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ABSTRACT

Testing water for heavy metal ions is vital for assessing its quality. However,
traditional methods require skilled technicians and complex lab equipment, posing
logistical challenges. To address the above problems, we developed a microfluidic device
with a Dual-gate lon-Selective Field-Effect Transistor (ISFET) for heavy metal ion
detection. Using an lon-Selective Membrane (ISM), our device captures target ions and
measures the signal difference via ISFET to determine ion concentration. We optimized
ISM thickness and concentration of buffer solution using known ion standard solutions
to validate our method, achieving maximum capture efficiency. We then evaluated
sensing performance against standard ion solutions, elucidating the capture response
mechanism. Finally, we tested the device used in ditch wastewater for chromium(VI) ion
detection, demonstrating its sensitivity and selectivity. Our findings confirm the device's
real-time water quality monitoring potential, with noise reduction capabilities for various

applications, including household use and environmental monitoring.

Keywords: Microfluidic channel, ion-selective membrane, ISFET, Chromium(VI), heavy

metal ions.
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Chapter 1 Introduction

1.1  Research background

Water is the fundamental necessity in human life. Due to the ongoing pollution of
freshwater and the excessive utilization of this precious resource amid rapid urbanization
and industrial growth, nearly 40% of the global population is grappling with freshwater
inadequacy. Consequently, water pollution emerges as the most pressing challenge that
humanity must confront. Wastewater discharged from industrial and daily activities may
carry pollutants. Among them, heavy metal ions pose a particularly severe threat. They
are toxic and carcinogenic substances that resist decomposition, persisting in the
ecosystem for extended periods. Given their increased usage in contemporary society, the
potential harm to the human body has markedly escalated [1].

Heavy metals are ubiquitously present in the Lithosphere. The primary culprits
behind the pollution of these substances are the extraction, industrial production,
utilization, agricultural practices, household applications, and medical uses of heavy
metals and their compounds. Furthermore, the corrosion of metals, soil erosion by metal
ions, leaching, deposition, re-suspension, and evaporation from water sources to soil and
groundwater are significant contributors to the pollution. Natural phenomena, such as
weather patterns and volcanic activity, also play a substantial role in the prevalence of
heavy metal pollution. Figure 1-1 shows several common heavy metal ions and their
sources of environmental contamination.

Arsenic (As), Cadmium (Cd), Copper (Cu), Iron (Fe), Mercury (Hg), Lead (Pb), and
Chromium (Cr), among other heavy metals, are considered highly hazardous. These
metals readily form sulfur, nitrogen, and oxygen complexes in biological and chemical
materials. Consequently, they have the potential to alter the structure of proteins, inhibit

1
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enzymes, and disrupt molecule bonds. As a result, the complex forms of these heavy
metals may exhibit carcinogenic effects and impact various physiological systems. It is
noteworthy, however, that the human body requires trace amounts of these metals to
sustain metabolic processes. Therefore, the World Health Organization (WHO) has
established standard concentration limits for these metals in wastewater. The
concentration of metal ions below these specified limits is considered safe for

consumption.

*Automobile
emission
*Glass

*Welding
*Pesticides ( *Photovoltaic

*Batteries cells
. £ - <1
*Paper industry ) Nuclear fission

plant

/Sources of
heavy
metalions j

4

*Paints and dyes

*Electro plating / *Jewellery trash

/ *Textile industries )

*Tannery industries *Batteries

Figure 1-1 Heavy metal ions and their sources in environment contamination [2].
Among all heavy metal ions detections, chromium(VI) (Cr(VI)) has its unique
difficulty due to its complex ionic form and its similarity with chromium(III) (Cr(III)),
which has relatively low toxicity to Cr(VI). There is an urgent need for precise, reliable,
cheap, and expeditious technology for on-site detection of Cr(VI) falling below

international standard guideline values.
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1.2  Properties of Cr(VI)

Chromium is present in trace amounts in soil, rocks, and various life forms, its
atomic weight is 51.9. Chromium could form various salts, with sodium and potassium
being the predominant types. Cr(III) and Cr(VI) represent stable forms within chromium
ions. Cr(IIT) occurs in various environments, exhibiting non-toxic properties and
providing nutritional benefits to humans. On the other hand, Cr(VI), primarily in the form
of chromate and dichromate, is utilized in industries such as dyeing, pigment production,
and plating. It is a primary contributor to occupational and environmental contamination.
The diverse forms of Cr(VI) are influenced by the pH of the solutions (Figure 1-2).
Specifically, at a pH < 1, it exists as HoCrOq; at 2 < pH < 4, both dichromate (Cr.07%)
and HCrO4™ coexist; in the pH range of 4 <pH < 6, both dichromate and chromate (CrO4%")

are present, with chromate becoming dominant below pH < 6.5 (Figure 1-2).

100
|H.cro,
80 4
f‘g
< 60
@
o
=
L]
=
S 404
o
< /,_f
20 4
0 T T
1 2 o

Figure 1-2 The distribution of different Cr(VI) forms in water [3].
3
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1.3  Applications of Cr(VI)

Cr(VI) finds widespread application in numerous industrial processes. Its low
solubility in water contributes to its various compounds' distinct and vibrant colors,
including yellow lead chromate, brick-red silver chromate, and orange potassium
chromate. Due to these unique color properties, Cr(VI) is extensively used in the dye and
pigment industry. Moreover, given its elevated hardness, high melting point, and anti-
corrosion characteristics, Cr(VI) is employed in diverse applications such as plating,

wood preservation, the steel industry, and as an anti-rust additive.
1.4  Toxicity of Cr(VI)

Cr(VI) is recognized as a significant environmental pollutant, with its toxicity
attributed to its highly soluble oxidation state. In contrast, Cr(III) is relatively non-toxic,
owing to its tendency to form insoluble hydroxides, resulting in reduced leakage into the
ecosystem. However, prolonged exposure to high Cr(IIl) concentrations remains harmful.
The toxicity of Cr(VI) is notably elevated, about 500 times higher than Cr(III). Cr(VI),
commonly released in manufacturing industries, could infiltrate the soil and contaminate
groundwater. Natural Cr(VI) concentrations are minimal, with most existing in a reduced
state. Oceanic levels are approximately 0.1-0.5 pg/L, clean surface water ranges from 0.3-
0.6 pg/L, increasing to 5-50 pg/L in polluted water and exceeding 200 pg/L in highly
contaminated water. The U.S. Environmental Protection Agency has established a crop
standard of 100 pg/L for total chromium, with a drinking water standard of 0.1 pg/L,
encompassing all chromium forms, including Cr(VI).

Biologically, Cr(VI) could quickly enter the human body through direct pathways,
such as mucosal contact, resulting in skin and nasal cavity ulceration, organ function

damage, and potentially death. Prolonged exposure to Cr(VI) could lead to health issues

4
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such as bronchitis, pneumonia, asthma, skin allergies, dermatitis, or perforated septum.
Figure 1-3 shows the way of the mutagenicity of Cr(VI) and the pathway of DNA damage.
Recognizing its significant health risks, Cr(VI) is classified as a major carcinogen by the

World Health Organization (WHO).
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Figure 1-3 Diagram of toxicity and mutagenicity of Cr(VI) [4].
1.5 Current problems of Cr(VI) sensing

Although various cost-effective, portable, and stable sensing technologies are
available for heavy metal ions sensing, traditional Cr(VI) methods still require skilled
technicians to operate sophisticated analytical instruments within dedicated laboratories
to obtain accurate results. Additionally, transporting samples from the target water source
to the laboratory may introduce potential contamination to the samples. In the last two
decades, some Cr(VI) sensing devices have been developed, but can only be processed in
a narrow pH range and have difficulties distinguishing the signal of Cr(III) from Cr(VI).
Other Cr(VI) sensing devices require complicated pre-processing, and harmful

5
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compounds may be used in these methods. Furthermore, few of them have the ability for
real-time detection, not to mention the ability of automatic sensing under severe chemical
conditions. To address the above issues, we aim to develop an easy-to-use, reliable, and

portable device for automatic real-time sensing in various environments.
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Chapter 2 Literature review

2.1  Traditional Cr(VI) sensing methods

Traditional Cr(VI) sensing methods are (1) atomic absorption spectroscopy (AAS),
(2) spectrophotometry, and (3) ion chromatography [5]. Atomic absorption spectroscopy
is a commonly used technology for Cr(VI) sensing. The sample first undergoes ion
separation, and the ion concentration in the gas phase is measured through light
absorption. Ions in a stable state absorb energy from light at a specific wavelength, with
the absorbed energy increasing alongside ion concentration. Comparing the amount of
light absorbed by the sample with a standard allows for determining the known ion
concentration. AAS typically measures total chromium, and if the goal is to measure
Cr(IIT) and Cr(VI) separately, the sample needs pre-concentration or separation. Figure
2-1 (A) shows the schematic of the AAS system for metal ions sensing.

