -1.30E-04

200 Hz -9.14E-04 -9.57E-04 -1.01E-03 -1.00E-03 -9.30E-04 -7.54E-04

500 Hz -6.60E-04 -7.36E-04 -8.31E-04 -8.62E-04 -8.61E-04 -8.92E-04

1 kHz -3.73E-04 -5.08E-04 -5.84E-04 -6.92E-04 -7.01E-04 -7.98E-04

2 kHz -1.19E-04 -2.97E-04 -4.19E-04 -5.30E-04 -6.13E-04 -7.03E-04

5 kHz 6.58E-04 1.02E-03 -1.66E-04 9.05E-05 -1.99E-04 -2.29E-04
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10 kHz 1.33E-03 2.30E-03 2.98E-04 3.20E-04 6.94E-04 1.23E-04

20 kHz 6.83E-04 1.62E-03 2.83E-03 3.03E-04 6.56E-04 7.69E-04

50 kHz 5.63E-04 6.93E-04 7.04E-04 4.90E-04 1.58E-03 1.22E-03

100 kHz 5.16E-04 6.17E-04 6.97E-04 7.10E-04 4.15E-04 8.35E-04

200 kHz 4.55E-04 5.08E-04 6.51E-04 5.88E-04 5.62E-04 1.22E-03

400 kHz 4.81E-04 5.07E-04 5.15E-04 4.70E-04 3.94E-04 2.61E-04

1 MHz 4.85E-04 5.09E-04 5.33E-04 5.04E-04 4.68E-04 3.27E-04

2 MHz 4.86E-04 5.04E-04 5.02E-04 4.86E-04 4.49E-04 3.06E-04

4 MHz 4.83E-04 5.06E-04 5.00E-04 4.69E-04 4.51E-04 2.71E-04

From Figures 4.25(c), 4.25(d), and Table 4.12, by analysis of Eq. (4-12), at the low-
frequency range from 37 Hz to 2 kHz, the relation between Co and A can be experimentally
found below:

Co " A> 2¢4¢, = constant  (4-13)

At the high-frequency range from 10 kHz to 4 MHz, another relation between Co and A can
be experimentally found below:

Co " A< 2¢y¢, = constant  (4-14)

In the frequency range from 37 Hz to 4 MHz, when the frequency increases from low to
high, the value of C, - A gradually decreases from larger than +2gger to lower than -2eos;.
Therefore, either the capacitance, the thickness, or both, of the ionic double layers changes
when frequency increases. A further elaborately designed experiment is probably needed to
classify which parameter of the ionic double layers changes with the testing frequency.

In summary, in this section, in the frequency range higher than 37 Hz, the measured real
permittivity can reflect the true real permittivity of the disinfectants and the preferred
electrode distance, d, for better-measured results is 4mm and 5mm. In the frequency range
lower than 37 Hz, unclear results/phenomena are exhibited. The good disinfectant sensing

frequency can be chosen from 100 Hz to 4 MHz to obtain preferable sensing of the

202



disinfectants by using the newly developed dielectric sensing methodology.
4.6 Sensing stability of the delta characteristic frequencies at different disinfectant
concentrations

The sensing accuracy needs to be studied for the newly developed dielectric sensing
methodology to detect the concentration of the disinfectant. The sensing stability of the
(calculated) delta characteristic frequencies at five different disinfectant concentrations is
analyzed in this section.

4.6.1 Repeatability measurements on dielectric spectrums at different disinfectant

concentrations
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Figure 4.26 Real permittivity, dielectric loss, imaginary permittivity vs frequency spectrums
(100 Hz - 4MHz) of the disinfectants in different concentrations (0, 5, 25, 50, 100, 200 PPM)
prepared by the tap water and five-time repeatability results. (a) The real permittivity of all
concentrations; (b) real permittivity of five-time tests; (c) loss of all concentrations; (d) loss
of five-time tests; (e) imaginary permittivity of all concentrations; (f) imaginary permittivity

of five-time tests.

Figure 4.26 shows the frequency dependence of the real dielectric permittivity, dielectric
loss, and imaginary permittivity of the NaClO disinfectants prepared by the tap water,
respectively. As shown in Figures 4.26(a), 4.26(c), 4.26(e), for the disinfectants measured at
low frequency, when the NaClO concentration increases, the real permittivity, and the
imaginary permittivity increase, respectively, and the peak of the dielectric loss shifts to the
high frequency. The trends of the spectrums of the real permittivity, loss, and imaginary
permittivity of the disinfectant when increasing the disinfectant concentration are the same as
the trends of the measured spectrums described in detail in Section 4.3.1.