Flame atomic absorption spectrometry (FAAS) is the most commonly used
technology for Cr(VI) sensing within AAS [6]. While FAAS offers sufficient precision
and accuracy, it has low sensitivity and is easily interfered with by matrices. These issues
could be addressed through a new method called on-line pre-concentration and separation
system. By using suitable sorbent materials that maintain structure in most acid/alkaline
environments and temperatures up to 180°C [7], the method achieves a LOD of 2.0 pg/L.
Electrothermal atomic absorption spectrometry (ETAAS) enhances sensitivity 2 to 3
times by eliminating the matrix before atomization and increasing the duration of sample
atomization [8]. Graphite furnace atomic absorption (GFAAS), an AAS technology with
an alternate heater using a graphite tube, allows most samples and matrices to be directly
atomized to increase sensitivity and the LOD further.

Spectrophotometry measures the intensity of light absorption by the sample, with

7
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different chemical compounds exhibiting distinct absorption intensities and wavelength
ranges. Various reagents, such as acidic Diphenylcarbazide (DPC) [9] and chromotropic
acid (CA) [10], have been used to back-extract Cr(VI) for lower limits of detection.
Ultraviolet spectrophotometric methods, such as those discussed by Noroozifar and Zhao
et al. [11], offer alternative approaches to achieve low limits of detection. Figure 2-1 (B)
shows the diagram of the X-ray spectrometer.

Ion chromatography scatters ions in the sample retains ions with atomic weights less
than 500 using ion exchange resin and measures its conductivity. This method

distinguishes anions, cations, and different oxidation states of ions [12].

_ Monochromator
Lamp
Display System
B Test Solution . .
Diffracting Crystal
X-Ray Source Sample Collimator
b
Computer (Output) Detector

Figure 2-1 (A) Diagram of single-beam atomic absorption spectrophotometer, (B)

Diagram of X-ray fluorescence spectrometer [13].

8

doi:10.6342/NTU202401040



2.2 Optical Cr(VI) sensing methods

Optical sensors represent a widely employed category among non-electrochemical
sensors, relying on the target substance's emission or absorption of light. Recently,
colorimetry has been developed for Cr(VI) monitoring. For Cr(VI) analysis, the ions are
colored in the reactor by reacting with 1,5-Diphenylcarbazide and then analyzed by
visible light with a wavelength of 550 nm. In acidic water samples, signal interference
may occur if existing reducing substances transform Cr(VI) back to Cr(IIl) [14]. In a
study by Nghia et al. [15], a colorimetric approach was developed. The oxidation of
3,3,5,5-tetramethylbenzidine (TMB) by H»O», catalyzed by graphene oxide (GO), is
influenced by the concentration of Cr(VI) through the interaction with 8-
hydroxyquinoline (8-HQ). The resulting blue color from the oxidation reaction is
detectable through spectrophotometry at 652 nm. Under optimal conditions, the linear
range spans from 50 to 430 nM, with a LOD of 5.8 nM. In another study by Joshi et al.
[16], a method utilizing flower-shaped silver nanoparticles (AgNPs) with 3,4-
dihydroxyphenylalanine (L-dopa) as the reducing and stabilizing agent was reported for
Cr(VI) detection. The presence of L-dopa around the AgNPs prevents aggregation,
maintaining a dark yellow color in the solution. Cr(VI) in the sample solution undergoes
self-reduction to Cr(V), causing oxidation of L-dopa, leading to AgNPs aggregation and
a color change to reddish-brown. Detection is achieved through ultraviolet-visible (UV-

Vis) spectroscopy, demonstrating a detection limit of 10”7 M.
2.3 Electrochemical Cr(VI) sensing methods
The electrochemical sensor presents a superior alternative to traditional methods due

to the costliness and complexity of conventional instruments and setups. In

electrochemistry, chemical reactions occur on the electrode, and the resulting electric

9
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charge passes through the sample solution (Figure 2-2). Electrochemical sensors offer
several advantages in environmental analysis, including sample pre-processing reduction,
time and cost reduction, and high sensitivity and selectivity maintenance. These sensors
could generate signals for specific targets through chemical reactions and convert these

signals into electrical signals for detection.
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Figure 2-2 diagram of three-electrode sensor with a chart of a cyclic voltammogram [17].

2.3.1 Potentiometric sensor

The potentiometric sensor, commonly called ion-selective electrodes (ISEs), is
suitable for real-time measurements owing to its short reaction time and simplified sample
preparation. Potentiometry does not involve applying a voltage to the sample solution;
instead, it solely measures its potential. The sensor captures the potential between the
solution and the ion-selective membrane, which represents the difference in the affinity.
The overall reaction involves a complex interaction among the solution, membrane, and
interface, leading to various theoretical models under different circumstances. The solid
chromium membrane has been the subject of extensive research, with the exploration of

various ionophores such as C-thiophenecalix[4]resorcinarene [18], calix[4]arene
10
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derivatives [19], DABAm4 [20], B-diketone complex [21], Co(SALEN)2 [22], CulL2 [23],
bis(acetylacetonato) Cd(II) [24], and others. However, these technologies still face
limitations in real sample analysis, including low sensitivity to low concentrations of
Cr(V]) ions and narrow requirements for pH and concentration ranges in working
conditions. Additionally, certain materials are susceptible to interference from lipophilic
anions like SCN-; some necessitate extended reaction times. In response to these
challenges, several novel electrode types with new modifiers have been developed.

Solid selective membranes are the primary choice due to their high stability, aligning
with the requirements of potentiometric sensors. Carbon paste electrodes (CPE) offer a
stable signal, low resistance, and durability [25]. For instance, a CPE incorporating multi-
walled carbon nanotubes (MWCNT) [26] exhibits a broad concentration detection range
from 107! to 10° M and a sensitivity of 28.6 mV/decade. In a study by Prabhakaran et al.
[27], a microbial sensor for the voltammetric detection of chromium was developed
utilizing a CPE modified with Citrobacter freundii. The LOD for Cr(VI) and Cr(IIl) was
determined to be 1x10* M and 5x10* M, respectively.

Recently, several innovative compounds have demonstrated the capability for
sensing Cr(VI) with high sensitivity and low LOD. Yenpei's research team utilized a
nanostructured shuriken BiVOs [28] in electrochemical Cr(VI) sensing (Figure 2-3),
achieving a detection range of 0.01 to 264.5 uM and a low LOD of 3.5 nM. Notably,
BiVO4 exhibited excellent stability and recovery in real sample tests. Magnetic graphene
oxide (GO) [29, 30], a two-dimensional electrical material, has gained prominence as an
analytical material due to its extremely high specific surface area and adsorption capacity
on both sides of graphite. Due to its distinct affinity for Cr(III) and Cr(VI), it enables the
detection, separation, and extraction of samples in specific situations. The detection range

for this material is from 0.5 to 50.0 pg/L, with an LOD of 0.1 pg/L.
11
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Figure 2-3 Diagram for the Cr(VI) reduction using shuriken BiVOs [28].

A recent advancement involves a photoelectrochemical sensor [31], employing
PbsSyls as a photocatalyst coated on porous TiO,. This technology demonstrates a
sensitivity of 1.9 pA/uM, a great LOD of 3.0 nM, and a relatively wide detection range
from 0.01 to 80 uM. Yari et al. [32] introduced a PVC ion-selective membrane (ISM)
electrode utilizing a novel material named Quinaldine Red as an ionophore for Cr(VI)
detection. The linear range spans from 5.2x10° M to 1.0x10°! M. Additionally, Shahim
et al. [33] presented a device incorporating Quinaldine Red mixed in a PVC-ISM
combined with extended-gate field-effect transistors (EGFETs) for Cr(VI) and Cr(III)
sensing (Figure 2-4 (A)). This approach utilizes the change in resistance of ISM due to
the chemical reaction with different concentrations of Cr(VI) to modify the final signal
received by the FETs. The linear range of their device extends from 10 to 10* M, with
a LOD of 10° M.

The potentiometric biosensor typically comprises a bio-signal detection element and
an energy transformation element, with the potential signal serving as the final output.
The working electrode could be modified using various chemical compounds or

biomedical technologies. One prevalent technology in this domain is the microbial fuel
12
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cell (MFC) (Figure 2-4 (B)). MFC offers several advantages, including distinct responses
to different shocks, rapid response times, the ability to generate power from wastewater
without external energy sources, and the absence of the need for external enzymes. A
noteworthy example is the self-recovering MFC [34], which utilizes Plexiglas as its
single-chamber batch-mod cube material. The cathode is constructed from a four-layer
polytetrafluoroethylene (PTFE) and carbon cloth. This MFC demonstrates the ability to
differentiate between toxic and non-toxic shocks by controlling the voltage signal, and
the entire sensor could resume operation after 65 hours.

Two-chamber microbial fuel cells (MFCs) [35], crafted from acrylic, have also been
applied for the measurement of Cr(VI). The anode and cathode are compressed at 140 °C
to form a membrane electrode assembly. In an alkaline environment, when Cr(VI) falls
within the range of 10 to 300 mM, the voltage of the MFCs undergoes significant changes
with increasing concentration. However, the signal diminishes considerably as the pH

level rises.

185 um .
Extended gate gold electrodes ‘P/ ‘_—_
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Figure 2-4 (A) Schematic of extended-gate field effect transistors sensor system [33], (B)

Schematic of the single chamber cube microbial fuel cell (CMFC) [34].
2.3.2 Amperometric sensor

Amperometric technology involves applying a fixed or dynamically changing
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voltage to the sample solution and measuring the resulting change in redox current. As
the reaction encompasses electron transformation, an amperometric device typically
comprises a voltage generator element and a dual-electrode system soaked in an
appropriate electrolyte. Voltammetry is the most commonly employed technology in this
context. Among the various voltammetry technologies for Cr(VI) measurement, catalytic
adsorptive stripping voltammetry (CAdSV) stands out as the highest sensitive and
practical measurement. CAdSV exhibits an exceptionally low limit of detection and the
capability to measure Cr(VI) directly. Jorge et al. [36] utilized the rotating-disc bismuth
film electrode to measure Cr(VI) in DTPA, achieving a LOD of 0.336 nM. Additionally,
Grabarczyk [37] introduced a novel protocol that allows CAdSV to extract and measure
total chromium from samples within the pH range of 5.0-6.0. While most of the
mentioned research operates in environments with a pH > 2, there is still considerable
interest in developing new technologies capable of measuring Cr(VI) in strong acid
environments.

Screen-printing emerges as an innovative solution to address the challenges above.
This technique allows for the mass production of affordable, stable, single-use sensors.
These disposable sensors prove effective for Cr(VI) detection in strong acid environments.
Screen-printed electrodes (SPE) are created by repeatedly printing specific materials onto
ceramics or plastic substrates (Figure 2-5).

Successful research has already demonstrated the measurement of Cr(VI) in sulfuric
acid using SPE. The electrodes, constructed through multiple printings on an aluminum
oxide substrate, exhibit a broad dynamic range from 3 to 40 mmol/L, with a linear range
from 3 to 10 mmol/L. The slope is 0.08 mA/mM, and the LOD is 1 pumol/L. Wang et al.
[38] developed a carbon nanotube (CNT)-based SPE for electrochemical Cr(VI) sensing

through amperometry, achieving a low limit of detection of 2x10”7 M when using a large
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area electrode. The CNT-SPE demonstrates excellent selectivity for Cr(VI) and performs

effectively in detecting the target in cooling tower blowdown water.

The development of silver (Ag) has increased due to its excellent conductivity and
catalytic performance. Stonajovic et al. [39] introduced a novel technology employing a
silver-plated glassy carbon electrode (Ag plated-GCE) for measuring Cr(VI) with

differential pulse anodic stripping voltammetry (DP-ASV). The calibration curve's linear

range at pH 5.9 spans from 0.35 to 40 uM, with LOD as low as 0.1 uM.
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Figure 2-5 Comparison of classic electrochemical cell and screen-printed electrode

platform [40].
2.4 Summary of current Cr(VI) sensing methods

Individuals have employed diverse methodologies to detect the ppm to ppb range of

heavy metal ions in water, with continuous efforts spanning the past few decades.

absorption spectroscopy,

instruments, including atomic

Advanced analytical
spectrophotometry, and ion chromatography, have demonstrated exceptional performance

in accurately identifying heavy metal ions at concentrations below ppb. Nevertheless,

these methods exhibit several drawbacks, encompassing a lack of portability, high cost,
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prolonged analysis times, the necessity for pre-processing steps, dependence on skilled
operators, and ongoing maintenance requirements. Additionally, the precision achieved
by these methods mandates expensive and intricate instrumentation, increasing the
difficulty of on-site detection.

Optical sensors for heavy metal ions involve detecting optical changes generated by
interactions between targets and recognizing elements at the input end. These changes aid
in determining the concentration of target ions. However, these sensors necessitate
continuous sensing, requiring human operation each time the sensor reaction is monitored,
thereby adding to the complexity of use. Certain electrochemical methods, such as
voltammetry and amperometry, have proven successful in detecting heavy metal ions
through sensor applications. However, these sensors encounter challenges in frequent on-
site determinations. Colorimetry serves as a widely utilized sensing technology for heavy
metal ion detection. It relies on color changes resulting from chemical reactions between
target ions and elements. The advantage of colorimetric sensors for heavy metal ions lies
in their ability to detect different target ions simultaneously. However, due to the
irreversibility of most colorimetric analysis reactions, sensors based on colorimetry are
typically disposable for one-time use in heavy metal ion measurement. Consequently,
these methods have difficulty for continuous and stable monitoring.

Table 1 shows several types of research mentioned in this chapter. As shown in the
table, optical methods have a better limit of detection while having a narrow linear range
and relatively long response time; electrochemical methods have a better linear range and
shorter response time, but many of them require a large amount of dosage of the target
solution. Also, the fabrication of electrodes and modifiers required complicated

preparation.
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2.5 Research Motivation

While the aforementioned sensing methods offer cost-effectiveness and user-
friendliness, providing high sensitivity, selectivity, and stability in heavy metal ion
analysis within laboratory settings, there is a growing demand for portable, rapid sensors
for on-site detection. Semiconductor-based sensors possess outstanding characteristics,
including portable, real-time response, great sensitivity, and well-fabricated suitable for
on-site measurement. These sensors could be manufactured using mature semiconductor
industry technologies. Among all of them, ion-sensitive field-effect transistors (ISFET)
have appeared in various applications, except for chromium atoms. The operational
principle of ISFET sensors involves transducing and monitoring changes induced by the
absorption material in channel conductivity variations, which could be reflected through
the current from drain to source. Various studies are underway to develop ISFET for
detecting heavy metal ions in water.

There are already lots of modifiers integrating ISFET for ion sensing have been
developed. Nevertheless, the connection between the ISFET surface and modifier was
usually accomplished by a covalent bond, resulting in a non-reusable ISFET body, which
is a serious disadvantage against disposable screen-printed electrodes. Therefore, PVC-
based porous ion-selective membrane (ISM) has been chosen for this research. The Fast-
forming and easy-to-remove characteristics of PVC-ISM exactly hit the need for the
shortcomings mentioned above. Therefore, this paper primarily presents research results

utilizing ISFETs, with PVC-ISM and a specific ionophore serving as the Cr(VI) ion sensor.
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Table 1 Comparison of different electrochemical methods for Cr(VI) ion measurement
. Linear range Detection of limit e Response ~ Dosage
Method electrode modifier (M) (M) Sensitivity time mily || o tato@ Reference
. . . . -8 7 9 78 HM-I
Optical graphite oxide Nanoparticle 5x10°-4.3x%10 5.8x10 (Absorbance) 60 200 pL [15]
: : 1 uM!
- T_10% -7 K
Optical Ag-Nanoparticle 107-10 1x10 (Absorbance) 20 200 uL [16]
) Calix [4] arene 5 1n0 7 1
Potentiometry Ag/AgCl derivatives 10~-10 6.2x10 53 mV log(M) 1 25 mL [19]
Potentiometry Ag/AgCl Rhodamine-B 5x10-10" 1x107 30 mV log(M)’! 1 50 mL [41]
Potentiometry Ag/AgCl Quinaldine red 5.2x10°5-10"! 2.5x10°° 56 mV log(M)’! 1 50 mL [32]
. carbon paste Citrobacter 7104 7 -1
Potentiometry electrode freundii 107-10 1x10 0.6 pA log(M) 4 20 puL [27]
Potentiometry Acetate oxidation 106-1.5x10* 1x10® 3.3x10% mV M"! 120 120 mL [35]
Amperometry  SCreen-printed Carbon- 2x107-10°S 2x107 0.6 AM! 4 20 mL [38]
electrode nanotube
Amperometry glassy carbon Ag 3.5%107-4x10" 1x107 1.59 AM! 2-4 5mL [39]

electrode
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Chapter 3 Experimental Design

3.1 The principle of dual-gate ion-sensitive field-effect

transistor (ISFET)

The ISFET was remodeled from MOSFET (Metal-Oxide-Semiconductor Field-
Effect Transistor). It had three major elements called Gate, Drain, and Source (Figure 3-1
(a)). The drain current I, flowed from drain to source would be controlled by the
applying voltage on the gate V;; minus a fixed number called threshold voltage Vi,
(Figure 3-1(c)). ISFET took off the metal on the gate and replaced it with electrolyte
solution and reference electrode (Figure 3-1(b)), the condition of electrolyte solution (pH,
ionic strength, etc.) became the control elements of applied voltage Vg, and the change

of drain current I, could further detect.
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Figure 3-1 Schematic representation of (a) MOSFET; (b) ISFET; (c) and electronic
diagram [42].