Figures 4.26(b), 4.26(d), 4.26(f), show the five-time repeatability spectrums of the real

permittivity, dielectric loss, and imaginary permittivity, of the NaClO disinfectants in five
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(selected) different concentrations prepared by the tap water, respectively. It is found that the
repeatability of the five-time measurements is almost identical for all three dielectric property
spectrums. Therefore, the repeatability results roughly reveal that the continuous dielectric
sensing of the disinfectants is reliable/stable.

4.6.2 Calculations of the standard deviations of the characteristic frequencies at
different disinfectant concentrations

Figure 4.27 shows the linear fittings of the linear portion of the five-time measurement
results of the real permittivity spectrums of the disinfectants prepared by the tap water,
respectively. Following the calculation methodology illustrated in Figure 4.4 in Section 4.2,
the characteristic frequencies of the disinfectants in five different concentrations prepared by

the tap water are calculated.
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Figure 4.27 Linear fittings of the five-time measurement results of the logarithm real
permittivity vs logarithm frequency of the NaClO disinfectants in different concentrations
prepared by the tap water. The fitting range is from the permittivity of 3.90 to 4.65. (a) 0, 5,

25 PPM:; (b) 50, 100, 200 PPM.
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Figure 4.28 shows the calculated characteristic frequency vs disinfectant concentration of
the disinfectants in five different concentrations prepared by the tap water. The data points of
the characteristic frequency vs NaClO concentration of the disinfectants in five different
concentrations can be found in Figure 4.28(a) and the calculated values of the characteristic
frequencies are shown in Table 4.13. Figure 4.28(b) shows the data points of the delta
characteristic frequency vs NaClO concentration of the disinfectants in five different
concentrations. It is found that the data points in each NaClO concentration are very
close/almost identical. A good linear fitting of the average values of the data points of the
characteristic frequencies of the disinfectants in five different concentrations is shown in
Figure 4.28(c). From Figure 4.28(c), the standard deviations of the disinfectants in different
concentrations are marked. The average values of the characteristic frequencies and the
standard deviations are shown in Table 4.13. It reveals that the standard deviations of the
disinfectants are small compared to the average values of the characteristic frequencies,
which means that a good sensing accuracy can be achieved. For example, for the detection of
the concentration of 5 PPM, the sensing accuracy is about 0.39 PPM. For the detection of the
concentration of 25 PPM, which implies the standard safety concentration for the disinfection
of the fresh produce, the sensing accuracy is about 1.19 PPM. For the detection of the high
concentration of 100 PPM, the sensing accuracy is about 2.07 PPM. Hence, the disinfectant
sensing accuracy (relatively) increases with the increase of the disinfectant concentration. In
summary, the sensing accuracy is good for the in-situ, continuous detection of the NaClO

disinfectant in tap water.
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Figure 4.28 Five-time measurement data points of the characteristic frequency vs disinfectant

concentration (a); five-time measurement data points of the delta characteristic frequency

(after subtracting the intercept of each pure water) vs disinfectant concentration (b); and the

average values of the data points of the delta characteristic frequency vs disinfectant

concentration with error bars and the linear fitting (c).

Table 4.13 Calculated characteristic frequencies of the five-time measurements on real

permittivity spectrums at the NaCIlO disinfectant concentration of 5, 25, 50, 100, 200 PPM

prepared by the tap water. Average values and standard deviations are calculated.

Disinfectant concentration

0 PPM 5 PPM 25PPM  50PPM 100 PPM 200 PPM
Characteristic Measurement1 13959 16830 25249 36248 59044 102334
frequency /  Measurement 2 12769 14554 23045 33999 56111 97985
Hz Measurement 3 12406 14258 22824 34283 56830 101082
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Measurement 4 12124 14052 22460 33851 56277 98658

Measurement 5 12132 14238 22931 33924 57359 98358

Average 12678 14787 23302 34461 57124 99684
Standard 763 1157 1110 1012 1180 1915
deviation