Before explaining the principle of ISFET, we should introduce the surface material
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used for the gate of ISFET: amphoteric metal. Amphoteric metals confirmed usable,
including Si0;, TaxOs, Si3N4, Al2O3, and HfO,. These materials have amphoteric surface

sites (Figure 3-2), which means that the surface metal serves as proton donors or acceptors:

Kq
A—-OHS A-0 +H; (1)
k
A—OH+Hf S A—0H; ()

and the dissociation constants are:

_[A-07][H{]
K, = Aol (3)
[A — OH;]

Kp = 4)

[4 — OHI[H{]
[A—07], [A—07] and [A— OH;] are the number of neutral sites, negative and
positive surface groups per cm®. [HJ] represents the number of protonated water
molecules, [H;07]. Combine two equations above, we could get:

(1372 = Ko 4~ O (5)

" K, [A-0"]

and we could get the following equation for a neutral surface:
K
H¥1= |2 6
= [ ©)

Kq
Ky

or

pHs; = —log[HS] = —log (7)

The terms pH; and pH, represent the pH of the solution near the metal surface
and bulk solution, respectively. Under neutral conditions, they are equal. When pH,
changes significantly, the amphoteric surface sites on the surface of the amphoteric

material can exhibit a buffering effect, reducing both the magnitude and the rate of change
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of pH,. This reaction can be quantified in terms of the intrinsic buffer capacity of the

surface, B, which is defined as the ratio between a small amount of strong base or acid,

d[B], and the resulting change in pH, dpH;:

_ d[B] .
B = g (8)
[B] = [A—07] — [A— OH}] = —% ©)

where o, is the net surface charge of the groups per cm? and g = 1.6 X 107 1°C.

Because of the existence of [, pHs; will not follow the number of pH,

immediately. During this process, a surface potential ¥, would be generated. According

to the Boltzmann distribution:
kT
Yo = 2-37(PHS — pHy) (10)

it would charge the electrical surface capacitance Cs :

o5 = =L (11)

according to equations (8), (9) and (11):

dipy _ doy dipy _ —af; 02
dpH; dpH; do; Cs

so, we could derive from equation (12) how the surface potential Y, changes when we

change the pH of bulk solution pH,:
Ay 5 kT (des 1)

dpH, "~ q \dpH,
_ kT (deS dy, 1)
"~ q \dy, dpH,
kT
235
— Do _ 1 (13)
dpH, kT dpHs
g dyg

combining equations (12) and (13) results in:
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diy, ) kT ( 1 ) 23 kT
=-23—-" = —-23a—
dpH, q 2_3k_T s +1 q (14)

q* Ps

in this way, the influence to Y, from changing pH, would be decided by intrinsic
buffer capacity fs and electrical surface capacitance Cs.

The drain current of a MOSFET in triode mode is:

w 1
Ip = .UCéxT [((Ves — Ven)Vps — EVDSZ] (15)

where u is the effective surface mobility, C,, is the oxide capacitance per unit area, W
and L are the channel width and length, and Vs, Vi, and Vs are the gate-to-source,
threshold, and drain-to-source voltage.

The usual V;p, is:

Dy — by Qéx> Qp
Ve, = — + 2 - 16
th < q Cl Prp Cl (16)

where the ®,, and ®dg; refer to the metal-semiconductor work function, ¢gg is the
Fermi potential of the silicon, Q,, is the oxide trapped charge per unit area, and Qg is
the depletion charge per unit area.

ISFET could be seen as a modified version of MOSFET. The metal gate is replaced
by the reference electrode and the analyzed electrolyte. Also, two new terms have to be
considered. they are the reference electrode potential E,.r and the interfacial potential
at the electrolyte-insulator interface 1, and x5, . Both E..r and yxs, are fixed

coefficients, so the equation 16 could be rewritten as:

dg; Q) Qp
Vi, = (Eref + Xso1 — Wo(pH) — —— — ) + 2¢pp — (17)
q Cox Cox

therefore, the relationship between ISFET signal I, and pHj, could be fully illustrated
by equation (14) and (17).

The dual-gate ISFET produced by Taiwan Semiconductor Manufacturing Corp.
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(TSMC) could improve the drifting and hysteresis effect that happened on the traditional
ISFET. The dual-gate ISFET has an additional oxide layer on the body side called the
back gate; the reference electrode is called the fluidic gate. The signal would be balanced
by the capacitive-coupling effect between the fluidic and back gate, improving the

stability of the response.
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Figure 3-2 Site-dissociation and binding model representation of amphoteric metal

surface [43].

3.2  The principle of ISM

ISM has been commonly used in different types of sensors ranging from electrical
potentiometers, ISE, or ISFET to optical. There are many types of ISM, such as glass,
solid-state, and liquid-state [44, 45]. Typically, the composition of a PVC-based ion-
selective membrane comprises an ionophore, ion exchanger, polymer matrix with
plasticizer, and mixed with a volatile solvent, commonly tetrahydrofuran (THF). When
the THF in the membrane evaporates, a plastic polymer layer will ultimately form.

The ionophore is the reason why ISM can be selective. In Cr(VI) ISM, the ionophore
23
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i1s Quinaldine Red (2-(4-dimethylaminostyryl)-1-ethylquinoliniumiodide) (Figure 3-3),
which has a strong signal change with Cr(VI) anions in the absorption of the solution at
350 nm and 520 nm [32], to act as a suitable ionophore for Cr(VI) anions in PVC
membrane. Wang et al. also report a significant change of potential drop across the
membrane after the contact of Cr(VI) solution [33], making Quinaldine Red a great choice
for forming Cr(VI) captured membrane. The Cr(VI) ISM acts like a special kind of ion-
exchange membrane: it only stops Cr(VI) anions from passing through the membrane;
any other ions in the solution could travel through the membrane easily. This behavior
resembles the Gibbs-Donnan effect (Figure 3-4) [46]. To maintain electrical neutrality, a
sufficient number of counter-ions are required to neutralize the fixed charge, thus
generating a significant electrical “Donnan” potential to preserve electrical neutrality

In our case, the Cr(VI) ions would be captured into the ISM and could not pass
through it towards the surface of the sensor, leading to a Donnan potential due to the
concentration difference of solution at opposite sides of the ISM.

For a membrane-solution interface, the Donnan effect confirms the equation [47]:

0,aq 0,mem RT aq

KT a;
Yp = N + ZI—Fln T (18)
where 1, is the Donnan potential, u;"*?,u?™™ and a)*?,a]**™ are the standard

chemical potentials and the activities of ion in aqueous and membrane phase, z; is the
ion charge, F is the Faraday constant, R is the gas constant and T is temperature.

For an ISM having an aqueous solution at both sides, the potential drop across the
whole ISM could be written as:

RT = a;%(1)

Yism = Yisu- +—=1n

Fh ) (19)

where ;s is the potential drop crossing the ISM, a;?(1) and a;?(2) are the
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activities of I%! analyte ion in the opposite side of the solution. The ;g increases with

the increase of analyte ions and the capturing efficiency of ISM.

(@) O ° N e Cl
0:.::00: o .. e © o , .::.o. Cl 2
...... 0] ® ®e00g ® Na+
AEM bulk solution CEM
(b) S ¢ | — fixed charge —__| )
'E Cl
E - 8042'
3
e = Na*
(@] _ﬁ
O
(C) r'y
g | Lo o=0 |
% Pp 1-
o

Figure 3-4 (a, b) Diagram of ion concentration between membranes and solution. AEM
and CEM stand for anion-exchange and cation-exchange membranes. (c) shows the

Donnan potentials (1) at the interfaces. [46]
3.3 The working principle of ISM-ISFET

Figure 3-5 depicts a model illustrating the distribution of electrostatic potential

across an ISM-ISFET structure under a bias V. Within this structure, several potential
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drops can be observed [48]:
1. Potential drop at the electrode-electrolyte interface Er.r + Xso1 — Xm-
2. Potential drop across the Cr(VI) ISM ;5.
3. Potential drop at the electrolyte-insulator interface y,, which was mentioned earlier
in section Chapter 3.
4. Potential drop within the insulator ,,,.
5. Potential drop in the semiconductor .
6. Potential drop between the semiconductor-metal interface y,; — W*
There is no current in the structure when the whole system is balanced. So we can
combine all the constant forms (not a function of 1},) into a single component Vgg:
Vi = Erer + Xsot = Xm + X — W5 (20)
so we could write the following equation:

Va = Vep + Wism + ¥o) + Wox + ¥s) 21)
under constant bias, the change of 5, due to the increase of Cr(VI) in the sample
solution will break the electrochemical equilibrium in the electrolyte solution, leading to
the change of surface potential 1,. This will eventually enforce a change of (Y, + Ys),
and the electronic channel will be changed and finally modulate the current I,.

However, the change of other ions in the solution will also influence the surface
potential Y, by changing the pH of the solution. This will cause a misreading of the final
signal. To avoid that, we developed a sensing process called “Differential sensing.”

The area of the ISFET sensing array consists of 32 X 32 pixels, allowing multiple
sensing in the maximum of 4 pixels. We covered only half of the ISFET sensing array
with Cr(VI) ISM, leaving the left half area uncovered (no ISM). In this way, the signal of

Cr(VI) covered area Sigcrisy could measure both the change of (Y;gy + Yp) from
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Cr(VI) anions and other ions, while the signal of uncovered area Sig,,;sy could only
detect the change of 1, from other ions.

The differential signal Sigg;rr defined as follows:

Sigairr = Signorsm — Sigcrism (22)
represents the signal response detected by ISM-ISFET from only the change of ;g

influenced by the change of Cr(VI) concentration.
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Figure 3-5 Potential drops along the ISM-ISFET structure. The colored ions are: Cr(VI)

anions(green), other ions(red and blue) (modified from [48]).
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Chapter 4 Materials and methods

In this chapter, we would introduce the experiment setup, including a portable ISFET
reader, pressure pump system, DG-ISFET, and microchannel. Then, we would explain
how to operate the pressure pump system to meet the requirement of automatic regular
measurements. After that, we would introduce the production method of each project item.
Finally, we would introduce the preparation of the standard solution, Cr(VI) ISM solution,

and ditch water.
4.1 Experimental setup

The whole Cr(VI) detection system could be separated into three parts: (1) A portable
and real-time measuring reader for continuously recording the signals (Figure 4-1 (A)),
(2) A PMMA-based microchannel integrated with ISM-ISFET (Figure 4-1 (B)), (3) The
pressure pump system consist of a touchscreen displayer, a Raspberry Pi computer and
two pressure pumps (Figure 4-1 (C)). As shown in Figure 4-1 (D), The area of the ISFET
sensor consists of 32 X 32 pixels, which was part-covered with Cr(VI) ISM, leaving the
left half area uncovered (no ISM). Figure 4-1 (E) shows the microchannel’s parts
breakdown. The volume of the channel is 85 pL, the sensing chamber is 200 pL, and the
waste trench is 2 mL. Figure 4-1 (F) shows the whole system setup, with the combination
of the three parts mentioned above and the connection between the pressure pump system

and microchannel using Tygon tubes for transportation of sample and buffer solution.
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Figure 4-1 (A) The image of the ISFET reader, (B) The image of the ISM-ISFET with a

dimension of 60 mm x 35 mm, (C) The photograph of a 7 inch touchscreen displayer, a
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Raspberry Pi computer, and a pressure pump, (D) a Microscopic image of the ISFET
deposited Cr(VI) ISM, the dimension of sensing area is 4 mm % 4 mm, (E) Schematic of
the PMMA-based microchannel integrated with ISM-ISFET, which consists of (1) small
sensing area lid; (2) top cover layer; (3) channel layer for mixing sample and buffer; (4)

ISM-ISFET made of PCB board; (F) the photograph of whole system setup.

4.2  Operation procedures of the experiment

4.2.1  Operation procedures of the microfluidic platform

Figure 4-2 shows the schematics of the whole system. Before the measurement
started, the sensing area was filled fully with the corresponding baseline solution for 30
min to moisten the ISM and the surface of ISFET. The portable reader would keep
recording the signal during the whole measurement. The operation protocol is shown as
follows.

1. Buffer loading step: the buffer-side pressure pump was turned on for 3 minutes. 1.5
mL of buffer solution would flow through the sensing area. Then, the pump would be
turned off for 3 min baseline calibration.

2. Sample loading step: both pressure pumps (including sample-side and buffer-side)
would be turned on for 3 min. 3 mL of sample and PBS buffer solution (1:1) would
be mixed through the microchannel and then flow through the sensing area. Then,
both pumps would be turned off for 3 min sample detection.

3. Repeating step: if further measurement is needed, the buffer-side pressure pump
would be turned on for 3 min again to wash off the mixed solution in the microchannel
and the sensing area. After that, the pump would be turned off for another 3 min
baseline calibration. All of the operations of the pressure pump system could be pre-

written in the Raspberry Pi computer for automatic measurement.
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Figure 4-2 ISM-ISFET system integrated pressure pump schematics.

4.2.2  Operation procedures of data processing

From the reader, we could obtain the I, signal from no ISM area (Sig,,;sp) and
Cr(VI) ISM area (Sigcrisy)- First, subtracts each Sigcqisp from Sigpoisy We can
obtain differential signal Alp (Sigairr = Signorsm — Sigcrism)- Second, the last 20 Alj,
signals were averaged in each sensing section. Third, the whole Al signal would be
biased where the Alp signal of the first section (usually set as baseline solution
measuring with no Cr(VI) contained) was set to zero. Finally, we calculated the averaged

value and the standard deviation from the Al signal of the sample solution.
4.3 ISFET fabrication

The DG-ISFET was fabricated by TSMC [49], as illustrated in Figure 4.3. The top
gate material is HfO, due to its high dielectric constant, which provides relatively high
pH sensitivity and enhanced chemical stability, rendering it suitable for various analytical
and biomedical applications [50]. The source, drain, and channel regions on the silicon
substrate are defined through ion implantation. Subsequently, a layer of poly-silicon
bottom gate is deposited on these regions. Following this step, metal wires are defined
and connected to the electrodes and conductive wires. The substrate on the underside is
etched away, and a second substrate is flipped and positioned to reveal the original

substrate on the top. The embedded oxide layer on the underside is subsequently removed,
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and the sensing area is delineated. Finally, HfO; is applied to the surface of the chip to

act as the dielectric for the top gate. [51].

Fluidic Gate (FG)
Reference
Electrode High-k
Sensing Film
Solution  ©OPen We”\ o

4
D K
Circuitry

Handling Substrate

Figure 4-3 Cross-sectional view of DG-ISFET featuring a back-side structure [49].
4.4 PMMA microchannel fabrication

We fabricated the designed pattern with a computer numerical control (CNC)
machine (EGX-400, Roland DGA) (Figure 4-4 (A)). Figure 4-4 (B) shows the design of
the microchannel with a transparent 3 mm PMMA board. The volume of the microchannel
region was 85 uL. The volume of the sensing chamber for Cr(VI) detection was 200 pL.
The capacity of the waste tank at the bottom-left region was approximately 2 mL. The

inlet and outlet were 2.2 mm diameter holes to match the size of the pressure pump.

A B

= BR_. .
=¥ & ORoland |
‘

&/ T ]

Figure 4-4 (A) Photo of the Roland EGX-400 CNC machine, (B) The schematic of the

microchannel.
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4.5 ISM solution preparation

The Cr(VI) ISM consists of the following materials [33]:

1. High-molecular-weight poly (vinyl chloride) (PVC): the primary constituent material
for porous structured ion-selective membrane.