Sensing accuracy / PPM / 0.39 1.19 1.47 2.07 3.84

4.7 Influence of the soil and sand on dielectric spectrums of the disinfectant

During the disinfection and wash processes of the fresh produce, a very little amount of the
dirt/topsoil probably can be brought to/mixed with the disinfectant aqueous solution. The
mixing of the topsoil might influence the sensing accuracy of the concentration of the
disinfectant. However, the patent which has been filed previously does not illustrate the
potential influence of mixed substances such as air or soil which are considered low
permittivity materials (1 for the air and about 3~7 for the different soils and sand). Therefore,
as the new dielectric analysis and calculation methodology has been developed, it is very
necessary to study the possible influence of the soil mixing issue (and the air mixing issue is
the same).

4.7.1 Permittivity equation of the disinfectant mixing with the soil

The permittivity (spectrum) of the disinfectant mixing with the substances (soil for
instance) at a (specific) disinfectant concentration prepared by one type of water, &r (mix, water
type, conc), Can be expressed as follows:

&r(mix,water type,conc) = g:&i(?s,water type,conc) gﬁsub,water type,conc) (4-15)

where ¢ is the volume percentage of the substance; thus, 1-¢ is the volume percentage of the

disinfectant after mixing with the substance; er(is, water type, concy 1S the permittivity of the

disinfectant without mixing with the substance at a disinfectant concentration prepared by
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one type of water; &rsub, water type, conc) 1S the permittivity of the substance mixed with the
disinfectant prepared by one type of water.

Take the logarithm of both sides:
lg9emixwater type,conc — 1-¢)- 1g&, (ais,water typeconc) T @ lg&r(subwater type,conc) (4-

16)

Eq. (4-16) is valid in the frequency range from low (about 10 Hz) to high (4 MHz)
according to Figure 4.4 and Figure 4.19. Since the characteristic frequency in the proposed
methodology is calculated based on the two frequency ranges of the linear lines/curves of the
permittivity spectrum in both logarithm scales of the permittivity and the frequency, Eq. (4-
16) reveals that the influence of the mixed substances is linearly affecting the permittivity of
the disinfectant. In other words, the permittivity spectrum shifts proportionally in the figure
in logarithm scales of both the permittivity and the frequency. As a result, the calculated
characteristic frequencies for different disinfectant concentrations do not change with the
mixing of the substance (such as the soil). Therefore, theoretically, mixing with either the soil
or the air (in a little volume percentage) would not influence the sensing reliability/accuracy
by using the newly developed dielectric calculation methodology. Experiment results of the
disinfectants mixing with the sand/soils will be analyzed and discussed in the next section.

4.7.2 Experiment results and discussion

Figure 4.29 shows the frequency dependence of the real dielectric permittivity on the tap
water mixed with the sand and topsoil in mixing ratios (w/v) of 0%, 0.025%, 0.25%, and
2.5%, respectively. As shown in Figure 4.29(a), for the tap water mixed with each ratio of the

sand/topsoil, the real permittivity decreases with the frequency increases until the permittivity
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decreases to a constant value of about 80 where a dielectric relaxation of the disinfectant ions
occurs. Moreover, when the mixing ratio of the topsoil increases, the real permittivity
increases in the low-frequency range. But, it seems that when the mixing ratio of the sand
increases, the real permittivity spectrum will not change. As shown in Figure 4.29(b), the loss
peak shifts to a high frequency when the mixing ratio of the topsoil increases. But, when the
mixing ratio of the sand increases, the loss spectrum of the tap water will not change. In the
case of the imaginary permittivity, as shown in Figure 4.29(c), a similar trend can be found
that the spectrum increases with increasing the mixing ratio of the topsoil. But, it also seems
that the mixing of the sand could not influence the imaginary spectrum of the tap water. In
summary, a little large amount of the soil (i.e., 0.25% and above) mixing with the tap water
could influence the dielectric spectrums of the tap water. However, mixing with the sand (i.e.,
0.025% - 2.5%) or a very little amount of the topsoil (0.025%) barely influences the dielectric

spectrums of the tap water.
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Figure 4.29 Frequency dependence of the real part dielectric permittivity on tap water mixed
with the sand and topsoil in mixing ratios (w/v) of 0%, 0.025%, 0.25%, and 2.5%,

respectively.