2. Plasticizer 2-nitro phenyl octyl ether: solidifying and shaping PVC in liquid.
3. Sodium tetra phenyl borate (NaTPB): anion-excluder.
4. Quinaldine red: Cr(VI) specific ionophore.
5. Tetrahydrofuran (THF): easily volatile organic solvents

To prepare the Cr(VI) ISM, 150 mg of plasticizer, 6 mg of NaTPB, and 30 mg of
quinaldine red were combined and stirred for 30 min. In the meantime, 114 mg of PVC
and 3 mL of THF were mixed and stirred for 30 min. Next, we poured the two solutions
together and stirred them overnight to confirm that the cocktail was completely mixed.
Finally, the Cr(VI) ISM solutions were stored in a 4°C refrigerator to prevent
solidification. Before the drop-casting procedure, the ISFET will be washed with distilled
water (DI) and baked in the 65°C oven for 10-15 min to ensure no residual liquid is on
the ISFET. Also, remove the ISM liquid from the refrigerator and continue stirring for at
least five minutes. During the drop-casting, carefully and swiftly withdraw the required
amount of ISM liquid, and immediately dispense it onto the surface of the ISFET. Be
cautious to avoid air bubbles that might form near the bottom of the tip, as they could
potentially adhere to the ISM. After the drop-casting process, the ISM-integrated DG-

ISFET was dried for 30 min before detection experiments.
4.6 Standard solution and water sample preparation

Three pH solutions (pH 7, 6, 5; DAEJUNG Corp.), nine K>Cr207 aqueous solutions
(10,107, 10, 1055, 1075, 103, 10, 103, 102 M) were used for sensor quality and
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performance validation. The concentration range of the standard solution was chosen
based on the WHO standard of industrial water. (Assisted by Professor Juen-Kai Wang in
Academia Sinica). The water samples were collected with a 50 mL centrifuge tube. The
sample was collected from the irrigation canal of Sec. 3, Xinsheng S. Rd., Da’ an Dist.,

Taipei City, Taiwan (R.O.C.).
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Chapter 5 Results and Discussion

This chapter would be divided into four parts: (1) chip: the ISFET ion sensing
performance without any Cr(VI) ISM deposited and the correlation between the volume
of ISM solution and the real ISM thickness. (2) Cr(VI) ISM: test the ISM sensitivity and
selectivity under different ISM thicknesses to find the best parameter. (3) Buffer: test
different concentrations of electrolyte buffer to minimize the interference from the pH
value of the sample. (4) Pump-channel system: integrate the pump-channel system and

ISM-ISFET to measure the concentration of Cr(VI) automatically.

5.1 Pure ISFET performance

5.1.1 pH and Cr(VI) sensing performance

We prepared three pH solutions (pH value at 7, 6, and 5) and five potassium
dichromate solutions (K2Cr.07 = 106, 10, 107, 10*°, 10* M). Each concentration
solution was dropped 200 pL on the sensor for 3 min detection, then rinsed with the next
solution twice. The corresponding I, were recorded simultaneously by the portable
reader, and the data processing was shown in Figure 5-1 and Figure 5-2. The last 20 I
signals were averaged at each sensing section. Then, we calculated the averaged I, value
and the standard deviation, which indicated the sensitivity and stability of the ISFET.

As shown in Figure 5-1, we could see that without the ISM modification, the sensor
has a high sensitivity for H ion (17.2 pA/pH), which represents the ability of pH value
detection of ISFET. The standard deviation were also small, representing the great
stability of the device. Then, we compared the ISFET signals and the pH value of a series
of Cr(VI) solutions. As shown in Figure 5-2 (B), the ISFET signals were following the
pH value of the solution, but not the concentration of Cr(VI). Therefore, for Cr(VI) ion

sensing applications in industrial water sensing, we need to deposit the ISM to increase
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the specificity to the target ion and reduce signal interference from other ions in the

industrial water.

A DI pH7 pH6 pH5 DI pH7 pH6 pHS5 DI pH7 pH6 pH5 B
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Figure 5-1 (A) The 1, signal with three pH solutions (pH 7, 6, 5), yellow band represents

the washing process, (B) Line chart of the average value and standard deviation of each

section.
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Figure 5-2 (A) The I, signal with five Ko2Cr,O7 solutions (10%°, 105, 109, 1043, 10-
49 M), (B) Scatter chart of the average value of each section (blue dots) and the pH value

of corresponding K>Cr,07 solutions (red dots).
5.1.2  Cr(VI) ISM thickness evaluation
Five different volumes (1.5, 2.5, 3.5, 5, 10 uL) of ISM cocktails were deposited into
the ISFET by hand to optimize the ISM thickness for the highest sensitivity. To further
increase the thickness parameter of the Cr(VI) ISM, we doubled the volume of the
36

doi:10.6342/NTU202401040



aforementioned ISM liquid and then dropped it onto the chip twice, ensuring consistent
surface area while significantly increasing its thickness. A confocal microscopy (Keyence
VK-X200 series) with a 10x objective lens measured the average membrane thickness of
the ISM with different volumes.

First, as shown in Table 2, we observed that with a thinner thickness, the ISM surface
tended to distribute unevenly and generate numerous indentations. This could further
affect the standard deviation of different pixels during measurements. In contrast, the
thicker ISM exhibits a more uniform distribution, potentially enhancing the stability of
the signal. Furthermore, we could see that the thickness slightly increased with a larger
volume at the same amount of drops, but significantly increased with the number of drops.
Even with the same actual volume (5 x 1 drop and 2.5 x 2 drops), the latter reaches a
larger thickness. This is evidently due to the control exerted by the first droplet on the
surface area, allowing the ISM to maintain within that range. In contrast, oversized
droplets might compress the no ISM area, impacting the stability of the signal in that

region.

37

doi:10.6342/NTU202401040



Table 2 The average thickness of the hand-depositing Cr(VI) ISM measured by the confocal microscopy at ten different volumes.

Cr(VI) ISM (1 drop)

volume (pL)

1.5 x 1 drop

2.5 x 1 drop

3.5 x 1 drop

5 x 1 drop

10 x 1 drop

Microscopic
images

Confocal
images

139.12

130.00
120.00

110.00 i
104.66 ¢ o0

126.91
120.00

110.00

100.00

90.00

78.57

0.00

Average
thickness (um)

24.90 (+0.68)

26.62 (+1.97)

26.88 (+1.43)

27.86 (+0.19)

37.02 (+0.81)
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Cr(VI) ISM (2 drops)

volume (uL)

1.5 x 2 drops

2.5 x 2 drops

3.5 x 2 drops

5 x 2 drops

10 X 2 drops

Microscopic
images

Confocal
images

H s o o A WP |
H |
et s

11043 4o

Average
thickness (um)

44.46 (+0.74)

47.34 (+0.69)

48.37 (+1.87)

59.59 (+1.14)

63.35 (+0.46)
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5.2 Cr(VI) ISM-ISFET performance

5.2.1 Cr(VI) ISM thickness optimization

After measuring the ISM thickness, we decided to choose six of them for further
research: 24.9 ym (1.5 pL), 26.6 um (2.5 pL), 26.8 um (3.5 pL), 44.4 pm (1.5%2 pL),
47.3 um (2.5%2 pL) and 48.4 um (3.5%2 pL). All of them have a small enough ISM
surface area, leaving enough space for non-ISM sensing. As shown in Figure 5-3, we
measured the continuous I, current and corresponding differential signal Al, (A-G)
under No ISM and six different thicknesses of ISM using DI water solution and six
K>Cr,07 solution (10%, 1077, 10, 103, 10, and 10 M) to test the sensitivity.

First, the performance of Cr(VI) ISM is significant; the signals increase with the
increase of Cr(VI). we could also confirm that differential sensing shows great
performance at eliminating the noise of the original signal through Figure 5-3 (A-G), the
differential signal Al, showed a stable response to the concentration of Cr(VI) while
having dissimilar original signals in different experiments.

Next, we could observe the relationship between the thickness of ISM and the
duration of measurement. As shown in Figure 5-3, when the ISM thickness is thinner (less
volume of ISM liquid), the signal is more easily stabilized, but the standard deviation is
relatively larger. This is because the thinner ISM surface is more prone to unevenness,
leading to greater signal differences between different pixels. In contrast, thicker ISM
requires more time to stabilize the signal, but the standard deviation is much smaller. The
only exception is the ISM of 48.4 um (3.5%2 pL), which despite having high sensitivity,
also exhibited a very large standard deviation. This is likely due to the excessive thickness,
resulting in a prolonged time required for signal stabilization. As a result, within the fixed

measurement interval, different pixels could not obtain consistent signals.
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According to Figure 5-3 (H), we observe the signals rebound when reaching lower

concentrations (107 and 10® M), which could lead to misreading when measuring a

sample solution with an unknown concentration of Cr(VI). This phenomenon was more

pronounced with thinner ISM which both 107 and 10® M exhibited signal rebound,

whereas with thicker ISM, signal rebound occurred only at 10 M.

Based on the discussions above, ISM of 47.3 um (2.5x2 pL) has an excellent

sensitivity of 1.3 /3.3 / 8.0 (A / log(M)) since 10® M. Also, considering its minimal

standard deviation and the smallest signal rebound, it was chosen for further experiments.
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Figure 5-3 (A-G) The I, and Alp signal of DI water solution and K>Cr,O7 solution (10

8107, 10, 105, 104, 10 M) with (A) no ISM; ISM of (B) 24.9 um (1.5 uL); (C) 26.6
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pm (2.5 puL); (D) 26.8 pm (3.5 pL); (E) 44.4 um (1.5%2 pL); (F) 47.3 pm (2.5%2 pL); (G)
48.4 um (3.5%2 pL), (H) Average value and standard deviation of corresponding signal.

The vertical dash line represents the WHO standard of Cr(VI) in wastewater.

5.2.2 PBS buffer solution concentration optimization

The signal rebound problem might have two reasons under low concentration of
Cr(VI]) and electrolyte solution: First, its pH value was higher than pH 5.6 — 5.7, which
might cause the transition of Cr(VI) aqueous form from Cr.07*" to CrO4*, weaken the
affinity of ionophore. Second, low electrolyte concentration would amplify the specificity
of ISFET towards H" ions. Also, it would lead to a low concentration gradient, making
the concentration balance across the Cr(VI) ISM much harder. These reasons would
eventually compress the Cr(VI) signal and amplify the signal given by the pH difference
across the ISM.

To improve the signal rebound problem further, we prepared a standard solution
mixed with a specific concentration of electrolytes using PBS buffer solution. First, we
measured the pH value of six K2Cr,0O7 solutions (108, 107, 10, 10, 10, 10> M) in DI
water, and in four different PBS buffer solutions (1077, 10, 10, 10* M). According to
Figure 5-4 (A), the pH value of Cr(VI) in low concentration would be significantly
influenced by the pH value of its PBS buffer solution, which proved that PBS could
control the pH value to a certain range in low Cr(VI) concentration, to stabilize the Cr(VI)
aqueous form and minimize the H" ions difference in different Cr(VI) concentration.

Then, we measured a series of Cr(VI) concentrations in four different PBS buffer
solutions through ISM-ISFET. Considering the importance of distinguishing signals
around the WHO standard of Cr(VI), we measured six K2Cr.07 (10,107, 10, 10, 107

4103 M) in four different PBS buffer solution (1077, 10, 107, 10* M) with ISM of 47.3
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um. As shown in Figure 5-4 (B), the signal rebound decreases and sensitivity increases as
the concentration of PBS becomes higher in the range of 10”7, 10, and 10> M. On the
other hand, PBS 10* M shows the lowest signal rebound but worst sensitivity during
measurement, only having the highest signal at Cr(VI) 10 M. This is due to the high
average pH value of Cr(VI) solution in PBS 10 M, leading to the conversion of Cr(VI)
into other forms, thereby reducing its affinity with the ionophore. Based on these results,

a PBS buffer solution of 10~ M has been chosen for further experiments.

7.0 DI water 28 TS —EavpBs 10.5 ppm
—*— 1E-4M PBS —e— 1E-5M PBS 1(54.8x1E-6 M)
* —e— 1E-5M PBS 249« 1E-6MPBS '
6.5 \ 1E-6M PBS —v—1E-7M PBS
— —v—1E-TM PBS 20 4
x.
6.0 \ 16 1
T e R SR e S 12
S 55 e ° Ny e
-~ — \ -2 |
—y $ SR :
N \
5.0 1 X 4 /
1 ",
$ 04 L& / 1
| / =1
45 N g&irj?’?ﬂ
-8 7 -6 -5 -4 -3 -8 -7 -6 -5 -4 -3
Concentration of Cr(VI) (log(M)) Concentration of Cr(VI) (log(M))

Figure 5-4 (A) pH value of different concentration of Cr(VI) in DI water, and in four
different PBS buffer solution (1077, 10, 107, 10 M), the dash line represents pH 5.67,
(B) Differential signal Al, of K>Cr20O7 solution (107, 107, 10, 107, 10, 10 M) in
four different PBS buffer solution (107, 10, 10, 10"* M) with ISM of 47.3 um.

5.2.3 Sensitivity and Selectivity of Cr(VI) ISM-ISFET

We measured the sensitivity of ISM-ISFET with eight K»Cr,0O7 solutions (10, 107,
10,105, 107, 10*°, 104, 10> M) in PBS buffer solution of 10 M with ISM of 47.3
um. As shown by the blue line in Figure 5-5 (A), the ISM-ISFET showed great sensitivity
from Cr(VI) 107 to 10° M while having excellent stability during measurement.

Comparing Figure 5-3 (H) to Figure 5-5 (A), an ISM of 47.3 um showed a greater signal
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both at low and high Cr(VI) concentrations. The former results confirmed that increasing
the concentration of electrolytes helps inhibit the signal rebound. The latter performance
might be due to the increase of ionic strength, which would lead to a decrease in ISM
resistivity, thus changing the activities of analyte ion in the ISM and increasing the
Donnan potential (Equation(18)), finally increasing the signal. As shown in Figure 5-5
(B), the calibration curve has a linear range from 10 M to 10*> M, and the slope was
2.05 pA / log(M) with an R-square of 0.963. These results proved that this device can
precisely measure the Cr(VI) concentration near the WHO standard, showing great
sensitivity and stability, thus having great potential for industrial water sensing.

To measure the selectivity of ISM, we prepared a bunch of heavy metal ions (Zn(Il),
Fe(II), Cu(Il), Cr(Ill)) for the selectivity test. All of the tested ions were prepared at a
concentration of 5x10* M, which is much higher (100x) than their WHO standard. We
measured the differential signal Al, with no ISM (Figure 5-5 (C)) and with ISM 47.3
um (Figure 5-5 (D)). In Figure 5-5 (C), the signal distribution is very close to the pH
value of the tested ion solutions without ISM, showing the normal performance of ISFET.
As shown in Figure 5-5 (D), the Cr(VI) signal has a much higher signal through
differential sensing compared to any other tested ions, even Cr(III). This result shows that
Cr(VI) ISM can distinguish between Cr(III) and Cr(VI), which is an important indicator

for the Cr(VI) sensor.
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Figure 5-5 (A) Average value and standard deviation of eight K,Cr,O7 solutions (1078, 10"
7,10, 1052, 107, 10*°, 104, 107 M) in 10 M PBS buffer solution with ISM of 47.3
um, (B) analysis of linear regression of the signals between 10° M to 10*°> M, R-square
is 0.963, slope is 2.05 pA / log(M), (C-D) differential signal Al of different tested ions
(5x10* M) including Zn(II), Fe(II), Cu(1I), Cr(I1T) and Cr(VI) with (C) No ISM; (D) ISM
47.3 um. Red dots represent the pH value of the corresponding tested ion solutions.

5.2.4 Cr(VI]) sensing in ditch water using the Cr(VI) ISM-ISFET

At the end of the ISM-ISFET off-channel test, we measured the performance of the
sample solution with a ditch water background. We obtained the ditch water and spiked
it in a series of known Cr(VI) concentrations with 10> M PBS buffer solution; the ditch
water would be diluted to half during the procedure. We measured both a wide range

(from 10 to 10 M) and a relatively small Cr(VI) range (from 107 to 10* M) close to
45
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the WHO standard concentration. The results were shown in Figure 5-6 (A-B); ISM-
ISFET showed extremely excellent performance in ditch water background, proving that
Cr(VI) ISM can separate the Cr(VI) signal with other interference ions signal by
differential sensing while having great stability, which is confirmed by the signals close
to the calibration curve in Figure 5-6 (C). The signal rebound problem was successfully
inhibited, too, though the signal could hardly be distinguished under a concentration of
10° M; all of the signals were under the dashed line of the WHO standard signal, showing
great performance in measuring the concentration of Cr(VI) in the sample exceeded the
WHO standard or not. Figure 5-6 (D) compared the linear regression analysis between
measurements in the DI background and ditch water background. The device in the ditch
water showed almost the same R-square, while the slope was slightly greater than the

calibration curve, showing the perfect stability of the ISM and the ISFET.
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Figure 5-6 (A-B) The I, and Al, signal of 10> M PBS buffer and K,Cr>O7 solution (A)
in wide Cr(VI) range (10%, 107, 10, 105, 10, 102 M); (B) in small Cr(VI) range (10
601053, 109, 10*°, 10*° M) with 10> M PBS buffer in ditch water background with
ISM 0f'47.3 um, (C) Average value and standard deviation of both signals compared with
a calibration curve of ISM 47.3 um (Figure 5-5 (A)), (D) Linear regression analysis of

signals in (C) in the range of 10%° M to 10> M.