Figure 4.30 shows the linear fittings of the linear portion of the real permittivity spectrums
of the tap water mixed with different masses of sand and topsoil. Following the calculation
methodology illustrated in Figure 4.4 in Section 4.2, the characteristic frequency of the tap
water mixed with the sand and topsoil is calculated from the point of the intersection of the
extension line of the linear fittings of the logarithm real permittivity spectrums at low
frequency and the extension line of the constant real permittivity at high frequency,

respectively.
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Figure 4.30 Linear fittings of the data points of the logarithm real permittivity vs logarithm
frequency of the tap water mixed with different ratios of the sand and topsoil. The linear

fitting range is from the permittivity of 3.90 to 4.65.

Figure 4.31 shows the characteristic frequency vs the mixing ratio (w/v) of the sand and
topsoil in the tap water. From Figure 4.31(a), it is found that the characteristic frequency is
independent of the mixing ratio of the sand in the tap water. The possible reason is that the
sand does not contain organic matter and there is barely a dissolution of salts in the tap water.
From Figure 4.31(b), it is revealed that the characteristic frequency of the tap water mixed
with a small mass of the topsoil (i.e., 0.025%) is almost not influenced compared to that of
the tap water (i.e., 0%). These results are identical to the theoretical analysis based on Eq. (4-
16) in Section 4.7.1. However, when the mixing ratio of the topsoil increases to 0.25% (w/v),
a substantial increase in the characteristic frequency can be observed. The possible reason is
that the topsoil contains a considerable mass of organic matter and salts, which could be
partially dissolved in the disinfectant/water and influence its characteristic frequency. Which
content (organic matter and salts) contribute more is unknown. When the mixing ratio
increases to 2.5% (w/v), a significant increase in the characteristic frequency can be observed.
In the applications of disinfection of the fresh produce, as shown in Figure 1.3 in Section
1.3.1, the prewash process could get rid of a big portion of the topsoil which is attached to the
fresh produce. And the disinfection and wash processes are the major processes after the
prewash process, where the sensors are supposed to be placed. Therefore, very little organic

matter is dissolved in the water during the disinfection and wash processes of the fresh
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produce. It can be concluded that, when mixing with a very little mass of the organic matter
(i.e., no more than 0.025%) or a relatively larger amount of the sand in the tap
water/disinfectant during the disinfection and wash processes, the detection of the
disinfectant in the tap water cannot be influenced. Similarly, by analogy, it is also applicable
to mix the air (in a small volume percentage) in the disinfectant without varying the sensing
result/accuracy. Therefore, it is not necessary to conduct an adjustment on the dielectric
sensing of the disinfectant during the disinfection and wash processes of the fresh produce

when a very little mass of the topsoil is possibly mixed with the tap water.
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Figure 4.31 The characteristic frequency vs mixing ratio (w/v) of the sand (a), and topsoil

(b) in the tap water.

4.8 Conclusions

1. A new dielectric sensing and analysis methodology was developed to rapidly detect
disinfectants in water. This dielectric sensing method was based on the determination of a
characteristic frequency, which changes with the disinfectant concentration in water. This
dielectric sensing method has many advantages, such as time-saving, inexpensive, simple

handling, and long-time durability, over other sensing technologies.
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2. A linear relation between the characteristic frequency and NaClO disinfectant
concentration in water in the range from 0 to 200 PPM was found.

3. Water quality influence on disinfectant concentration sensing was studied. A modification
method was used to eliminate/mitigate the influence of water quality issues.

4. Electrode polarization effect on the dielectric sensing methodology was very small. The
measured real permittivity spectrum in a wide frequency range was able to reflect the real
permittivity of the disinfectants.

5. Soil influence on the dielectric sensing of the disinfectants was theoretically and
experimentally studied. Compared with dielectric sensing at a single frequency, the sensing
stability of the disinfectant mixing with the soil was more reliable. This sensing methodology
has a potential application in real-time in-situ detection on disinfectant concentration for

disinfection and wash processes of fresh produce production.
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Chapter 5 Conclusions

1. A novel low-cost, in-situ, wireless sensor platform — MSP sensor with a dimension of 13.5
mm X 4.5 mm X 30 um coated by a thin layer of water-sensitive polymers, CNF, and
crosslinked PVA, respectively, was developed.

2. The crosslinked PVA-MSP humidity sensor had both water-resistant capability and high
humidity sensing sensitivity. A fundamental study was carried out to optimize the GA/PVA
ratio to obtain the crosslinked PVA film with the best match of water-resistant capability and
water absorption ability.