5.3 Pump-channel system performance

5.3.1 pH sensing in DI water using the pump-channel system

To exclude the potential issue of the pump-channel system for further measurement,
we first measured three pH solutions (pH value at 7, 6, and 5) back and forth to test the
performance and stability of ISFET in this environment. As shown in Figure 5-7, the
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signal of the same solution at different measuring times remained the same, while the
whole noise became fuzzier than when measuring oft-channel. This might be due to the
unexpected flow of sample solution in the channel since it was not airtight while the
pumps were closed. We used a dovetail clip to clamp the Tygon tube for a solution.

Despite the issue, ISFET still shows great performance for pH standard solution sensing.
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Figure 5-7 (A) The I, signal with five pH solutions (pH 7, 6, 5, 6, 7) measured by ISFET
with no ISM using the pump-channel system, (B) Line chart of the average value and
standard deviation of each section.

5.3.2  Cr(V]) sensing in DI water using the pump-channel system

Once confirmed the function of the pump-channel system, we mixed both the Cr(VI)
series in wide range (from 107 to 10 M) and small range (from 10 to 10 M) with 10
> M PBS buffer in DI water background in 1:1 scale using microchannel, measured using
ISM-ISFET under ISM thickness of 47.3 pm, and compared the results to the calibration
curve of ISM 47.3 um in Figure 5-5 (A). Considering the sample solution would be
diluted 2 times, we prepared the sample solution in double concentration. As shown in
Figure 5-8, although the original signal seems fuzzy with an unexpected pulse, the
differential signals were still very close to the calibration curve (Figure 5-8 (C)), showing

great performance with the integration of the pump-channel system. The linear regression
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analysis in Figure 5-8 (D) revealed the R-square decrease from 0.963 to 0.798. The main
reason was the signal offset happened at 107> M, which may be improved by solving the

airtight issue of pressure pumps.
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Figure 5-8 (A-B) The I, and Al signal of 10> M PBS buffer and K,Cr,O7 solution (A)
in wide Cr(VI) range (1078, 107, 106, 107, 10, 10> M); (B) in small Cr(VI) range (10"
601033, 109, 103, 104° M) with 10> M PBS buffer in DI water background with ISM
of'47.3 um using pump-channel system, (C) Average value and standard deviation of both
signals compared to calibration curve of ISM 47.3 um (Figure 5-5 (A)), (D) Linear
regression analysis of signals in (C) in the range of 10%° M to 10> M.

5.3.3 Cr(VI]) sensing in ditch water using the pump-channel system

Finally, we measured a series of K2Cr207 solutions mixed with 10> M PBS in a ditch
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water background using a microchannel. As shown in Figure 5-9 (A-B), one could
observe that the signal became less fuzzy than when pH was measured. This might be due
to the relatively strong ionic strength given by the ditch water background. Also,
comparing the difference between DI and ditch water background, the latter shows much
lower Ip signals and represents a higher pH value than the DI background. This might
decline the pH value control ability of PBS buffer, causing a signal rebound in the low
concentration of Cr(VI). Also, from Figure 5-9 (A) we could observe that the original
signal where still decreasing at the end of the 10® M section, representing that the signal
rebound might happened because of the insufficient reaction time of the pump-channel
system integrated ISFET in ditch water background, which could be further improved.
Despite that, as shown in Figure 5-9 (D), the linear regression analysis showed the great
performance of the system. The slope is 2.24 while the R-square is 0.943, which is very
close to the calibration curve. Overall, ISM-ISFET showed great performance for Cr(VI)
sensing. In Figure 5-9 (C-D), we could still observe the ability to distinguish exceeded
signal and non-exceeded signal down to 10°® M. Therefore, we proved this system could

perform on-site Cr(VI) ion detection in water automatically.
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Figure 5-9 (A-B) The I and Al, signal of 10> M PBS buffer and K»Cr>O7 solution (A)

in wide Cr(VI) range (10%, 107, 10, 105, 10, 102 M); (B) in small Cr(VI) range (10

60105, 109, 10*°, 10*° M) with 10> M PBS buffer in ditch water background with

ISM of 47.3 pm using pump-channel system, (C) Average value and standard deviation

of both signals compared to calibration curve of ISM 47.3 um (Figure 5-5 (A)), (D) Linear

regression analysis of signals in (C) in the range of 10" M to 10*> M.
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Chapter 6 Conclusion

This research utilized the integration of ISM and ISFET combined with a portable
pump-channel system for automatic and in situ Cr(VI) sensing in wastewater samples
within 10 min. This platform addresses problems in traditional methods, such as
complicated operation processes and large, non-portable instruments. Briefly, there are
four important features. First, the differential sensing using Cr(VI) ISM could eliminate
the signal interference suffered from drifting issues, pH, and other ions, leaving only the
Cr(VI) signal and improving the sensitivity and selectivity. Second, the ISM thickness
was optimized at 47.3 pm, with the enhanced signal of 10> M Cr(VI) from 0.08 to 11.7
pA. Third, to inhibit the signal rebound that occurs at low concentrations of Cr(VI), we
optimized the PBS buffer condition at 10~ M to maintain the pH valve and improve the
limit of detection of Cr(VI) down to 10”7 M, which the signal was improved from -1.03
1A to -2.78 pA. Besides, the signal of 10 M Cr(VI) was further enhanced from 11.7 pA
to 19.3 pA due to the increase in ionic strength. Fourth, the pump-channel system was
designed for drawing the sample solution, mixing it with the buffer solution, and guiding
the mixing sample into the sensing area automatically. The flow rate of the pump and
duration time of each section have been adjusted by Python and operated through a
Raspberry Pi computer. In summary, we integrated the pump-channel system with Cr(VI)
ISM-embedded ISFET devices to simplify the device and improve the operation time,
sensitivity, and selectivity of Cr(VI) ions, which enables in situ ion concentration sensing

in wastewater within 10 min.
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Chapter 7 Future Work

7.1 ISM fabrication process standardization

The research measured the ISM thickness under different volumes of ISM cocktails.
However, these hand-made processes were not stable and uniform, which may cause the
lower signal consistency of ISM-ISFET compared with pure ISFET. Furthermore, few
researchers discussed the correlation between the ISM-ISFET performance and the width
between ISM and ISFET. These parameters may further improve the performance of the
device in certain conditions. We could improve the Cr(VI) ISM fabrication process by
applying advanced technologies such as deposition, spin coating, and inkjet printing [52],
which could standardize the ISM-ISFET manufacturing process and eliminate the
variation between the replications of ISMs.
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Figure 7-1 (a) Schematic representation of the procedure of inkjet printing [52].

7.2  ISM Reusability and regeneration

The blocking ability of Cr(VI) ISM was accomplished by the interaction of Cr(VI)
anions and Quinaldine red. Although it has a relatively high affinity to Cr(VI) anions, it

is a challenge to break the connection of these two compounds and refresh the blocking
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efficiency of ISM. The total amount of ionophore was sufficient for the whole detection
in every experiment in this research, but it would suffer the problem when reaching long
duration time measurement. An easy way to avoid the ISM efficiency problem is to
change the ISM regularly. However, developing a regeneration process and combine with
the standard ISM-ISFET fabrication process mentioned in the previous section would be
a more reliable method. A research team reported that a Cr(VI) removal process using
highly surface-activated carbon with adsorbent recycling [53] could become a good
example for further research. The integration with microfluidic channels is also a great

advantage for loading the required solution easily.
7.3  Multiple heavy metal ions sensing

Unlike Cr(VI) anions having complex forms in aqueous solutions, other heavy metal
ions remaining in single ions in water have a simpler interaction with their ionophore. In
this way, we could deposit multiple heavy metal ionized ISMs on the ISFET array and
choose the pixel right under each ISM for simultaneous multiple sensing. The ionophore
of Hg(II), Cu(Il), and Pb(II) has been developed already; we want to apply other ion
carriers to monitor ion concentration more comprehensively and broaden the application
of the ISM-ISFET sensor. However, there were already multiple ISMs modified ISFET
research [51] that observed the cross-influence to the performance of each membrane;
there would still be a challenge for developing multiple ISM sensing while maintaining

the sensitivity and selectivity of each ISM performance.
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