3. The sensor signal, i.e., the resonant frequency of the sensor, is linearly dependent on RH.
The change in the resonant frequency of the sensor is also linearly dependent on the thickness
of the PVA layer. Moreover, the long-time stability of the sensor with the crosslinked PVA
layer was improved compared with those of the sensors with the non-crosslinked PVA layer
and with the CNF layer. Further, good stability was obtained during a 20-day test. Besides,
the sensor can work in an environment that was directly exposed to water.

4. A high dielectric permittivity core-shell BTO-SiO, ceramics humidity sensor was
developed. The sensor based on capacitance/effective permittivity change corresponding to
humidity change has the potential to be used to develop a passive wireless LC humidity
resonant sensor to be used in agricultural applications.

5. The ceramics sensor has a long-time humidity testing stability. It is theoretically analyzed
and experimentally verified that the ceramics sensor with flat surface electrodes can be used
without any influence from the soils at any frequency in the tested humidity range.

6. A new dielectric sensing and analysis methodology was developed to rapidly detect
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disinfectants in water. This dielectric sensing method was based on the determination of a
characteristic frequency, which changes with the disinfectant concentration in water. This
dielectric sensing method has many advantages, such as time-saving, inexpensive, simple
handling, and long-time durability, over other sensing technologies.

7. A linear relation between the characteristic frequency and NaClO disinfectant
concentration in water in the measurement range was found. Water quality influence on
disinfectant concentration sensing was studied.

8. Soil influence on the dielectric sensing of the disinfectants was theoretically and
experimentally studied. Compared with dielectric sensing at a single frequency, the sensing
stability of the disinfectant mixing with the soil was more reliable. This sensing methodology
has a potential application in real-time in-situ detection on disinfectant concentration for

disinfection and wash processes of fresh produce production.
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Chapter 6 Future work

In Chapter 2, homemade coils are used and connected to a precision impedance analyzer
for wirelessly interrogating with the polymer-MSP humidity sensors. There are some issues
worth to be studied. First, a small, convenient, handheld interrogating device needs to be
developed to replace the current sensing modules with a relatively large size, which can
support field measurements. Second, although the homemade coils are used for wirelessly
sensing and it is also known that the 1-inch MSP sensor/strip can achieve more than a 1-
meter wireless sensing distance in the application of the anti-theft purpose in stores and
supermarkets, the wireless sensing distance of the polymer-MSP sensors could be optimized
in the future work to balance the strength of the sensing signal and the wireless sensing
distance. Future researchers may optimize the configuration of the wireless detection coils to
enhance the wireless sensing signal. Finally, the effective wireless sensing distance of the
polymer-MSP sensors can be maximized.

In Chapter 3, the humidity sensing performance of the main sensing module, i.e., the high
permittivity core-shell BTO-SiO, ceramics humidity capacitor/sensor with flat surface
electrodes has been comprehensively studied. However, the mechanism of the change of the
dielectric property spectrums corresponding to the humidity change has been found different
from the typical mechanism and is currently not understood. Therefore, in future work, the
study probably should focus on the finding of the mechanism of the dielectric property
change with the humidity. Some material characterization techniques, such as XRD and TEM,
are probably required for a better understanding of the microstructure and the sensing

mechanism of the material.
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In Chapter 4, based on the influence of the EP on the measured capacitance, a model (i.e.,
Eq. (4-7)) of the multi-layer capacitance in series configuration has been developed for a
better understanding of the ionic double layer and its influence on the total capacitance. It is
found in the experiment that, in the frequency range from 37 Hz to 4 MHz, when frequency
increases from low to high, the value of C, - A gradually decreases from larger than +2¢o¢; to
lower than -2eoer. Therefore, an issue is found that either the capacitance, the thickness, or
both, of the ionic double layers changes, when frequency increases. In future work, a further
elaborately designed experiment is probably needed to classify which parameter (Co and A) of
the ionic double layers changes with the testing frequency. It is proposed that a probe with a
changeable distance of the electrodes, where the minimum electrode distance could be
adjusted down to 100 um, should be manufactured to meet the high requirements of
parallelism and surface roughness of the electrodes for reliable measurements. This approach

is temporarily very difficult to process based on the current experiment equipment.
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